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AUTORA IEGULDIJUMS

Promocijas darba pamata esoSie zinatniskie raksti ir komandas darba rezultats, un visu
lidzautoru zinasanas dazadas jomas ir bijis nozimigs ieguldijjums. Promocijas darba autora
ieguldijums zinatniskajos rakstos apkopots 1.tabula. Neviens no mingtajiem rakstiem citos
promocijas darbos nav ieklauts.

1. tabula

Autora ieguldijums, sagatavojot katru promocijas darba ieklauto zinatnisko rakstu

1. publikacija | Poliméru vilnpvadu izgatavosana, izmantojot fotolitografiju. ZudumradoSo
parklajumu nogulsnéSana uz integrétajiem vilnvadiem, izmantojot magnetrona
putinasanu. Datu vizualizacija. Raksta sagatavoSana. Autora procentualais
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2. publikacija | lerices simulacijas. Datu vizualizacija. Raksta sagatavoSana. Autora
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4. publikacija | Poliméru vilpvadu izgatavoSana, izmantojot fotolitografiju. ZudumradoSo
parklajumu nogulsnéSana, izmantojot magnetrona putinaSanu. lerices
simulacijas. Datu vizualizacija. Raksta sagatavoSana. Autora procentualais
ieguldijums — 85 %.
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DARBA VISPAREJS RAKSTUROJUMS

Tevads

ZudumradoSo modu rezonanses principi

Zudumrado$o modu rezonanse (LMR) rodas, kad gaisma izplatas caur optisko Skiedru vai
vilpvadu un mijiedarbojas ar plano kartinu, kuras dielektriskas caurlaidibas reala komponente ir
lielaka p€c absolutas vertibas gan par paSas kartinas dielektriskas caurlaidibas imaginaro
komponenti, gan par §kiedras vai vilnvada dielektriskas caurlaidibas realo komponenti'. Sis planas
kartinas esamiba pa virsu optiskai Skiedrai vai vilnvadam rada zuduma Iinijas caurlaidibas spektra.
Sis zuduma linijas paradas, pateicoties mijiedarbibai starp serdes modam vilpvada un zuduma
modam plana kartina®. So zudumu Iiniju vilna garumi ir atkarigi no vairakiem ar&jiem parametriem
(piem&ram, pH? vai mitruma®), tap&c tie tick izmantoti vairakos sensora lietojumos>.

LMR piedava vairakas prieksrocibas, salidzinot ar citam Skiedru vai vilpvadu metodém.
Atskiriba no virmas plazmonu rezonanses (SPR) un citam biezi izmantotam metodém LMR ir
spgjigs radit vairakas rezonanses vienlaikus. Turklat, salidzinot ar SPR, LMR efekts tick novérots
gan ar Skersvirziena elektrisku (7F) polarizaciju, gan ar Skersvirziena magnétisku (7M)
polarizaciju’. LMR var tikt sasniegts, izmantojot dazadus materialus, pieméram, polimérus’,
pusvaditajus® un dielektrikus’, tapéc tas piedava lielaku lietojuma elastibu un palidz samazinat
ieriu izgatavosanas izmaksas.

LMR paradibas matematiskais modelis

Vilnvada vaditas gaismas mijiedarbiba ar plano kartinu var radit konstruktivu vai destruktivu
interferenci, rezultata pastiprinot gaismas absorbciju pie noteiktiem vilpa garumiem. Sis planas
kartinas esamiba ievie§ papildu fazes nobidi un maina vaditas modas efektivo lauSanas koeficientu,
tadgjadi ietekmgjot interferences apstaklus. Tas kalpo ka pamata mehanisms LMR paradibai
vilnvados ar planas kartinas perturbacijam®.

Kad gaisma izplatas cauri vilnvadam un krTtosais lenkis 0, uz saskarnes robezas starp vinvadu
un plano kartinu ir pietieckami liels, tad tas apkartn€ notiek pilniga atstaroSanas. Gaisma, kas
izplatas, Saja gadijjuma mijiedarbojas ar parklajumu, pateicoties izdziestoSajam laukam.
VienkarSotai paradibas analizei un raksturoSanai tiek izmantota divu staru interferences
aproksimacija (1. att.)3.
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1. att. LMR paradibas vilnvada fizikalais modelis®.

Izmantojot Frenela vienadojumus un daudzstaru interferencu teoriju, var atvasinat
vienadojumus, kas ar labu precizitati apraksta LMR paradibu. Situacijas, kad 6; = 90 °, ka tas
parasti notiek vilnpvadu un optisko Skiedru gadijumos, rezonanses vilna garumu, pie kura notiek
destruktiva interference, var izteikt ar 1. vienadojumu®:

2mdyy/nZ — n? O
s ——
mm + arctan <<n_§) M)
2 2 2
YNz —ng

n3
kur A mr — LMR vilpa garums, d, — parklajuma biezums, m — interferencu karta, n,, n, un nz —

ALMR =

attiecigi vilnvada, parklajuma un apkartgjas vides lauSanas koeficienti. Parameters s
1. vienadojuma tiek definéts ar 2. vienadojumu?® un ir atkarigs no gaismas polarizacijas:

_ { 1 for TM mode 2)
0 for TE mode *

LMR7e un LMR7y demonstre 11dzigas 1pasibas, iznemot atSkirigus rezonanses vilna garumus
un jutibu pret apkart&jas vides izmainam®, lidz ar to turpmika analize koncentrésies tikai uz TM
polarizaciju. Jutibu S pie ta pasa kritosa lenka 8, var izteikt ar 3. vienadojumu®:

2_p2

2 1 2 mi-n3
2mn3d, + Vi
nsz ni—n% n3

2_ 2 :

- 4.2 2

arctan? M 14213
ng-n? n§(n3-n})

LMR paradibas konteksta tadi parametri ka pusminimuma platums (FWHM) un pika dzilums

ir gandriz tikpat biitiski ka rezonanses vilna garums un jutiba. LMR pika FWHM var noteikt,

izmantojot 4. vienadojumu®.

on on
4md, | n3 —n? + Amr (n —1| —ny, -2 ))
( ? ! ' oA A=ALMR ox A=ALMR 4

2 2 2
ALMRVNZ — g

3)

S =

FWHM =

LMR pika dzilumu D var noteikt, izmantojot 5. vienadojumu®.
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D= 4'\) R12R23(1 - R12)(1 - RZS) (5)
(1 = Ry2R23)? '
kur Ry, un R,3 — atstaroSanas spgjas attiecigi uz vilpvada un parklajuma saskarnes robezvirsmas
un parklajuma un vides saskarnes robeZvirsmas.

Galvenie lietojumi LMR joma

Optisko skiedru sensori, kuru pamata ir LMR paradiba, tiek plasi izmantoti fizikalo, kimisko
un biologisko parametru mériSanai. Sos sensorus izmanto partikas kvalitates novérteiana,
mediciniskaja diagnostika un vides uzraudziba. Turklat LMR ierices ir perspektiva platforma
dazada veida sensoru realizacija, Ipasi biosensoru joma®.

LMR paradibas spgja noteikt relativo mitrumu (RH) ir pétita literatiira. P&tfjuma®® optiskas
Skiedras, kas tika parklatas ar TiO2/PSS, tika izmantotas ka efektivas ierices RH noteikSanai.
Paaugstinata mitruma klatbiitne izraisa idens planas kartinas veidoSanos kondensacijas rezultata,
kas savukart lauj noteikt RH Iimeni gaisa. Rezonanses vilna garuma nobide gadijuma, kad RH
mainas no 20 % Iidz 90 %, redzama 2. att&la.

Pirma rezonanse
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2 027
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. . : :
400 600 800 1000 1200 1400 1600
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2. att. Terices spektrala atbilde vides ar dazadiem RH'°.

P&tijuma'! paradita LMR efekta lietojamiba sprieguma mérisana. Tas tika realizéts, izmantojot
trisslanu struktiiru uz optiskas Skiedras, kas sastavéja no divam indijas alvas oksida (ITO) kartinam
un polivinilidénfluorida (PVDF) parklajuma starp ITO kartinam. Ieksgja struktiiras kartina kalpoja
gan ka LMR parklajums, gan ka pirmais elektrods. PVDF §aja gadijuma pildija elektrooptiska
materiala funkciju, mainot savu lausanas koeficientu atkariba no argja elektriska lauka. Struktiiras
argja ITO plana kartina veidoja otro elektrodu. Ierices uzbtive un méritie caurlaidibas spektri pie
dazadiem pieliktiem spriegumiem redzami 3. attela.
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3. att. Sprieguma merTtajs: (a) shematiska ierices reprezentacija; (b) LMR piku nobide pie

pieliktiem argjiem spriegumiem!!.

Plano kartinu lauSanas koeficienta izmainas atkariba no temperattiras ir plasi izplatita paradiba.
P&tijuma'? optiskas Skiedras temperatiiras sensors uz LMR paradibas bazes tika nodemonstréts ar
SnO> plano kartinu. Rezonanses vilna garuma nobide otrai LMR kartai atkariba no sintétiskas
smérellas temperatiiras redzama 4. attéla. Izstradata ierice sasniedza jutibu ap 2,2 nm/°C
temperatiiru diapazona no 45 °C Iidz 75 °C.

e
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0
1000 1100 1300

1200
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1400

4. att. LMR spektri iericei ar SnO; parklajumu, kad smérellas temperatiira mainas robezas no

45 °C Iidz 75 °C"2.

PAH/PAA (polialilamina hidrohlorids/poliakrilskabe) polim&ru pléves uzbriest un piepusas,
mainoties $kiduma pH limenim'3. Tas rada PAH/PAA poliméru plévju lausanas koeficienta
izmainas, kas savukart izraisa LMR vilpa garuma nobidi. Noveérojumi (5. att.) parada, ka pH
izmainas PAH/PAA pleveés rada LMR vilna garuma nobidi, paradot augstu jutibu pret pH

izmainam.
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5. att. Sensora LMR vilna garums, iegremdgjot to $kidumos ar dazadu pH'>.

LMR paradiba balstiti optisko Skiedru sensori sniedz iesp&ju noteikt gaistoSos organiskos
savienojumus (VOCs). Optiskas Skiedras, kas ir parklatas ar PAH/PAA, ir sp&jigas detektet dazadas
VOC gazes, nodrosinot dazadus LMR vilna garumus dazadam specifiskam VOC gazém, padarot to
par selektivu sensoru'*. Rezonanses vilna garums LMR sensoram ar PAH/PA A polim&ru plévém ir
demonstr&jis linearu atkaribu no etanola, metanola un isopropanola koncentracijam. Sensora
veiktspgja tika noverteta gan koncentraciju palielinot, gan samazinot, demonstréjot minimalu
histerézi (6. att.).

665 s 2
o + Dilsto3s
660 . » Augoss
g
655 Mg
E 650 x Y= 0.;632x + 660,93
g - R*=0,9839
«» 645
g s
£ 640 e
) g
£ 635 y=-02738x+662,16 ¥ g
= 630 R® = 0,9925 L
625 N
620 k
0 20 40 60 80 100 120 140

Koncentracija (ppm)
6. att. LMR vilna garuma linedra atkariba no etanola tvaika koncentracijas'*.

Optiskas Skiedras biosensori, kas balstas LMR paradibas, nodrosina bezmarkiera noteikSanas
platformu. Sajos biosensoros biologiskas reakcijas izraisa efektiva lausanas koeficienta izmainas
parklajuma, kas rezultata rada LMR piku vilna garuma nobides. Kopigs izaicinajums visiem
biosensoriem ir specifisko molekulu noteikSana lielaku molekulu grupas. Optiskas Skiedras
sensori, kas darbojas pec LMR principa, piedava risinajumu $ai problémai, izmantojot jutiga

5

parklagjuma funkcionaliziciju, pieméram, ar aptamériem®. Literatiird ir aprakstiti vairaki

11



biosensori, kuru pamata ir LMR paradiba, pieméram, antigliadina antivielu biosensori, C reaktiva
proteina biosensori, imiinglobulina G biosensori, trombina biosensori, siekalu kortizola biosensori
un citi?.

LMR raditas rezonanses var izmantot, lai selektivi atlautu vai aizliegtu noteikto gaismas vilnu
garumu parraidi, veicinot optisko filtréSanas ieridu attistibu sakaru noliikiem'®. Pé&tijuma'’
aprakstits optiskas Skiedras regulgjams filtrs, kas balstas LMR paradiba. Saja filtra pirmais slanis
(ITO) kalpo gan ka ierices elektrods, gan ka LMR paradibas generators. Otrais slanis (PVDF) tiek
izmantots filtra regul€Sanai, savukart argjais slanis (ITO) darbojas ka otrs elektrods.
Eksperimentalie rezultati liecina, ka izgatavotais filtrs ir loti jutigs pret pielikto ar&jo spriegumu,
nodro$inot LMR vilna garuma izmanu par 0,4 nm/V. Aprakstitais optiskais filtrs shematiski att€lots

7. attela.
— Vados v Vados -
adoss adoss
elektrods H yklrods

A
levads |:>

Polilé‘u .
parklajums

el

Optiska Skiedra

Vara vadi

7. att. Elektrooptiskais vilna garuma filtrs uz LMR paradibas bazes'’.

Galvenie izaicinajumi LMR joma

Saskana ar avota® sniegtajiem atklajumiem tika konstatéts, ka planaki zuduma parklajumi un
lielaka lauSanas koeficienta atskiriba starp vilnvada serdi un apkartgjo vidi rada mazaku FWHM.
Tomér §i pieeja izraisa ari ierices jutibas samazina$anos®. S nesakritiba var bit viens no
galvenajiem izaicinajumiem, lai izstradatu sensoru uz LMR paradibas bazes, kam vienlaikus ir gan
augsta jutiba, gan Saurs FWHM.

Publikacija® ir konstatéts, ka teorétiski LMR jutigums var sasniegt bezgalibu. Tomér pastav ar
dazi praktiski ierobezojumi, kas janem véra. Pirmkart, jutiba ir proporcionala rezonanses vilpa
garumam, un, lai sasniegtu augstu jutibu, bieZi vien ir nepiecie$ams darboties pec iespgjas garaku
vilpu garuma diapazona, kas ir tuvu komerciali pieejamo optisko spektrometru robezai. Lai gan
pastav daZzi specializ&ti instrumenti, kas sp&j merit garakus vilnu garumus, tiem parasti ir zemaka
iz8kirtsp€ja, ka arT to izmantosSana parasti ir dargaka. Nemot véra minéto, galvenais LMR trukums
ir augstas izmaksas, lai iegiitu jutigu spektrometru, kas spg&j uztvert nepiecieSamos vilnu garumus

12



atbilstosam LMR lijam. Otrkart, rezonanses linijas pie garakiem vilnu garumiem biezi vien ir
platakas, kas var negativi ietekmé&t labuma skaitli (FOM) un LMR izskirtspgju'®.

Rezonanses pika dzilums ir svarigs parametrs, kas raksturo ierices veiktspgju. Pika dzilums
ietekm@ tadu parametru ka pienemams labuma skaitlis (RFOM), ko plasi izmanto integréto sensoru
salidzinasanai. RFOM matematiski definéts ar 6. vienadojumu.

S-D
FWHM' ©)

Sasniegt pilnigu absorbciju pie rezonanses vilpa garuma, kas atbilst 100 % rezonanses
dzilumam, ir iesp&ams, ja abas robezvirsmas (starp vilpvadu un parklajumu, ka arT starp
parklajumu un apkartgjo vidi) ir lidzvertiga atstaroSanas sp&ja. Tomer praks€ Sos nosacijumus

RFOM =

vienm@r izpildit nav iesp&jams, Iidz ar to zema absorbcija var sarezgit LMR identifikaciju®.

Visbeidzot, ir svarigi atzZimét, ka pasreiz&jos LMR sensoru prototipos galvenokart tiek
izmantotas optiskas Skiedras®. Tomér $ada atkarba no optiskajam $kiedram rada griitibas sasniegt
vieglu razoSanas mérogojamibu, jo nepiecieSama manuala apstrade. LMR bazeto optisko skiedru
sensoru razo$ana ir sarezgita lielo izmaksu dgl, kas kavé produkta komercializacijas iespgjas.
Turklat $adu optisko Skiedru ieri€u integréSana ar citiem fotoniskiem elementiem uz ¢ipa ir
komplic@ta, kas papildus ietekm& LMR paradibas komercializacijas potencialu. Sada integracija
var radit unikalus produktus specifiskiem lietojumiem. Tas padara 1&tu LMR sensoru razo$anu
sarezgitaku un kaveé to integréSanu ar citiem fotoniskiem elementiem integrétaja fotonikas ¢ipa
(PIC). Promocijas darba galvenais mérkis ir piedavat $is problémas atrisinajumu.

Fotonika uz poliméru bazes

Poliméri ir kluvusi par perspektiviem materialiem integréto vilnvadu razo$ana. Salidzinot ar
neorganiskiem materialiem, poliméri piedava zemakas izmaksas PIC razoSana, elastibu un
potencialu pielagoties, lai iegiitu vélamas ipasibas konkrétos fotonikas lietojumos'®. Turklat
integrétas poliméru fotonikas izgatavoSanas pamata ir standarta komplementara metala oksida
pusvaditaja (CMOS) metodes. Tadgjadi poliméru iericu razo$anu var veikt jebkuras CMOS
piemerotas tirtelpas. Polimeri ir pievilcigi arT hibridas organiskas-neorganiskas sisteémas, kuras tiek
izstradatas sarezgitas un l8tas optoelektroniskds komponentes®®. Tadgjadi pareja no silicija
integrétas fotonikas uz poliméru fotoniku ir logisks solis integrétas fotonikas nozaré. Dazadas

2 un mikrodobumu

tehnologijas, pieméram, Brega rezga sensori’', interferometriskie sensori’
sensori?, jau ir attistitas polim&ru fotonika. Savukart LMR paradiba Iidz §im bija demonstréta tikai
optiskajas Skiedras un plakanajos vilnvados. Saja konteksta $o tehnologiju parnesana uz poliméru

fotonikas platformu sniegs biitiskas inovacijas $aja joma.

Promocijas darba meérki

1. Integrét eksperimentalos rezultatus ar galigo elementu simulacijam, lai uzlabotu fundamentalo
izpratni par zudumrado$as modu rezonanses paradibu.
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2. Izstradat darbpliismu integréto zudumrado$as modu rezonanses iericu izgatavosanai.

3. Demonstrét zudumrados$as modu rezonanses fenomenu integrétaja fotonikas Cipa, sasniedzot
jutibu, kas ir salidzinama ar tam, ko piedava alternativas konfiguracijas, pieméram, optiskas
Skiedras un plakanie vilnvadi.

Aizstavamas tézes

1. Integrétajos vilnvados, kas izgatavoti no dazadiem negativiem fotorezistiem, ir iesp€&jams
novérot zudumrado$as modu rezonanses paradibu.

2. Integrétie zudumrado$das modu rezonanses sensori var sasniegt 905 nm/RIU jutibu, kas
salidzinama ar 829 nm/R/U jutibu plasi izmantotaja plakano vilnvadu konfiguracija.

3. Galigo elementu metodi ir iesp&jams lietot, lai simulétu zudumradosas modu rezonanses
paradibu integrétajos polimeru vilnvados, panakot atbilstibu eksperimentalajiem rezultatiem ar
1 % relativo kladu.

Zinatniska novitate

Promocijas darbs sniedz eksperimentalu pieradijumu koncepcijai par LMR paradibas pareju no
optisko Skiedru un plakano vilnvadu konfiguracijam uz integrétiem ¢ipiem. Tas demonstré ieprieks
nesasniegtu progresu un potencialu integrét o jauno tehnologiju kopa ar citiem fotoniskajiem
elementiem viena ¢ipa. Turklat Saja darba tiek novertéti dazadi poliméri, kas ir pielagoti LMR
lietojumiem, un tiek piedavata inovativa metode So vilnvadu izgatavoSanai.

Praktiska nozime

Lielaka praktiska nozime, LMR paradibai parejot no optiskajam Skiedram un plakanajiem
vilpvadiem uz fotoniskiem ¢ipiem, ir tas merogojamiba un komercializacijas potencials, Tpasi
nemot véra savietojamibu ar CMOS tehnologiju. Papildus tam PIC galvena priekSrociba ir tas spgja
integrét dazadus elementus viena Cipa, lai nodroSinatu unikalas funkcijas. Nakamais posms
integréto LMR sensoru attistiba varétu ietvert to integraciju ar spektrometriem un gaismas avotiem
uz Cipa, Iidz ar to ieverojami samazinot ieri¢u izmaksas un veidojot bitisku virzibu komercialajiem
lietojumiem.

Darba struktiira un apjoms

Promocijas darbs ir zinatnisko rakstu kopa, kas ir veltiti LMR paradibas p&tijumiem fotonikas
integrétajos ¢ipos. Promocijas darbs ir izstradats latviesu un anglu valoda. Ta rezultati ir publiceti
Cetras zinatniskajas publikacijas, kas ir indeks€tas Scopus datubaze. Darba kopsavilkuma ir
ieklauti 23 atteli. Kopgjais CiteScore visiem ieklautajiem rakstiem promocijas darba ir 16,4
(Scopus datubazes dati). Rezultati tika prezenteti tris starptautiskas zinatniskas konferences.
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Promocijas darba zinatniskas publikacijas

Zinatniskie raksti, kuros publicéti promocijas darba rezultati

. E. Letko, A. Bundulis, G. Mozolevskis, V. Vibornijs. Integrated Lossy Mode Resonance Sensor
Based on SU-8 Waveguides. Proceedings of SPIE — The international Society for Optical
Engineering. 2022, 11998B, 1-6 (Q4, Scopus CiteScore(2022)=0.7).

. E. Letko, A. Bundulis, G. Mozolevskis. Theoretical Development of Polymer-Based Integrated
Lossy-Mode Resonance Sensor for Photonic Integrated Circuits. Photonics, 2022, 9 (10), 764—
773 (Q3, Scopus CiteScore(2022)=2.3).

. E. Letko, A. Bundulis, G. Mozolevskis. Lossy Mode Resonance Sensors Based on Planar
Waveguides: Theoretical and Experimental Comparison. IEEE Photonics Journal, 2024, 16 (1),
1-7 (Q2, Scopus CiteScore(2023)=4.5).

. E. Letko, A. Bundulis, E. Vanags, G. Mozolevskis. Lossy Mode Resonance in Photonic
Integrated Circuits. Optics and Lasers in Engineering, 2024, 181, 1-11 (QI, Scopus
CiteScore(2023)=38.9).

Citi promocijas darba izstrades laika publicétie zinatniskie raksti

. A. Ozols, E. Letko, P. Augustovs, D. Saharovs, E. Zarins, V. Kokars. Photoinduced anisotropy
of IWK-2D azobenzene molecular glassy films. Key Engineering Materials, 2018, 762, 233—
238. (04, Scopus CiteScore(2018)=0.7).

. A. Medvids, S. Varnagiris, E. Letko, D. Milcius, L. Grase, S. Gaidukovs, A. Mychko,
A. Pludons, P. Onuftrijevs, H. Mimura. Phase transformation from rutile to anatase with oxygen
ion dose in the TiO: layer formed on a Ti substrate. Materials Science and Semiconductor
Processing, 2020, 106, 104776, 1-6. (Q1, Scopus CiteScore(2020)=5.9).

. A. Ozols, G. Mozolevskis, E. Letko, M. Rutkis, R. Zabels, E. Linina, I. Osmanis. Sputtered
SiOxNy thin films — improving optical efficiency of liquid crystal diffuser elements in multi-
focal near-to-eye display architecture. Proceedings of SPIE — The international Society for
Optical Engineering, 2021, 1187201, 1-5. (04, Scopus CiteScore(2021)=0.9).

Daliba konferences

. Oral presentation in international conference “Proceeding of SPIE — The International Society
for Optical Engineering”: E. Letko, A. Bundulis, G. Mozolevskis, V. Vibornijs. Integrated
Lossy Mode Resonance Sensor Based on SU-8 Waveguides. San Francisco, USA, 22-27
January 2022.

. Poster presentation in international conference “Nordic Nanolab User Meeting 2022”:
E. Letko, A. Bundulis, V. Vibornijs, G. Mozolevskis. Fabrication of Lossy Mode Resonance
Sensor Based on SU-8 Waveguides. Gothenburg, Sweden, 5-6 May 2022.

. Poster presentation in international conference “Deep Tech Atelier 2023”: E. Letko,
A. Bundulis, 1. Del Villar, G. Mozolevskis. Development of Integrated Lossy Mode Resonance
Sensor Based on Polymer Photonics. Riga, Latvia, 2021 April 2023.

15



PROMOCIJAS DARBA GALVENIE REZULTATI

Integretais LMR sensors SU-8 vilnvados (1. publikacija)

Pirma publikacija ir pirmais m&ginajums realizét LMR paradibu fotonikas integrétaja ¢ipa. Lai
gan §is zinatniskais raksts deva sakotngju ieskatu LMR paradiba, bija griti novertét ierices jutibas
veiktsp&ju rezonanses Iiniju platuma del. Neskatoties uz So izaicinajumu, petjjums butiski
veicindja sapratni par galvenajam problémam, kas saistitas ar integréto LMR sensoru izstradi, un
apsprieda potencialos turpmakos lietojumus.

Galvenais mérkis 1. publikacija bija veikt pirmos caurlaidibas mérjjumus integrétaja LMR
iericé. Sim noliikam noteiktie uzdevumi bija:
= izstradat mikroizgatavoSanas darbpliismu integrétai iericei no SU-8 vilnvadiem;

* novertet parklajuma biezuma vienméribu uz SU-8 vilnvada;
= veikt caurlaidibas meérfjumus LMR vilpvados, kas parklati ar dazada materiala planam kartinam.

Galvenie 1. publikacijas rezultati redzami 8.—10. attela.

Gaismas
ievads

LMR vilpvadi

References vilnvadi

izvads

8. att. LMR ierices dizains**.
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10. att. Caurlaidiba SU-8 vilnvados, kas parklati ar ZnO un TiOx planajam kartinam?*.

1. publikacijas galvenie rezultati un secinajumi
» (Cipa dizaina tika izmantotas divas vilnvadu grupas — references vilnvadi gaismas avota spektra
mériSanai un LMR vilnpvadi paradibas noveroSanai. Optimala efektivitate tika sasniegta,
izmantojot izliektu vilnvada formu, lai mazinatu fona apgaismojumu (8. att.).
= 7ZnO un TiOx materialiem tika novérotas platas LMR linijas. Novérotas LMR linijas sakrita ar
teoretiski paredz&tajiem vilna garumiem (10. att.).
= Magnetrona putinasana nodrosinaja pilnigu SU-8 vilnvada parklajumu ar oksidu (9. att.).

Uz polimeéra bazes integreta LMR sensora teorétiska izstrade (2. publikacija)

Nemot véra 1. publikacija minétos izaicinajumus, kas saistiti ar integrétas LMR ierices
izgatavosanu, kuras jutiba butu salidzinama ar LMR sensoriem alternativas konfiguracijas,
petijums, kas aprakstits 2. publikacija, tika sakts, lai izpétitu teorctiskos dizaina risinajumus
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integrétajam LMR iericém un analiz€tu LMR paradibas atkaribu no kritiskam dimensijam. LMR
paradiba fotonikas integrétaja Cipa iepriekS nebija pétita, tapec bija svarigi veikt teorétiskos
aprékinus un simulacijas, lai racionalizétu LMR tehnologijas parne$anu no optiskajam Skiedram
un plakanajiem vilpvadiem uz integréto fotoniku. Lidz ar to 2. publikacijas mérkis bija teoretiski
paradit LMR efekta sasniegSanas potencialu integréta ¢ipa Iimeni un noteikt optimalo SU-8
vilpvada geometriju un zudumu parklajuma biezumu, lai uzlabotu sensora jutibu.

2. publikacijas mérki:
= izpétit LMR paradibas atkaribu no SU-8 vilnvadu §k&rsgriezuma geometrijas;
= izpétit LMR atkaribu no zuduma parklajuma biezuma;
= izpetit LMR paradibas uzvedibu atkariba no izplatitam modam vilnpvados;
» novertet izstradatas ierices jutibas veiktspgju;
= izstradataja LMR Cipa novérot vairakas rezonanses vienlaikus.

Galvenie 2. publikacijas rezultati redzami 11.—13. attela.
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11. att. Vilpvada izméru ietekme uz LMR paradibu: (a) normalizéti caurlaidibas spektri dazadiem
vilnvada izmériem; (b) LMR vilna garuma atkariba no vilnvada izm&riem?.
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12. att. LMR atkariba no zuduma parklajuma biezuma: (a) LMR vilna garums ka funkcija no

parklajuma biezuma; (b) caurlaidibas spektrs iericei ar 60 nm TiO, parklajuma biezumu?.
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13. att. LMR nobide atkariba no vides lauanas koeficienta izmainam?’.

2. publikacijas galvenie rezultati un secinajumi
Teorétiskas simulacijas atklaja LMR paradibas novéroSanas iesp&jamibu integrétajos SU-8
vilnvados, kas parklati ar TiO2 zudumu parklajumu.
Tika konstatéts, ka LMR regul&$ana ir iesp&jama, pielagojot vilnvada geometriju, jo LMR vilna
garums reage uz vilnvada izmériem ar augstu jutibu (11. att.). Turklat tika pieradits, ka $T jutiba
ir izteiktaka mazakiem vilnpvadiem, bet, sasniedzot noteiktus izm&rus, LMR vilna garums
stabiliz€jas un novérojama minimala nobide (11. b att.).
Tika nodemonstréts, ka integrétajos SU-8 vilnvados, kas parklati ar TiO2 zudumu parklajumu,
teorétiski var noverot vairakus LMR.
Tika apstiprinats, ka gan TE, gan TM polarizacijai ir novérojams LMR efekts integrétaja iericg,
un rezonanses vilpu garumi nedaudz atSkiras starp abam polarizacijam.
Maksimala jutiba ap 1400 nm/RIU tika sasniegta ar 40 nm biezu TiO; parklajumu, kas ir
piemeérots mérisanai videés ar lausanas koeficientiem no 1,30 lidz 1,40 (13. att.).

Plakanos vilnvados balstiti LMR sensori — teorétisks un eksperimentals
salidzinajums (3. publikacija)

Lielakaja dala zinatniskas literattiras LMR paradiba galvenokart tiek pétita no inZeniertehniska

aspekta, ka rezultata triikst teorétiska pamatojuma un izpratnes par fundamentalajiem procesiem.

Saja publikacija padzilinati pétita LMR paradiba plakanajos vilnvados ar zudumu parklajumiem,

kas biezi tick izmantoti LMR joma. Pie $adiem parklajumiem pieder TiO2, SnO> un I70. legitie
eksperimentalie rezultati tika salidzinati ar simulacijam, kas veiktas ar FEM rikiem COMSOL vidg.
P&tijuma Tpasa novitate ir eksperimentalo atklajumu un teorétisko aprékinu apvienojums. Turklat
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no integréta LMR sensora izstrades viedokla Sis petfjums bija butisks, jo ta mérkis bija noteikt
optimalo zudumu parklajuma materialu turpmakiem petijumiem un integrétas ierices izstradei.

3. publikacijas mérki:

= cksperimentali novérot LMR paradibu sensoru ieric€s ar TiO2, SnO: un /7O parklajumiem,;

= izpétit LMR paradibas atkaribu no dazada biezuma zudumu parklajumiem,;

= noskaidrot nogulsnéto plano kartinu elektrooptiskas 1pasibas, tostarp lausanas un ekstinkcijas
koeficientus, lai uzlabotu simulacijas rezultatu precizitati,

= visu izgatavoto paraugu caurlaidibas spektrus salidzinat ar teor&tiski aprékinatajiem spektriem,
kas iegiiti ar FEM simulacijas rikiem;

= novérot LMR, ko izraisa gan TE, gan TM polarizacija;

» identificét piemerotako zudumu parklajumu, pamatojoties uz LMR pika formu;

* novertet izgatavoto iericu jutibu, uzklajot skidros analitus uz sensora jutigas zonas;

= noteikt izgatavoto iericu labumus, lai novertétu to veiktsp&ju.

Galvenie 3. publikacijas rezultati redzami 14.—17. attéla.
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14. att. Dispersijas Iknes stikla vilnpvadam, TiO2, SnO2 un ITO planam kartinam?®.
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15. att. LMR paradibas uzvediba atkariba no vilna garuma un /70 biezuma TF polarizetai
gaismai: (a) teorétiskais apréekins; (b) eksperimentalie rezultati’®.
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16. att. Caurlaidibas spektri iericei ar 590 nm biezu /TO parklajumu?.
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17. att. Jutibas veiktsp&ja paraugam ar 50 nm /70 parklajumu: (a) eksperimentala jutiba dazados
Skidrumos; (b) LMR vilna garums ka funkcija no apkartgjas vides lausanas koeficienta gan TE,
gan TM polarizétai gaismai®S.

3. publikacijas galvenie rezultati un secinajumi

= |TO parklajums izradijas vispiemérotakais LMR balstitiem sensoru lietojumiem, jo tas vienigais
radTja izteiktas rezonanses visa redzamas gaismas spektra (16. att.). So rezultatu varétu skaidrot
ar ITO nogulsnésanas tehnologiju, kurd izmantota nereaktiva magnetronu putinasana, savukart
citi oksidi tika nogulsnéti reaktiva procesa Ar/Oz plazma, veidojot kristaliskus graudus ar
ierobezotu mijiedarbibu ar garaka vilnpa garuma gaismu. Alternativs skaidrojums balstas
atSkirigas ekstinkcijas koeficientu dispersijas Ikn€s ITO un citiem oksida parklajumiem.

= Salidzinot teorétiskas simulacijas un eksperimentalos rezultatus, tika konstatéts, ka FEM
kombinacija ar iebtivéto modu analizi precizi apraksta LMR paradibas pamatfiziku plakanajos
vilnvados. Teorétiskie rezultati radija pietiekamu sakritibu ar eksperimentalajiem datiem visa
parklajuma biezuma diapazona (15. att.). Dazas nelielas labumu atskiribas starp teorétiskajiem
un eksperimentalajiem rezultatiem var bit saistitas ar plano kartinu nevienméribu un mazak
precizu teordtisko ievades datu pieejamibu attieciba uz vides optiskajam Ipasibam un
parklajuma biezumiem.

* Merfjumu laika izmantotais linearais polarizators apstiprindja LMR paradibas paredzamo
polarizacijas atkaribu (16.—17. att.).

LMR fotonikas integretaja ¢ipa (4. publikacija)

4. publikacija aprakstits promocijas darba nosléguma pétijums. Visi tris iepriek$¢jie zinatniskie
raksti (1. publikacija, 2. publikacija un 3. publikacija) sniedza ieskatu LMR paradiba un risindja
konkrétus jautajumus par pirma pilniba integréta LMR balstita sensora izveidi. 1. publikacija
palidzgja izprast virzienu, kura jadodas, lai izveidotu stradajoSu prototipu. 2. publikacija sniedza
ieskatu polimeru vilpvadu izméru ierobezojumos. 3. publikacija nodroSinaja pirmo realo
eksperimentalo pieredzi veiksmigai LMR generéSanai. 4. publikacija pirmo reizi tika paradits LMR
efekts fotonikas integrétajos ¢ipos ar jutibu un FOM vértibu, kas ir salidzinama ar optisko skiedru
un plakano vilnpvadu konfiguracijam. Turklat 4. publikacija izpetiti dazadi polim&ru materiali
integréto vilnvadu izgatavosanai, tostarp OrmoClear, OrmoCore un SU-8 fotorezistus. Turklat
4. publikacija ieviesta jauna pieeja biezo poliméru vilnpvadu izgatavoSana. Visbeidzot, $aja
pétijuma eksperimentalie rezultati tika salidzinati ar simulacijas rezultatiem, kas iegiiti, izmantojot
FEM rikus COMSOL vide.

4. publikacijas mérki:
= izstradat inovativu darbpliismu biezo vilnpvadu izgatavosanai;
= jzveidot eksperimentalu meérjjumu sist€ému integréto fotonikas Cipu testésanai;

» samazinat gaismas ievadiSanas zudumus integrétajos vilnpvados;
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izpétit LMR paradibas atkaribu no taisnas un izliektas vilnvadu geometrijas;

fotonikas integrétaja ¢ipa noverot vairakas LMR rezonanses vienlaikus;

salidzinat dazadu polimeru izgatavoto vilnvadu caurlaidibas spgjas;

salidzinat eksperimentali iegiitos spektrus ar teorctiski sagaidamiem spektriem, izmantojot
FEM simulacijas palidzibu;

salidzinat LMR paradibas uzvedibu integrétaja fotonikas Cipa konfiguracija ar visparatzitam
konfiguracijam ka plakanie vilnvadi;

novertet integréto iericu jutibas spgjas, uzklajot skidros analitus uz sensora jutigajam zonam,;
noteikt izgatavoto iericu FOM, lai novertetu to veiktsp&ju.

Galvenie 4. publikacijas rezultati redzami 18.-23. attéla.

Stikla substrata I I
sagatavoSana

2. Aluminija kartinas | I D Stikls

nogulsnziana Optiska Skiedra
3. AZ1518 fotorezista
uzklasana l I
AZ1518 apstaroSana D
un attistiSana
Aluminija
kodinasana l:' Polimérs
Negativa fotorezista
uzklasana

Aluminijs

n

Uzpilinats
ApstaroSana AZI518 analitiskais
. . i Skids
7. Negativa fotorezista 1 } l I fotorezists ideyms Optiska skiedra
apstaroSana Thorlabs M29L
PEB un attistiSana
! O '| ITO
9. ITO magnetrona
putinasana
(a) (b)

18. att. LMR &ips: (a) izgatavosanas darbpliisma; (b) testésana®’.
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References vilnvadi

LMR vilpvadi

(b)

(©

19. att. LMR ¢ipa dizains: (a) skats no augsas; (b) Skérsgriezuma skats; (c) faktiskas ierices
fotoattgls?’.
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20. att. SEM analize: (a) ITO uz OrmoClear vilnvada; (b) OrmoClear vilnvada skersgriezums;
(¢) ITO uz OrmoCore vilnvada; (d) OrmoCore vilnvada skersgriezums; (e) /70 uz SU-8
vilnvada; (f) SU-8 vilnvada $karsgriezums?’.
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21. att. LMR paradibas salidzinajums dazada veida vilnvados: (a) salidzinajums taisna un izliekta
vilnvada; (b) salidzinajums dazadu poliméru vilnvados %7.
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22. att. LMR paradiba atkariba no vilna garuma un /70 biezuma: (a) eksperimentalie rezultati

OrmoClear vilnpvadiem; (b) teorétiskie rezultati OrmoClear vilnvadiem; (c) eksperimentalie
rezultati SU-8 vilnvadiem; (d) teorétiskie rezultati SU-8 vilnvadiem?’.

(d)
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23. att. Eksperimentala jutibas atbilde dazados $kidrumos: (a) pirmas kartas LMR integréta iericg,
kuras pamata ir SU-8 vilnvadi; (b) pirmas kartas LMR plakana stikla vilnpvada; (c) augstakas
kartas LMR integreta ierice€, kuras pamata ir uz SU-8 vilnvadiem; (d) augstakas kartas LMR

plakana stikla vilnvada; (e) teorétiski aprékinati pirmas kartas LMR integréta ieric€, kuras pamata

ir SU-8 vilnvadi?’.
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4. publikacijas galvenie rezultati un secinajumi

Lai parbauditu LMR paradibu fotonikas integrétajos Cipos, tika izveidota pielagota mérisanas
sistéma, kas redzama 18. b attéla.

Gaismas zudumu ievadiSanas no optiskas Skiedras uz vilnpvadiem samazinaSanai tika izmantota
arpakalpojuma zagg€Sanas tehnika, kas nodrosinaja gludakas un plakanakas vilpvadu malas.
Gaismu ievada no Skiedras uz vilnvadi, izmantojot objektivu (18. b att.).

Fotonikas Cipos, kas izgatavoti no visiem parbauditajiem polim&riem (21. b att.), tika noverotas
vairakas LMR rezonanses.

Sis pétijums veiksmigi paradija LMR paradibas generé$anu integrétajos vilnvados ar dazadu
geometriju. Attiecigie spektri redzami 21. a attgla.

Starp parbauditajiem polimé&riem, kas izmantoti vilnvadu izgatavosSanai, vislabak piemeérotais
polimérs visa redzama gaismas spektra diapazona izradijas SU-8, sniedzot izteiktakus LMR
efektus, salidzinot ar citiem polim&riem.

Tika pieradits, ka vilnvada geometrijai ir minimala ietekme uz LMR paradibas uzvedibu,
iznemot gaismas intensitates samazinasanos, kas noveérojama izliektajos vilnvados lieces d€]
(21. a att.).

Sis pétijums iepazistina ar inovativu biezo vilnvadu izgatavosanas metodi, kas ietver
ekspoziciju caur stikla pamatni un aluminija masku, kas atrodas tie$i uz &ipa (18. a att.). Sada
pieeja lauj izveidot augstas kvalitates vilnvadus, kas spgj efektivi izplatit gaismu, lai novérotu
LMR paradibu, kas nav sasniedzama ar citam vilnpvadu izgatavoSanas metodeém.

Integrétam iericém un plakaniem vilpvadiem jutiba un FOM sasniedza lidzigas vertibas, kas
apliecinaja integréto sistému potencialu LMR joma (23.att.). Relativa kliuda starp
eksperimentali iegtitajiem LMR vilnu garumiem (23. a att.) un simulacijas paredzetajiem vilnu
garumiem (23. e att.) ir 1 %.

Iznemot OrmoCore, katrs parbauditais polim&ru materials paradija LMR atkaribu no parklajuma
biezuma un rezonanses vilna garuma, kas saskangja ar teorétiskajam prognozem, kas veiktas,
izmantojot FEM simulacijas rikus COMSOL vidg (22. att.). Galvenas atskiribas bija saistitas ar
mérfjumu iestatfjumiem, kur netika izmantots linears polarizators, kas ierobezoja iespgjas
noveérot TM un TE modas atseviski augstakas kartas LMR rezonanses, ka to paredz teorétiskie
aprékini. Turklat eksperimentali iegtitais FOM labi saskangja ar simulacijas iegiitajiem
rezultatiem.
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SECINAJUMI

1. Pirmo reizi LMR paradiba tika noverota integrétajos vilpvados, kas izgatavoti no dazadiem
polim@riem, pieméram, OrmoClear, OrmoCore un SU-8 fotorezistiem.

2. Integrétie LMR sensori var sasniegt jutibu ap 905 nm/R/U, kas ir salidzinama ar citam LMR
sensoru konfiguracijam. Lai to panaktu, integrétaja fotonikas ¢ipa jaieklauj SU-8 vilpvadi ar
100 x 100 pm Sk&rsgriezuma izm&riem un 80 nm biezu /70 zuduma parklajumu.

3. Pirmo reizi FEM simulacijas metodologija tika pilniba izstradata, lai model&tu LMR paradibu
integrétajos poliméru vilnvados, uzradot atbilstibu eksperimentali iegiitajiem LMR vilnu
garumiem ar 1 % relativo kliidu. ST metode ir sp&jiga optimizét arT redlu ieridu dizainu, lai
sasniegtu maksimalu jutibas veiktspgju.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Lossy mode resonance principles

Lossy mode resonance (LMR) arises when light passes through an optical fiber or waveguide
and interacts with thin films having positive real permittivity values greater in magnitude than both
their own imaginary parts and the permittivity of the fiber or waveguide materials, leading to its
observable occurrence.! The deposition of lossy coatings on optical fibers or waveguides results
in the emergence of attenuation bands in the transmission spectra. These attenuation bands can be
attributed to the coupling between the core and lossy modes of the dielectric-cladding thin film,
providing an explanation for their occurrence.>? The wavelengths of these attenuation bands are
influenced by a wide range of external parameters (pH,> humidity,* etc.); therefore, they can be
used as sensors in various applications.’

LMR offers several advantages over alternative sensing techniques based on optical fibers and
waveguides. Unlike surface plasmon resonance (SPR) and other commonly employed methods,
LMR can generate multiple resonances. Furthermore, in contrast to SPR, LMR can be observed
using both transverse electric (TE) and transverse magnetic (TM) polarized light.® In addition,
LMR offers practicality as it can be observed across a range of cladding materials, including
polymer,® semiconductor,® and dielectric coatings.” This versatility allows for flexible and cost-
effective fabrication of sensing devices.

Mathematical model for LMR phenomenon

The interaction between guided light within a waveguide and a thin film can lead to either
constructive or destructive interference, resulting in enhanced absorption at specific wavelengths.
The presence of a thin film introduces additional phase shifts and alters the effective refractive
index of the guided mode, thereby influencing the interference conditions. This serves as the
fundamental mechanism behind lossy mode resonance in waveguide-based structures with thin
film perturbations.®

When light propagates through a medium, and the incident angle 8, on the waveguide-cladding
interface is sufficiently large, total reflection occurs at the interface between the nanofilm and its
surroundings. Consequently, the light interacts with the surrounding layer through the evanescent
field. For a simplified analysis of this phenomenon, the two-beam interference approximation can
be employed (see Fig. 1).}
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Fig. 1. The physical model of LMR in the waveguide.®

By employing Fresnel equations and the theory of multiple-beam interference, one can
formulate equations describing the dynamics of the LMR phenomenon. In scenarios where 8, =
90°, as typically encountered in the waveguide and optical fiber contexts, the resonance
wavelength at which destructive interference occurs can be succinctly expressed as Eq. (1)*:

N_ 21dyy/nZ — n? 0
LMR = 5 ,
i + arctan ((ﬁ) _V—)
2 2 2
Vynz; —ny

n3
where Apvg is the LMR wavelength, d, is the thickness of cladding, m is the interference order,

ny,n, and, ny are refractive indices of waveguide material, cladding material and surroundings,
respectively. The parameter s in equation (1) is contingent upon the polarization of the guided light
and is defined as Eq. (2)%:

_ { 1 for TM mode 2)
0 for TE mode

LMRre and LMRtm exhibit similar characteristics, with the exception of their distinct
resonance wavelengths and surrounding sensitivity.® Consequently, the subsequent analysis will
focus solely on the TM polarization. The sensitivity S for the same incident angle 6; can be
expressed as Eq. (3)%:

1 2{n? —n?
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In the context of the LMR phenomenon, parameters such as the full width at half minimum
(FWHM) and the depth of the peak are nearly as crucial as the resonance wavelength and
sensitivity. The width of the LMR peak can be assessed utilizing Eq. (4)®:
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The LMR peak depth D can be evaluated using Eq. (5)%:
D= 4yRi12R23(1 — Ri2)(1 — Ry3) )
(1 - RIZRZ3)2 '
where R;, and R,3 represent the reflectivity at the waveguide-cladding and cladding-surroundings
interfaces, respectively.

Main applications in the LMR field

Fiber optic sensors based on LMRs have a wide range of applications in detecting physical,
chemical, and biological parameters. These applications encompass areas such as food quality
assessment, medical diagnostics, and environmental monitoring. Moreover, LMR-based
refractometers serve as versatile platforms for various sensor types, with particular relevance to
biosensing.®

The LMR phenomenon has been investigated for its potential in relative humidity (RH)
sensing. In study®®, TiO2/PSS coated LMR optical fibers were employed as effective devices for
fabricating optical fiber humidity sensors. The presence of humidity causes the formation of a thin
water layer on the coating and allows water to enter the pores, enabling the device to monitor RH
levels. Fig. 2 illustrates the shift in resonance wavelength observed when the RH varies from 20 %

to 90 %.
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Fig. 2. Spectral response of the device for different external medium RH.'°

In study,™ the utilization of LMR-based fiber optic devices for voltage measurement is
demonstrated. These devices incorporate poly(vinylidene fluoride) (PVVDF) films and are designed
with a three-layer thin film structure deposited onto the surface of a multimode optical fiber. The
innermost film, indium tin oxide (ITO), serves as both the generator of LMR and the first electrode.
The PVDF film, deposited onto the ITO layer, exhibits changes in the refractive index
corresponding to the applied external voltage. The outer layer, ITO, forms the second electrode.
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The structure of the described voltage measurement device and the measured transmittance spectra
for various applied voltages are presented in Fig. 3.
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Fig. 3. Voltage measurement device: (a) schematic representation of the multilayer structure, and
(b) LMR peak shift produced by external voltage. !

The change in the refractive index of a thin film with temperature is a widely recognized
phenomenon. In study,'? a fiber optic temperature sensor based on LMR was implemented using
a SnO; thin film coating. Figure 4 illustrates the wavelength shift of the second LMR of the SnO>
coating as the temperature of the synthetic lubricant oil sample increases. The developed device

exhibits a sensitivity of approximately 2.2 nm/°C within the temperature range of 45 °C and 75 °C.
1
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Fig. 4. Spectral response of the LMR device with SnO: coating when the temperature of the oil
sample varies in the range from 45 °C to 75 °C.!2

PAH/PAA (poly-allylamine hydrochloride/polyacrylic acid) polymeric films not only generate
the LMR phenomenon but also swelling and deswelling behaviors in response to changes in the
pH of the solution.'® This means that the refractive index of PAH/PAA polymeric films undergoes
changes, resulting in a shift in resonance wavelength. The observations in Fig. 5 validate that the
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pH-induced LMRs generated by PAH/PAA coatings display high sensitivity to pH variations.
Consequently, when the device is immersed in a pH solution, the LMR wavelength shift enables
the accurate determination of pH levels in the surrounding environment.
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Fig. 5. The dynamic response of the sensor when immersed in various pH solutions.'3

LMR-based optical fiber sensors offer the capability to detect volatile organic compounds
(VOC:s). Sensors coated with PAH/PAA are capable of detecting a range of VOC gases and exhibit
wavelength shifts for different gases, making them suitable for distinguishing various VOCs.!* The
resonance wavelength of the LMR-based sensor, utilizing a PAH/PAA polymeric film,
demonstrates a linear relationship with VOC concentration. Specific sensitivities for ethanol,
methanol, and isopropanol were calculated through linear approximations. The sensor's
performance was evaluated for both increasing and decreasing concentrations, demonstrating
minimal hysteresis, as depicted in Fig. 6.
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Fig. 6. Linear approximation of the LMR wavelength as a function of vapor concentration for
ethanol.!
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Optical fiber biosensors utilizing LMRs provide a label-free detection platform. These
biosensors operate on the principle of exploiting biological reactions that induce changes in the
refractive index of the coating, resulting in a shift in the resonance peaks.? In biosensing, one
common challenge is the detection of specific molecules within a larger group of molecules. LMR-
based optical fiber sensors address this issue by employing the functionalization of lossy coating
with sensitive materials such as aptamers.!® Various concrete applications of optical fiber
biosensors based on LMRs have been demonstrated, including biosensors for anti-gliadin
antibodies, C-reactive protein, immunoglobulin G, thrombin, salivary cortisol, and more.?

LMR-induced resonance can be utilized to selectively allow or hinder the transmission of
specific wavelengths of light, facilitating the advancement of optical filtering devices for
communication purposes.'® Study'” presents an optical fiber tunable filter that relies on LMR. In
this filter, the first layer (ITO) serves both as the electrode and the generator of LMR. The second
layer (PVDF) is employed for filter tuning, while the outer layer (ITO) acts as the other electrode.
Experimental results have shown that the fabricated filter exhibits notable sensitivity to the applied
voltage, leading to a wavelength shift of 0.4 nm/V. A schematic representation of the described
optical filter is given in Fig. 7.
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Fig. 7. Electro-optic wavelength filter based on LMR."”

Main challenges in the LMR field

According to findings,® it has been observed that thinner lossy coatings and a higher refractive
index difference between the substrate and surrounding lead to a smaller FWHM. Interestingly,
this approach contradicts the goal of increasing sensitivity, as indicated in the study.® This
discrepancy may be one of the main challenges in achieving an LMR-based sensor with both high
sensitivity and a narrow FWHM.
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From article,® it was deduced that theoretically, the sensitivity of LMR can reach infinity.
However, there are practical limitations that need to be taken into account. Firstly, the sensitivity
is proportional to the resonance wavelength, and achieving high sensitivity often requires operating
in a long wavelength range that is close to the limit of commercially available optical spectrum
analyzers. While there are some specialized instruments capable of detecting such long
wavelengths, their wavelength resolution is typically lower, and they tend to be more expensive to
acquire. Therefore, the primary disadvantage of LMR lies in the cost of obtaining a sensitive
spectrometer capable of detecting the required resonance attenuation bands. Secondly, the
resonance spectrum tends to be broader at longer wavelengths, which can negatively impact the
figure of merit (FOM) and detection resolution.'®

The depth of the resonance peak is another crucial parameter in evaluating the reasonable
figure of merit (RFOM). The RFOM can be mathematically defined as shown in Eq. (6):

S'D
FWHM' ©
Achieving an absolute absorbance at the resonance wavelength, which corresponds to a 100 %

RFOM =

resonance depth, is possible when the equivalent reflectivity at both interfaces (substrate-coating
and coating-surrounding) approaches 1.8 However, in practice, this is not always straightforward
to achieve, making it challenging to identify LMRs due to their low absorption.

Lastly, it is worth noting that the current prototypes of LMR-based sensors predominantly rely
on optical fibers.® However, this reliance on optical fibers poses difficulties in terms of achieving
easy production scalability due to the requirement for manual processing. As a result, the cost-
effective production of LMR-based sensors becomes challenging, hindering the possibility of
product commercialization. Additionally, integrating such fiber-based devices with other photonic
integrated circuits (PICs) is complex, further impacting the commercialization potential of the
LMR phenomenon. This integration could lead to the creation of unique products for specific
applications. The primary objective of this Doctoral Thesis is to provide a solution to address this
challenge.

Polymer-based photonics

Polymers have gained prominence as materials for the fabrication of waveguides. In
comparison to inorganic materials, polymers offer cost-effectiveness, flexibility, and the ability to
be functionalized to achieve desired properties for specific photonic applications.!® Moreover, the
fabrication of integrated polymer photonics relies on standard complementary metal-oxide-
semiconductor (CMOS) techniques. Consequently, the production of polymer-based devices can
be carried out in any CMOS-oriented cleanroom. Polymers are also attractive in hybrid organic-
inorganic systems for the development of complex and cost-effective optoelectronic components.?
Hence, the transition from silicon-based integrated photonics to polymer-based photonics
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represents a logical progression in the photonic integrated circuits industry. Many technologies,
such as grating-based sensors,?! interferometric sensors,’* and microcavity-based sensors,?® have
already been developed for polymer-based photonics. However, the LMR phenomenon has
previously been demonstrated only in optical fibers® and planar waveguides,* and not even in
inorganic photonic circuits. In this context, the introduction of this technology into integrated
polymer-based photonics marks a significant innovation in the field of polymer photonics.

Aims of the Thesis

1. To integrate experimental results with finite element method simulations to enhance the
fundamental understanding of lossy mode resonance.

2. To develop the fabrication workflow of integrated on-chip devices for lossy mode resonance
applications.

3. To demonstrate the lossy mode resonance phenomenon in photonic integrated circuits,
achieving sensing capabilities comparable to those found in alternatives such as optical fibers
and planar waveguide configurations.

Statements to be defended

1. The lossy mode resonance phenomenon can be observed in integrated waveguides made from
various negative photoresists.

2. Integrated lossy mode resonance sensors can achieve a sensing performance of 905 nm/RIU,
which is comparable to the 829 nm/RIU sensitivity observed in established planar waveguide
configurations.

3. The finite element method can be applied to simulate the lossy mode resonance phenomenon in
integrated waveguides, achieving experimental agreement with a relative error of 1 %.

Scientific novelty

The Thesis provides experimental proof-of-concept for transitioning the LMR phenomenon
from setups using optical fibers and planar waveguides to PICs, representing a previously
unattained advancement with the potential capability to integrate this new technology alongside
other photonic elements on a single chip. Additionally, the Thesis assesses different polymers for
manufacturing integrated waveguides customized for LMR applications and introduces an
innovative fabrication method for these waveguides.
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Practical significance

The primary practical significance of transitioning the LMR phenomenon from optical fibers and
planar waveguides to PICs lies in its scalability and potential for commercialization, particularly
due to its compatibility with CMOS technology. Moreover, a key advantage of PICs lies in their
ability to integrate diverse elements on a single chip to deliver unique functionalities. The next
stage in the development of integrated LMR sensors could involve integrating them with
spectrometers and on-chip light sources, thereby significantly reducing device costs and marking
a significant breakthrough in terms of commercial applications.

Structure of the Thesis

The Doctoral Thesis is a collection of scientific articles dedicated to the LMR phenomenon in
PICs. The results of the Thesis have been published in four original research papers indexed in
Scopus. The Doctoral Thesis contains 23 figures. The papers included in the Thesis have a
cumulative CiteScore of 16.4 (data taken from the Scopus database). The results have been
presented at three international conferences.

Publications of the Thesis

Original papers in which Thesis results are published

1. E. Letko, A. Bundulis, G. Mozolevskis, V. Vibornijs. Integrated Lossy Mode Resonance Sensor
Based on SU-8 Waveguides. Proceedings of SPIE — The International Society for Optical
Engineering. 2022, 11998B, 1-6 (04, Scopus CiteScore(2022) = 0.7).

2. E. Letko, A. Bundulis, G. Mozolevskis. Theoretical Development of Polymer-Based Integrated
Lossy-Mode Resonance Sensor for Photonic Integrated Circuits. Photonics, 2022, 9(10), 764—
773 (Q3, Scopus CiteScore(2022) = 2.3).

3. E. Letko, A. Bundulis, G. Mozolevskis. Lossy Mode Resonance Sensors Based on Planar
Waveguides: Theoretical and Experimental Comparison. I[EEE Photonics Journal, 2024, 16(1),
1-7 (Q2, Scopus CiteScore(2023) = 4.5).

4. E. Letko, A. Bundulis, E. Vanags, G. Mozolevskis. Lossy Mode Resonance in Photonic
Integrated Circuits. Optics and Lasers in Engineering, 2024, 181, 1-11 (QI, Scopus
CiteScore(2023) = 8.9).

Other papers published during the development of the Thesis
1. A. Ozols, E. Letko, P. Augustovs, D. Saharovs, E. Zarins, V. Kokars. Photoinduced anisotropy
of IWK-2D azobenzene molecular glassy films. Key Engineering Materials, 2018, 762, 233—
238. (Q4, Scopus CiteScore(2018) = 0.7).
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2. A. Medvids, S. Varnagiris, E. Letko, D. Milcius, L. Grase, S. Gaidukovs, A. Mychko,
A. Pludons, P. Onufrijevs, H. Mimura. Phase transformation from rutile to anatase with oxygen
ion dose in the TiO> layer formed on a Ti substrate. Materials Science and Semiconductor
Processing, 2020, 106, 104776, 1-6. (Q1, Scopus CiteScore(2020) = 5.9).

3. A. Ozols, G. Mozolevskis, E. Letko, M. Rutkis, R. Zabels, E. Linina, I. Osmanis. Sputtered
SiOxNy thin films — improving optical efficiency of liquid crystal diffuser elements in multi-
focal near-to-eye display architecture. Proceedings of SPIE — The International Society for
Optical Engineering, 2021, 1187201, 1-5. (Q4, Scopus CiteScore(2021) = 0.9).

Participation in conferences

1. Oral presentation at the international conference “Proceeding of SPIE — The International
Society for Optical Engineering”, E. Letko, A. Bundulis, G. Mozolevskis, V. Vibornijs.
Integrated Lossy Mode Resonance Sensor Based on SU-8 Waveguides. San Francisco, USA,
22-27 January 2022.

2. Poster presentation at the international conference “Nordic Nanolab User Meeting 20227,
E. Letko, A. Bundulis, V. Vibornijs, G. Mozolevskis. Fabrication of Lossy Mode Resonance
Sensor Based on SU-8 Waveguides. Gothenburg, Sweden, 5-6 May 2022.

3. Poster presentation at the international conference “Deep Tech Atelier 2023”, E. Letko,
A. Bundulis, I. Del Villar, G. Mozolevskis. Development of Integrated Lossy Mode Resonance
Sensor Based on Polymer Photonics. Riga, Latvia, 20-21 April 2023.
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MAIN RESULTS OF THE THESIS

Integrated LMR sensor based on SU-8 waveguides (Paper I)

Paper I represents the initial attempt to realize the LMR phenomenon within PICs. While this
paper provided the first insights into the LMR phenomenon, it was challenging to estimate device
performance due to the wideness of resonance lines. Nevertheless, this research significantly
contributed to understanding the key challenges in LMR chip design and discussed potential future
applications.

The primary objective outlined in Paper I was to measure transmittance in an integrated LMR
device for the first time. Accordingly, the established tasks were:
= To develop fabrication workflow for integrated devices based on SU-8 waveguides.
= To evaluate the coverage of the SU-8 waveguide with lossy coating.
= To measure transmittance in LMR waveguides for various lossy coating materials.

The main results of Paper I are demonstrated in Fig. 8-10.
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Fig. 8. LMR-based sensor design.?
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The main results and conclusions of Paper I:

= The chip design involved two batches of waveguides: reference waveguides for measuring the
light source spectrum and LMR waveguides for observing the phenomenon. Optimal efficiency
was achieved through a curved waveguide design to mitigate background illumination (see Fig.
8).

= Magnetron sputtering of oxides resulted in complete coverage of the SU-8 waveguide (see Fig.
9).

* Wide LMR lines were detected for ZnO and TiOx materials. The observed LMRs occurred at
wavelengths predicted by theory (see Fig. 10).
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Theoretical development of polymer-based integrated LMR sensor for
photonic integrated circuits (Paper II)

Given the challenges in fabricating an integrated LMR device with sensitivity comparable to
LMR sensors using alternative configurations as highlighted in Paper I, Paper II was initiated to
explore theoretical design solutions for integrated LMR devices and investigate the dimensional
dependencies of the LMR phenomenon. The observation of LMR in PICs has not been
accomplished before. Therefore, to streamline the transfer of LMR technology from optical fibers
and planar waveguides to integrated photonics, it was essential to conduct theoretical research.
Consequently, the objective of Paper II was to theoretically demonstrate the potential for achieving
the LMR effect at the integrated chip level and determine the optimal geometry of the SU-8
waveguide and thickness of the lossy coating to enhance sensor sensitivity.

The goals set in Paper 11 :
= To investigate LMR dependency on SU-8 waveguides’ cross-sectional dimensions.
= To investigate LMR dependency on lossy coating thickness.

» To investigate guided modes in LMR waveguides.
= To evaluate the sensing performance of the designed device.
= To observe multiple possible resonances in the designed LMR chip.

The main results of Paper II are demonstrated in Fig. 11-Fig. 13.
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The main results and conclusions of Paper II:

= Theoretical simulations revealed the feasibility of observing the LMR phenomenon in
integrated SU-8 waveguides coated with TiO; lossy coating.

= ]t was discovered that LMR tuning is achievable by adjusting the waveguide geometry, as the
LMR wavelength exhibits high sensitivity to the waveguide dimensions (see Fig. 11).
Additionally, it has been demonstrated that this sensitivity is higher for smaller waveguides, and
once the waveguide reaches certain dimensions, the LMR wavelength stabilizes and exhibits
minimal shift (see Fig. 11b).

= Jt was shown that multiple LMRs could theoretically be observed in the integrated SU-8
waveguides coated with TiO2 lossy coating (see Fig. 12).
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= Both TE and TM polarizations were shown to induce LMR in the designed integrated device at
slightly disparate wavelengths.

= The maximum sensitivity of 1400 nm/RIU can be attained with a 40 nm thick TiO; coating,
suitable for measuring environments with refractive indices ranging from 1.30 to 1.40 (see Fig.
13).

LMR sensors based on planar waveguides: theoretical and experimental
comparison (Paper I1I)

The prevailing scientific literature on LMR primarily emphasizes engineering aspects, leading
to a noticeable deficiency in the theoretical foundation and understanding of the fundamental
processes inherent in the LMR phenomenon. Hence, Paper III delved into the LMR phenomenon
in planar waveguides, specifically those with commonly used coatings in the LMR field, such as
TiO2, SnO,, and ITO. Additionally, the experimental results obtained were compared with
simulations conducted through the FEM in COMSOL Multiphysics. The distinctive novelty of this
research lies in the integration of both experimental findings and theoretical calculations.
Moreover, from the perspective of developing an integrated LMR sensor, this study was pivotal as
it aimed to identify the optimal lossy coating material for subsequent research.

The goals set in Paper II1:

» To experimentally observe the LMR phenomenon in sensing devices coated with various
materials such as TiO2, SnO», and ITO.

= To investigate the dependency of the LMR phenomenon on various thicknesses of lossy
coatings.

= To ascertain the electro-optical properties of deposited thin films, including refractive indices
and extinction coefficients, to enhance the accuracy of simulation results.

» To compare the measured transmittance spectra of all fabricated samples with theoretically
calculated spectra using simulation tools based on the FEM.

* To observe LMRs induced by both TE and TM polarizations.

= To identify the most suitable lossy coating based on the shape of the LMR peak.

= To assess the sensing capabilities of the devices by applying liquid analytes onto the sensing
area.

= To determine the Q-factors of the fabricated devices to gauge their performance.

The main results of Paper III are demonstrated in Fig. 14-Fig. 17.
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The main results and conclusions of Paper III:

= ITO coating demonstrated the best suitability for LMR-based sensor applications — only this
coating produced pronounced LMRs across the entire visible light spectrum (see Fig. 16). This
was likely attributable to the deposition technique employed, wherein ITO was deposited using
non-reactive magnetron sputtering, while the other oxides underwent deposition via a reactive
process, leading to the formation of crystalline grains that exhibited limited interaction with
long-wavelength light. An alternative explanation for this observation was attributed to the
differences in the dispersion of extinction coefficients for ITO and other oxide coatings.

= Comprehensive comparison between theoretical simulations and experimental observations
showed that the FEM, in combination with mode analysis, effectively captures the underlying
physics of the LMR phenomenon within planar waveguides. The theoretical color plots
demonstrated a sufficient level of agreement with the experimentally derived results across the
entire range of coating thicknesses (see Fig. 15). However, it is important to note certain
distinctions in Q-factors obtained theoretically and experimentally, which can be attributed to
inhomogeneity of thin films and the possibility of less precise theoretical input data regarding
the optical properties of the analyzed medium and coating thickness.

= Utilizing a linear polarizer during measurements confirmed the anticipated polarization
dependency of the LMR phenomenon (see Fig. 16 and Fig. 17).

LMR in PICs (Paper 1V)

Article IV was the final study of the Thesis. All three previous papers (Paper I, Paper II, and
Paper III) were intended to provide insight into the LMR phenomenon and answer specific
questions regarding the creation of the first fully integrated LMR-based sensor. Paper I gave us an
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understanding of what direction to move in to create a working prototype. Paper II gave us insight
into the sizing limitations of polymer waveguides. Paper III gave us the first real experimental
experience of successful LMR generation. Paper IV demonstrated for the first time the observation
of LMR in PICs with sensitivity and FOM comparable to those of optical fibers and planar
waveguides. Additionally, Paper IV offered a comparison of different polymer materials such as
OrmoClear, OrmoCore and SU-8 for fabricating integrated waveguides. In addition, Paper IV
introduced a novel process for producing thick polymer waveguides. Finally, this study compared
the experimental results with simulation results performed using the FEM in COMSOL
Multiphysics.

The goals set in Paper IV:

= To develop an innovative workflow for fabricating thick waveguides.

= To establish an experimental measurement setup for testing integrated chips.

= To minimize light losses during the coupling of light into waveguides.

= To investigate the dependence of the LMR phenomenon on the geometry of straight and curved
waveguides.

= To observe multiple LMRs in integrated chips.

= To compare the transmittance capabilities of waveguides made from various polymers.

» To compare experimentally obtained spectra with spectra expected theoretically by simulations.

» To contrast LMR behavior in integrated chip configurations with well-established
configurations such as planar waveguides.

= To evaluate the sensing capabilities of the integrated devices by applying liquid analytes onto
the sensing area.

= To determine the FOM of the fabricated devices to assess their performance.

The main results of Paper IV are demonstrated in Fig. 18-Fig. 23.
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the actual device.?®

53



mg @ |f——400nm——] & det | WD mode  HRW | PW
100 000 x X 2.00kv _ TLD  3.5mm SE 138 ym __ 89.9 nm

P Goow it 4omn 207 um 135 (F) Jodo -

HY jet | WD W gyms ot 400 nm ¢ mode HFW | PW G\ mg o
200kV_ TLD 34mm SE__ 207um _135nm x : 173um | 1120m (F) 2400

Fig. 20. SEM analysis: (a) ITO on an OrmoClear waveguide, (b) cross-section of an OrmoClear
waveguide, (¢) ITO on an OrmoCore waveguide, (d) cross-section of an OrmoCore waveguide,
(e) ITO on a SU-8 waveguide, and (f) cross-section of a SU-8 waveguide.?®

54



OrmoClear
OrmoCore

OrmoClear WGs with
1007 80 nm ITO coating :
7 ! suU-8
—~ 80 7
9 b
<
= 70
]
N 60
(_v .
Bl
=z ~  OrmoClear straight WG
40 » OrmoClear curved WG
SU-8 straight WG
i + SU-8 curved WG
30+ T T T 1 7Y
500 600 700 800 900
wavelength (nm) wavelength (nm)

(a)
Fig. 21. Comparison of LMR in different types of waveguides: (a) in straight and curved
waveguides, and (b) in waveguides of different polymers.?

extinction ratio (dB)
900) %107
9004, +  OrmoClear -+
ol < LMRY X
[ - LMR! . 850 2000
.o N R il
Toeod « ! + LMR? sz A0 1000
£ Do LMR® LM _ 500
% <’; ! « LMR® . E 70
v . =
S 700 "‘ ! % 700 -
2 ! .
& |IMR < - § e
o ool ! . 03 30
= J‘ h S ,I’MR 600
= ! - .
! K - LMR? 20
F K L’ o 550
500 T T T T T 10
100 200 300 400 500 600 500!
cladding thickness (nm) 100 200 300 400 500 600
cladding thickness (nm)
(a) (b)
extinction ratio (dB) 2
x107?
900 - ;o \ SU-8 , 900
RN LMRy ¥ - 2000
DR, :
. F— 2 5 1000
£ 800 ;) LMK LMR 800
s
H J 3 g 500
= [ LMR ’ =
= ;o . ,’ E 750
) /¢ LMR . £
< . < 200
& ™ ) Nad 2 700
o v o H 100
> E— S H
2 v ; : &
@ s P LMR® 50
= ;o . . 600
3 - - .
! K . " 20
! . < LMR 550
500 +— T T T T —& 10
100 200 300 400 500 600 500
100 200 300 400 500 600
cladding thickness (nm)

cladding thickness (nm)

(©)
Fig. 22. LMRs in dependence of wavelength and ITO thickness: (a) experimental results for
OrmoClear waveguides, (b) theoretical results for OrmoClear waveguides, (c) experimental
28

results for SU-8 waveguides, and (d) theoretical results for SU-8 waveguides.
55

(d)



water
water

= acetone
a0 | isopropanel 80 nm ITO 10 opoana
water (Gaussian) 2 Lf:gffé;ﬁssian)
tone (G: B 4 '
acetone (Gaussian) b - acetone (Gaussian) 80 nm ITO

| (G
|sopmpano (Gaussian). ; . © isopropanol (Gaussian)

=640 nr,

A L.“v: 637 nm

80

T (%)

60

g o TE g
4 ¥ )..=800nm 4 kY
B LLR“ 596 nm M= 786 nm™*® My 794 IMATE — 09
50 4% S — , 4 : v a
500 600 700 800 900 500 600 700 800 900
wavelength (nm) wavelength (nm)

(@ (b)

630 nm ITO
w004 A2 =598 nm,

1004

80| 804 Z°

K yr= 840 nm
888 nm

60 60

water

air

2 water 2 n=150
— 40 n=1.50 - 404 - air (Gaussian)
air (Gaussian) * - water (Gausslan)
- water (Gausslan) W™ LMR
n=1.50 (Gaussian) { LMR
. 2] B 20
M A= 852 nm ,
0 - : , ‘ 0 Mo
500 600 700 800 900 500 600 700 800 900
wavelength (nm) wavelength (nm)
(©) (d)
A= 595 nm
MMR™ > 795 nm
100 = 630 ,im MR = 825 nm
- IR
90 /
| —+—water
| —+—acetone b
| ——isopropanol AR S
— ik
o 80 1 ATE =
& | A= 810 nm
- c
704
™ 80 nm ITO
M= 610 nm
60 T 1
500 600 700 800 900

wavelength (nm)

(©

Fig. 23. Experimental sensing response in various liquids: (a) first-order LMRs in an integrated
device based on SU-8 waveguides, (b) first-order LMRs in a planar glass waveguide, (c) higher-
order LMRs in an integrated device based on SU-8 waveguides, (d) higher-order LMRs in a
planar glass waveguide, and (e) theoretically calculated first-order LMRs in an integrated device
based on SU-8 waveguides.?

56



The main results and conclusions of Paper IV:
To test the LMR phenomenon in integrated chips, a custom-built measurement setup, depicted
in Fig. 18b, was designed.
Saw dicing outsourcing services were utilized to minimize light losses during light coupling
into waveguides, ensuring smooth, flat waveguide edges. Light was coupled onto waveguide
facets using an objective to focus light on the edge of the waveguide (see Fig. 18b).
Multiple LMRs were observed in integrated chips for waveguides made of all tested polymers
(see Fig. 21b).
This research successfully demonstrated the observation of the LMR phenomenon in integrated
waveguides of various geometries (see Fig. 21a).
Among the polymer materials tested for waveguide fabrication, SU-8 emerged as the superior
polymer for guiding the entire visible light spectrum, leading to more pronounced LMRs
compared to other polymer materials.
It was demonstrated that waveguide geometry has minimal impact on LMR, except for a
reduction in light intensity observed in curved waveguides due to bend losses (see Fig. 21a).
This paper introduces a novel fabrication method for thick waveguides, involving exposure
through the glass substrate and an aluminum mask positioned directly on the chip (see Fig. 18a).
This technique produces waveguides with a more rectangular cross-sectional profile, and in the
case of SU-8 waveguides, it even resulted in a slightly negative trapezoidal shape (see Fig. 20).
This approach enables the production of high-quality waveguides capable of propagating light
to observe LMR, a capability not achievable with other fabrication techniques.
The FOM and sensitivity of integrated polymer-based devices and planar waveguides were
similar in both setups, highlighting the potential of integrated systems in LMR (see Fig. 23).
The relative error between experimental (Fig.23a) and simulated (Fig.23e) LMR peak
wavelengths was only 1 %.
With the exception of OrmoCore, every tested polymer material exhibited LMR dependence on
cladding thickness and resonance wavelength consistent with predictions from theoretical
simulations conducted via COMSOL Multiphysics (see Fig. 22). The primary differences arose
from the measurement setup, which did not utilize a linear polarizer. Consequently, it was not
feasible to observe TM and TE modes separately for higher-order LMRs, as predicted by
theoretical calculations. Additionally, experimentally obtained FOM closely aligned with
simulated predictions.
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CONCLUSIONS

1. For the first time, the LMR phenomenon has been observed in integrated waveguides made
from various polymers, including OrmoClear, OrmoCore, and SU-8 photoresists.

2. Integrated LMR sensors can attain a sensing performance of 905 nm/RIU, which is comparable
to alternative well-established configurations of LMR sensors. To achieve this, the integrated
LMR chip should comprise SU-8 waveguides with dimensions of 100 X 100 um in cross-
section, coated with an 80 nm thick ITO lossy cladding.

3. For the first time, FEM simulation methodology was completely developed to model the LMR
phenomenon in integrated polymer waveguides, demonstrating a 1 % relative error in matching
experimental LMR peak wavelengths. This method can also optimize actual device designs to
achieve maximum sensing performance.
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Integrated Lossy Mode Resonance Sensor Based on SU-8 Waveguides
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ABSTRACT

In recent years, lossy mode resonance (LMR) biosensors have proven to be promising devices for the analysis of
biological entities. In this work, for the first time, the possibility of observing the LMR effect in photonic integrated
sensor based on SU-8 waveguides for biosensing applications is presented. SU-8 is a polymer that is ideally suited for
optical waveguide applications due to its very high optical transparency, chemical stability and simple fabrication process.
The LMR effect is achieved by using ZnO and TiOy claddings over the waveguides. The influence of different cladding
thicknesses and materials on the LMR effect is demonstrated. Different design waveguides are tested. Potential future
applications and development steps of integrated LMR sensor will be discussed.

Keywords: Lossy mode resonance, SU-8 waveguides, magnetron sputtering, photolithography
1. INTRODUCTION

Today it is impossible to imagine life without a wide variety of biosensors. In last years, sensors implementing optical
resonance structures (ring resonators, photonic crystals etc.) are becoming more popular due to their high sensitivity to
any external changes*?. Among devices of this type, sensors based on optical waveguides with a cladding that generates
surface plasmon resonance (SPR) or lossy mode resonance (LMR) have received great interest due to their simple design
and fabrication, while providing high sensitivity as well as immunity to external electromagnetic fields®.

Nowadays, polymers are becoming an increasingly popular material for waveguides fabrication*. Compared to inorganic
counterparts polymers are relatively inexpensive, they are flexible and can be functionalized to achieve required optical,
electronic or mechanical properties for specific photonic applications®. One of the most commonly used polymers in the
field of integrated optics is the SU-8 photoresist. SU-8 is chemically stable and resistant to most acids and other solvents
and can be patterned using direct write laser lithography. It has very high optical transparency in the visible and near-
infrared regions of the spectrum, making the SU-8 ideal for optical waveguide applications in visible range®.

The most popular fiber-optic and waveguide biosensors are based on the SPR effect’. To achieve this effect, it is
necessary to synthesize or deposit a thin film or nanoparticles on the surface of an optical fiber or waveguides. SPR
occurs when the real part of the thin film permittivity is negative and higher in magnitude than both its own imaginary
part and the permittivity of the material surrounding the thin film®. This imposes rather severe restrictions on the possible
choice of coating material, which, in fact, narrows down to a number of metals®. Another disadvantage of SPR-based
sensors is the ability to observe SPR effect exclusively with TM polarized light. Nowadays LMR sensors are becoming a
popular alternative to SPR sensors as it is sensitive to both TM and TE modes. To realize LMR effect a material with a
positive real part of permittivity is used as coating for an optical waveguide, while observing all other conditions
necessary for the implementation of SPR, all the above disadvantages can be eliminated. In addition, a wide range of
materials, such as polymers, semiconductors, dielectrics and their various combinations, meet these conditions °. Another
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significant LMR advantage is the possibility to generate multiple resonances in the same optical fiber or waveguide
geometry™°,

Up to date most of researches focuses on LMR effect sensors based on fiber-optics and planar waveguides. The aim of the
research presented in this paper is to step towards integrated LMR sensors and demonstrate that LMR effect can be well
achieved using on-chip polymer waveguides. In this work, the LMR effect is shown for the first time in SU-8 waveguides
with a cladding of various oxides. This research will be the first step in the development of a photonic integrated sensor
based on LMR for the analysis of biological entities such as extracellular vesicles, which are promising biomarkers in
diagnostic applications'.,

2. EXPERIMENTAL

2.1. Sample preparation

SU-8 photoresist (Gersteltec GM1040) was spin coated 30 seconds with 3000 rpm on glass substrates with Laurell
WS650 system which resulted in 1 um thick photoresist layer. SU-8 waveguides were fabricated by selectively exposing
the spin coated photoresist with laser writer Heidelberg pPG system (375 nm UV light source) and developing in mr-Dev
600. Before waveguides fabrication glass substrates were scribed with diamond scriber ATV RV-129. This was necessary
in order to break the substrate together with the waveguide for efficient light input. Each fabricated sample consisted of 6
waveguides, 3 of which have a width of 5 pm, 10 um and 15 pm, respectively, and pass through the oxide cladding layer.
The remaining 3 waveguides play a reference role for measuring the actual spectra of the light source, they have the same
width as the first 3 waveguides and do not pass through the oxide cladding layer Figure 1. Waveguides has such a design
due to the fact that when using straight waveguides, part of the scattered light from waveguide input facet will enter the
detector not through the waveguides, but propagating through the air or the substrate creating unwanted background
illumination.

Sidrabe G500M reactive DC magnetron sputtering system was used for oxide claddings (ZnO, TiOx and WOy) deposition.
Cladding deposition on each sample was done through a shadow mask to ensure the presence of also the waveguides
without oxide coating Figure 1. Sputtering process was done in Ar/O, plasma using Zn, Ti and W 100x200x9mm targets.

Light
input

MR waveguides

Reference waveguides

Light
output

Figure 1. LMR-based sensor design.
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2.2. Sample characterization

Oxide cladding layer thickness was measured using spectral ellipsometer Woollam RC2-XI. Sputtered oxide layer
coverage of waveguides was characterized using Thermo Fisher Scientific Helios 5 UX SEM.

To measure the transmitted power of produced waveguide structures was used an experimental setup shown in Figure 2.
As a light source was used Ocean Insight DH-2000 UV-VIS-NIR lightsource that was coupled into waveguide using
objective. Output light was collected using another objective and analysed using a spectrometer Ocean Optics HR4000
and spectra was measured in spectral range of 450 - 900 nm . The sample was placed on XYZ stage to position the
waveguide facet in the focal point of input objective. Output objective was also placed on a XYZ stage to align it with
waveguide output facet.

Light source

samele Spectrometer

Objective x60 f
-_- ) Objective x90 —

Figure 2. Experimental setup for transmission measurements.

3. RESULTS AND DISCUSSION

Different oxide cladding materials and thicknesses were tested for observing LMR effect in SU-8 waveguides (Table 1). It
was found that if the thickness of the oxide cladding exceeds the critical value (=60 nm), then there was not output signal
observed in the fabricated device. Apparently due to the fact that the waveguides are relatively thin, the evanescent field
of the guided mode penetrates deeply into the oxide cladding, which leads to significant losses when layer thickness
reaches threshold value. Samples without output signal were not further analyzed.

Table 1. Influence of different cladding materials and thicknesses on LMR effect.

Cladding material | Cladding thickness, nm | Results
Zn0O 100 No output signal due to losses.
ZnO 65 No output signal due to losses.
ZnO 50 Spectrum measured
WO 100 No output signal due to losses.
TiO 50 Spectrum measured

SEM cross section picture of the waveguide with 65 nm thick ZnO cladding is shown in Figure 3. It is well seen that
cladding coverage was sufficient to ensure guided mode interaction with cladding.
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Figure 3. Cross section view of the waveguide with 65 nm thick ZnO cladding.

An example of an output signal for a waveguide with and without ZnO cladding is shown in Figure 4. The signal of SU-8
waveguide without cladding was observed in the spectral range of 450 — 900 nm.
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Figure 4. Output signal of SU-8 waveguide and SU-8 waveguide with ZnO.

By dividing both signals the transmittance spectra was acquired. Results for ZnO and TiOy are shown in Figure 5.
According to literature’®!® LMR effect for ZnO is observed at lower wavelengths in comparison with TiOx. It agrees with
results in our experiments — for ZnO LMR appears at ~500 nm, but for TiOx LMR appears at ~600 nm. It is also known
that for thin waveguides losses in the lossy mode resonance region are higher'4. This explains why obtained resonances
are so wide for 1 pm thin waveguides. In near-infrared region for both claddings the decrease in transmittance could be
related to another lossy mode resonance which is related to TM polarization according to literature!2.
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Figure 5. Transmitted power of SU-8 waveguides with ZnO and TiOx claddings.

4. CONCLUSIONS

First steps in the development of photonic integrated sensors based on LMR effect in SU-8 waveguides are done. LMR
effect in SU-8 waveguides with different oxide claddings and thicknesses was tested. LMR effect was observed in 1 um
thick waveguides with 50 nm thick ZnO and TiOx claddings.

The next tasks would be to fabricate devices with thicker waveguides. This will increase the spectral range that can be
introduced into the waveguide and reduce losses. In turn, with less losses it will be possible to use thicker oxide claddings
that will make possible to observe multiple lossy mode resonances.

In the distant future is planned to fabricate photonic integrated circuit consisting of light source, detector and SU-8
waveguides with oxide cladding for biological entities analysis. Considering that the device will be used to detect various
extracellular vesicles, another important task will be the functionalization of LMR oxide claddings for efficient catching
of these entities.
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Abstract: A promising phenomenon such as lossy-mode resonance (LMR) is of great interest in sensor
applications. Until now, this phenomenon has been shown only in fibers or planar waveguides;
however, given the rapid development of such an important technological area as photonic integrated
circuits (PICs), it is important to transfer LMR technology specifically to PICs. In this article, we
propose the theoretical development of an integrated polymer-based LMR sensor that will also
contribute to the development of hybrid organic-inorganic PICs. This work theoretically shows that
LMR can be achieved using polymer SU-8 waveguides on a glass substrate, on top of which TiO; is
deposited. In addition, the paper shows that multiple resonances can be achieved in the developed
integrated sensor. The highest sensor sensitivity (about 1400 nm/RIU) was achieved with 40 nm of
TiO;. The effect of the waveguide and coating geometries, as well as the polarizations of propagating
modes, is studied in this paper.

Keywords: lossy-mode resonance; photonic integrated circuits; COMSOL Multiphysics; SU-8; TiO,

1. Introduction

In last few decades, sensors implementing optical resonance structures, such as ring
resonators, photonic crystals, etc., have been in high demand due to their high sensitivity
to external changes [1,2]. In recent years, there has been great interest in the phenomenon
of lossy-mode resonance (LMR) [3]. LMR can be observed when light is propagating
through an optical fiber or waveguide, and it interacts with thin films that have positive
real parts of permittivity higher in magnitude than both their own imaginary parts and the
permittivity of the fiber or waveguide materials [4]. Lossy coatings that are deposited on
optical fibers or waveguides induce attenuation bands in the transmission spectra, which
can be explained as a coupling between core and lossy modes of dielectric-cladding thin
film [5]. These attenuation bands are sensitive to a huge number of external parameters
(pH [6], humidity [7], etc.); therefore they can be used as sensors in various applications [5].

LMR has several advantages over other optical-fiber- and waveguide-based sensing
techniques. Compared to similar and more commonly used sensing methods, such as
surface plasmon resonance (SPR), LMR can generate multiple resonances. At the same
time, in comparison with SPR, LMR is observed using both TE- and TM-polarized light [8].
In addition, LMR is a more practical method due to the fact that this effect can be observed
for various cladding materials, such as polymer [6], semiconductor [9] and dielectric
coatings [10], providing flexibility and low-cost sensing-device fabrication.

Recently, polymers have become popular materials for waveguides fabrication [11].
Compared with inorganic materials, polymers are inexpensive, flexible, and can be func-
tionalized to achieve desired properties for specific photonic applications [12]. Photoresist
SU-8 is one of the most commonly used polymers in the field of integrated photonics due
its chemical stability and simple patterning with direct laser lithography. SU-8 is ideal for
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waveguide applications in visible and near-infrared ranges due to its high transparency [13].
In the literature, LMR is observed mostly in the visible and near-infrared regions, making
polymers a perfect candidate for the core material of LMR sensors [9]. However, it should
be noted that LMR is observed in the UV range for some materials, which can cause certain
difficulties when it is combined with polymer waveguides [14]. Among all materials,
TiO, was chosen as a coating for two reasons. First, there are many ways to deposit it
over potential waveguides (magnetron sputtering [15], atomic-layer deposition [16], etc.).
Secondly, SU-8 does not guide UV radiation very well, while TiO, provides LMR in the red
and near-infrared ranges, unlike some other dielectric coatings [14].

So far, the LMR effect has been shown in the literature only in fibers [9] or planar waveg-
uides [17]. The transfer of LMR sensor technology to photonic integrated circuits (PICs) will
gain huge interest from industry due to fabrication cheapness and scalability potential. This
would be essential for Point-of-Care (POC) applications and Lab-on-Chip development
where integrated sensors play a huge role. In addition to the above, the development of an
integrated polymer-based LMR could also be extended to hybrid organic-inorganic PICs
due to the simple integration of polymer with other photonic materials.

The aim of this work is to theoretically demonstrate for the first time the possibility
of achieving the LMR effect in a level of integrated chip. At the same time, we consider it
important to provide the simplest design so there will be no difficulties in the experimental
implementation. Considering the above, the paper will evaluate the influence of the
geometry of the SU-8 waveguide and lossy TiO, coating thickness on the LMR signal, and
will also propose the optimal solution with the highest sensor sensitivity.

2. Materials and Methods
2.1. Materials Fabrication and Characterization

This section will describe the fabrication of SU-8 and TiO, thin films for the subsequent
measurement of their optical properties, which will be necessary for simulations. We spin-
coated SU-8 on glass slides (75 x 25 x 1 mm) using Laurell WS650 system. We prepared
these glass slides before photoresist spin coating using acetone, detergent, deionized
water, and isopropanol in ultrasonic bath. We also performed photoresist oxygen plasma
ashing using GIGAbatch 360 M for better adhesion of SU-8. All critical photolithography
parameters are given in Table 1.

We sputtered TiO; lossy thin film on glass slides (75 x 25 x 1 mm) using Sidrabe
G500M reactive DC magnetron sputtering system. We performed sputtering process in
Ar/0O, (Ar and O, flow ratio was 3:1) plasma using Ti 100 x 200 x 9 mm target at 5 mTorr
pressure and 300 W power.

We determined SU-8 photoresist, TiO; thin film, and SiO; glass slide optical properties
using a Woollam RC2-XL spectral ellipsometer and CompleteEASE software. We carried out
measurements at angles of incidence from 45° to 80° in the visible and near-infrared ranges.
We found dispersion curves for SU-8 photoresist and SiO, glass slide using Sellmeier
equation from CompleteEASE software manual:

AA2
n:\/€m+/\2_BzE/\2/ (1)

where A, B and E are fitted coefficients and A is given in um.

TiO; is an absorbing thin film; therefore, we used Lorentz oscillator model to determine
optical properties. We determined TiO, permittivity using equation from CompleteEASE
software manual:

@

_ Amp Amp,BryEny
EStetEa 2 +2En3,7E27iEBrn'

where all parameters except photon energy E are fitted parameters.
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Table 1. SU-8 thin film fabrication.

Process Steps

Equipment and Materials Used Critical Parameters

Spin coating

Soft bake

Exposure

Post bake

Development

Hard bake

Ju—

Acceleration for 30 s: 100 rpm/s
Constant rotation speed for 30 s: 1000 rpm
3. Acceleration for 30 s: —100 rpm/s

Laurell WS650, Gersteltec GM1060
photoresist

N

Unitemp high-precision hot plates 1.  Temperature ramp rate for 500 s: 6 °C/min
2 Holding temperature for 300 s: 95 °C
Mask aligner Suss MA6 1. Light source wavelength: 365 nm
Flood exposure dose: 300 mJ /cm?
Unitemp high-precision hot plates 1. Temperature rate for 270 s: 6 °C/min
2. Holding temperature for 300 s: 95 °C
mr-Dev 600 1. Development time: 120 s
Unitemp high-precision hot plates 1. Temperature ramp rate for 1200 s: 6 °C/min
2. Holding temperature for 1800 s: 165 °C

2.2. LMR Device Simulations

The design of the developed LMR sensor is shown in Figure 1. We used COMSOL
Multiphysics and the finite element method (FEM) to simulate this problem. First, we
defined geometry. We used two-dimensional cross-sectional geometry to determine the
electromagnetic distribution of the guided mode. This approach characterizes the behavior
of the guided mode in an infinite homogeneous waveguide and ignores many parameters
that are unnecessary at this stage (e.g., the light input), which also increases the performance
of calculations. This geometry is shown in Figure 1b. The next step was materials definition.
At this stage, we defined four different environments (SiO,, SU-8, TiO,, and sensing media)
with experimentally determined optical properties. To solve posed problems, we used
“Electromagnetic Waves, Frequency Domain” physics. After choosing the physics, we
also chose the mesh. We meshed thin-film domain with physics-controlled element size
(element size of 200 nm). We meshed other domains with element sizes comparable to
wavelength. The last step was to find solutions. We performed a parametric sweep to test
various waveguide and coating geometries. WE carried out a mode analysis to determine
the distribution of the electromagnetic field in the waveguide for various wavelengths
from 400 to 1100 nm. From this, we evaluated electromagnetic field distribution effective
refractive index value Neffs which can be used to simulate transmittance spectra from
equation in Ref. [18]:

T= exp<f47nimag(ngff>L>, 3)

where T is transmittance, A refers to light-source wavelength, and L corresponds to the
sensing region length of 1 cm, which is the same as in other literature sources [14].
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Figure 1. Integrated LMR sensor design: (a) top view, (b) cross-sectional view.

2.3. LMR Device Fabrication Guidelines

This section will describe the theoretical stages of fabrication for the developed LMR
sensor, according to which we will later fabricate it ourselves. Before photolithography,
glass slides should be scribed using diamond tool in order to cleave them with fabricated
waveguides after photolithography procedure later for efficient fiber attachment.

SU-8 waveguide fabrication can be performed using the same photolithography pro-
cedure described in Section 2.1, excepting exposure step. Exposure should be performed
using tool that provides possibility to selectively expose spin-coated photoresist.

After waveguide fabrication, TiO; thin film should be sputtered over it through a
shadow mask for cladding patterning using magnetron sputtering procedure described in
Section 2.1. This approach will provide sufficient waveguide coverage with lossy coating.

Glass slides then should be cleaved along scribed lines, thus creating access to waveg-
uide ends from the substrate-edge sides for edge-coupling light into photonic chip. Sub-
strate edges with SU-8-waveguide ends should be flattened and smoothened by using
grinder—-polisher machine. MM fiber should be positioned carefully and permanently
bonded to chip using rigid UV adhesive.

3. Results

The dispersion curves experimentally obtained after ellipsometry measurements for
5i0,, SU-8, and TiO; are given in Figure 2. The dispersions curves gave possibility to fit
parameters from Equations (1) and (2). These parameters are summarized in Table 2.

Su-8
sio,

Real part of permittivity
o
1
Imaginary part of permittivity

400

T T 1 T T T T -
800 1000 1200 400 600 800 1000 1200

wavelength (nm) wavelength (nm)

(@) (b)

Figure 2. Dispersion curves: (a) transparent SU-8 and SiOy; (b) absorbing TiO,.



Photon

ics 2022, 9, 764

50f9

Table 2. Materials’ fitted parameters.

Material Equation Used Fitted Parameters
SU-8 (1) €o =1, A =1.389, B =0.15083 um?, E = 0.0184 um 2
SiO, 1) €0 =1, A=1.168, B =0.09091 pm?2, E = 0.0100 pm 2
_ _ 2 _ _
TiO, @) €0 =1, Amp = 1069 eV, En =59eV, Amp; = 240,

Br;y = 14eV, Eny =41eV, Ampy; = =199, Brp =1.4eV,Eny; =4.0eV.

extinction ratio (dB)

Various square-type waveguides with side lengths from 4 to 40 pm were tested. To
compare optical properties of these waveguides, extinction ratio spectra was used. First
of all, it is clearly seen from Figure 3a that a higher extinction ratio is achieved for smaller
waveguides, which is explained by the stronger interaction of the guided modes with the
waveguide facets. In addition, from Figure 3a, it is clearly seen that the LMR absorbance
depends on these dimensions—it shifts to near-infrared range with increasing waveguide
dimensions. In this case, it is clearly seen that the resonance line tends to a critical value
(Aerit = 830 nm) and, upon reaching certain dimensions of the waveguide, it almost does
not shift (see Figure 3b). The effect of the optical fiber size on the LMR effect has been
previously studied in the literature [14]; however, no shift has been observed there. Most
likely, in this work, the authors have already reached a critical value at the smallest fiber
diameter because the dependence of the LMR signal on the diameter was studied in the
range from 50 to 800 pm. This critical wavelength corresponds to the LMR that should be
observed when using multimode fiber. The dependence of the optical fiber diameter on
the value of the effective refractive index has been studied in the literature [19]. This can
explain the shift of the resonance line with a change in the dimensions of the waveguide
due to changes in the resonance conditions. Another interesting effect worth noting is the
relative change in transmittance when resonance is reached—it decreases with increasing
waveguide dimensions.

840 -

LMR shift s
———————————————————————————————————————————————————— critical %
- crit
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Figure 3. Effect of waveguide dimensions on the LMR effect: (a) extinction ratio spectra for different
waveguide dimensions; (b) LMR wavelength depending on the dimensions of the waveguide.

In addition to the waveguide geometry, the thickness of the lossy coating also signifi-
cantly affects the behavior of the LMR (see Figure 4). The resonance line shifts towards the
near-infrared region when the lossy coating thickness increases. In addition, it is clearly
seen that multiple resonances appear at a certain thickness of a thin film. Figure 4a is
visually similar to the graph given in Ref. [20], where the optical fiber is coated with TiO,;
however, some differences are also observed. First, in our particular case, LMR began to
appear at thinner coatings, which is explained by a rather large difference in the refractive
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our case the difference in wavelength between the second and third LMR is much greater
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Figure 4. LMR in dependence of lossy cladding thickness: (a) resonance wavelength vs. cladding
thickness; (b) transmittance spectrum at TiO, thickness of 60 nm.

As mentioned earlier, the LMR effect is used for sensing applications, so in addition to
the simulations shown above, the sensitivity of the developed sensor was evaluated (see

Figure 5). The sensitivity S of the LMR sensor is defined as the following formula [21]:
AA

S=— 4

o~ @

where AA is the resonance wavelength shift and An is the variation in the analyte refrac-
tive index.

LMR shift 40nmTiO, 1400 A - ~—— 1400 nm/RIU
P e o]
- S Tl
. T e 1300 4
~ 4 " ~ * -
~ v - A
» - A~ —~
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\ J ) L2
Y y g
¢ £ 11004
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\ =
'R / - 2
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Figure 5. LMR sensor sensitivity: (a) LMR shift with a change in the refractive index of the medium;
(b) influence of lossy coating thickness on sensitivity.

Waveguide-based sensors are mainly used to detect analytical biomarkers in aqueous
solutions; therefore, the sensor must provide high sensitivity in the refractive index range
of 1.3-1.4 [21]. In this range for 40 nm, TiO; lossy cladding simulations showed the highest
sensitivity around 1400 nm/RIU. This sensitivity is significantly higher than that reported
in the literature for a TiO,-coated LMR sensor (634 nm/RIU) [22]. Comparing the obtained
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results with other coatings (e.g., ZnO), the results are also encouraging. It was shown
in the literature that in the considered range of refractive indices, the authors achieved a
sensitivity of 500 nm /RIU [14].

The detection accuracy is related to the FWHM, which depends on the width of the
LMR resonance dip. Q-factor is a parameter that characterizes the overall performance of
the LMR sensor, which is defined as the following formula [23]:

S

Q= FwrM' ©)

The Q-factor in the dependence of TiO, thickness is shown in Figure 6. The highest
Q-factor was achieved with a TiO, coating thickness of 40 nm (28 RIU-1). This value is
lower than for the LMR sensor mentioned in Ref. [23]; however, it is worth noting that
this sensor is not based on fibers or waveguides. It is possible that the use of waveguides
significantly reduces the quality factor.

284

Q-factor (RIU ")

T T T
20 40 60

thickness (nm)

Figure 6. Q-factor in dependence of TiO; thickness.

The effect of light polarization on the behavior of the LMR was also studied. It can
be seen from Figure 7 that the TE and TM modes have a small shift in the resonance line
relative to each other. This is very important from the point of view that when unpolarized
light is introduced, the resulting resonance line will be wider than in simulations. It is
also worth noting that the FWHM is larger for TE-polarized light, which is most likely
due to the fact that the guided mode interacts with the side facets of the waveguide, while
TM-polarized light interacts with only one top facet.

1004 e .
80 L - TE
= . © ™
col B . 50 nm TiO,
g TE . o ™
= 404 .
204 .
1]
0+ ws

T T T T T T T T T 1
740 760 780 800 820 840 860 880 900 920
wavelength (nm)

Figure 7. Differences in LMR depending on the polarization of light.
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4. Discussion

In this paper, we studied the LMR effect in the SU-8 waveguide with TiO, cladding and
the influence of the waveguide and coating geometries on the LMR effect. In cases where
it is necessary to adjust the LMR wavelength, smaller waveguides can be used because
this wavelength is sensitive to small waveguide dimensions. If this wavelength is not so
important, then from a practical point of view, it is advisable to use larger waveguides—it
is easier to introduce light into such waveguides.

We have shown that multiple resonances can also be observed in coated polymer
waveguides; however, some differences have also been observed compared with inorganic
silica optical fibers [20]. In the SU-8 waveguide, in order to achieve a similar LMR as in
optical fiber [4], it is necessary to use thinner TiO, coating, which is explained by a rather
large difference in the refractive indices of the polymer waveguide and optical fiber silica.

The highest sensitivity of the developed sensor was 1400 nm/RIU, which is higher
than that indicated in the literature for a similar coating [22]. This sensitivity was achieved
at 40 nm TiO, for a square-type waveguide with a side length of 30 um. However, it is
worth noting that some applications may require additional resonance lines, in which case
a thicker lossy coating will be required.

The highest Q-factor of the developed sensor was 28 RIU™!. This Q-factor was
achieved at 40 nm TiO, for a square-type waveguide with a side length of 30 um. This
Q-factor is lower than for the Kretschmann configuration-based LMR sensor mentioned in
Ref. [23] and for the waveguide-based ring resonator sensors mentioned in Refs. [24-26].

The effect of polarization on the LMR was also considered. TE and TM polarizations
give different FWHMs in the LMR peak. In addition, TE and TM polarizations generate
LMR at slightly different wavelengths; however, this shift is less than those found in the
literature [3].

The next step in this study will be the actual fabrication of the sensor, as well as
its testing. In the future, this developed sensor will be used to analyze such biological
entities as the extracellular vesicles of cancer cells. So far, the literature has not shown the
possibility of analyzing EVs using the LMR technique; therefore, it makes sense to compare
the sensitivity of the designed sensor with other optical waveguide-based sensors for EVs
analysis. For example, the sensitivity of a refractive index sensor based on polymer Bragg
grating for EVs detection is only 408-861 nm/RIU, which is almost twice worse compared
with our suggested solution [27].
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Lossy Mode Resonance Sensors Based on Planar
Waveguides: Theoretical and Experimental
Comparison

Edvins Letko™, Arturs Bundulis, Gatis Mozolevskis

Abstract—Lossy mode resonance (LMR) has garnered
significant attention in sensor applications. LMR was primarily
explored in fiber-based systems, however, there has been a recent
upsurge in its application within planar waveguides. This article
compares the LMR phenomenon in planar waveguides with the
most employed coatings in the field, specifically SnO2, TiOz, and
ITO. Additionally, the experimental findings are compared with
simulations conducted using the finite element method (FEM)
within the COMSOL Multiphysics environment. The novelty of
this research lies in the integration of both experimental results
and theoretical calculations, utilizing strong FEM simulation tools,
in a single study.

Index Terms—Ilossy mode resonance, planar
waveguide, titanium dioxide, tin oxide, indium tin oxide, finite
element method.

1. INTRODUCTION

VER the past few decades, there has been a

significant demand for sensors utilizing optical

resonance structures (e.g., microcavity-based
resonators [1], photonic crystal [2], plasmonic-based resonators
[3], etc.) due to their sensitivity to external changes. In more
recent years, particular attention has been given to the
phenomenon known as lossy mode resonance (LMR). LMR
occurs when light propagates through an optical fiber or
waveguide and interacts with thin film possessing positive real
part of permittivity that exceed both their own imaginary part
and the permittivity of the fiber or waveguide materials. When
LMR coating is applied to optical fiber or waveguides, it
induces attenuation bands in the transmission spectra. This can
be attributed to the coupling between core and lossy modes of
dielectric-cladding film [4]. These attenuation bands exhibit
sensitivity to a wide array of external parameters such as pH
[5], humidity [6], voltage [7], temperature [8], magnetic field
[9], volatile organic compounds concentration [10] and various
biomolecules concentration [4], making them highly suitable as
sensors for various [4] applications.
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LMR presents several advantages of other fiber and
waveguide-based sensing techniques. Unlike widely used
methods such as surface plasmon resonance (SPR), LMR has
the ability to generate multiple resonances. Moreover, LMR can
be observed using both TE and TM polarized light, whereas
SPR is limited to TM polarization [11]. Furthermore, LMR
proves to be a more versatile approach as it can be observed
with various cladding materials, including polymer [5],
semiconductor [12] and dielectric [13] materials. This
characteristic offers flexibility and cost-effectiveness in the
fabrication of sensing devices.

More recently, generation of LMR through lateral light
incidence in nanocoated planar waveguides has been
demonstrated [14]. There are several advantages in using a
planar structure as opposed to an optical fiber. Firstly, planar
waveguide offers a more robust platform than optical fibers,
eliminating the need for splices and making the setup easier to
handle. Another important benefit of the planar waveguide is its
ability to operate in a wide spectrum with either the TE or the
TM resonance separately. Moreover, thin films can be
deposited on both sides, enabling the creation of a two-
parameter sensor. Lastly, the diverse range of available
coverslip geometries enables seamless integration of LMR
sensors of this configuration into more complex systems [11].
Considering its simplicity, robustness, and other advantages,
the transfer of planar waveguide technology to the industry
appears more straightforward than its fiber optic counterpart.

Subsequent to the demonstration of LMR generation in
planar waveguides [14], this scientific discipline has undergone
significant advancement. Over the recent years, applications
such as measuring voltage [15], monitoring breath [16],
biosensing [17], gas detection [18], and temperature
measurements [19] have been conducted utilizing the LMR
phenomenon within planar waveguides. Nevertheless, it is
crucial to underscore that the existing literature in this field
predominantly focuses on engineering aspects, resulting in a
notable lack of theoretical background and comprehension of
the fundamental processes intrinsic to the LMR phenomenon.
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This paper conducts a comparison of the LMR phenomenon
in planar waveguides with the most common coatings used in
the LMR field, including SnO; [20], TiO; [21], and ITO [22].
Furthermore, the experimental results obtained will be
compared with simulations performed using the finite element
method (FEM) in COMSOL Multiphysics. The solid novelty of
this research lies in the integration of both experimental results
and theoretical calculations, utilizing strong FEM simulation
tools, in a single study.

1. METHODS

A. Sample fabrication

The deposition of SnO,, TiO,;, and ITO coatings on
microscope coverslips (12 x 12 x 0.15 mm) was carried out
using the Sidrabe G500M DC magnetron sputtering system. For
the SnO; coating, a reactive sputtering process was employed
in an Ar/O; plasma with a flow ratio of 1:1. The process utilized
a Sn 100 x 200 x 9 mm target and operated at a pressure of 4.5
mTorr and a power of 200 W. Similarly, the TiO; coating was
produced through a reactive sputtering process in an Ar/O,
plasma with a flow ratio of 10:1 due to the intensive oxidation
of the target during the process. The TiO, coating process
employed a Ti 100 x 200 x 9 mm target at a pressure of 4.5
mTorr and a power of 500 W. The ITO coating process
employed an ITO (In,0/SnO; with a weight ratio 9:1) 100 x 200
X 9 mm target at a pressure of 5 mTorr and a power of 200 W.
Compared to TiO2 and SnO: deposition, ITO deposition
involved a non-reactive sputtering process that exclusively used
Ar plasma. Prior to deposition, the microscope coverslips
underwent a cleaning process using acetone and isopropanol.
To achieve selective area deposition, the coverslip was masked
with Kapton tape, resulting in the fabrication of the device
illustrated in Fig. 1.

LMR \
measurement |
-—

\

Reference |

measurement
i

Planar waveguide — .
J Light source
/

Salﬁplc

Fig. 1. Experimental setup.

B. Sample characterization

Spectral ellipsometry was employed, using the Woollam
RC2-XL equipment and CompleteEASE software, to assess the
optical properties of both the microscope coverslip and the
deposited thin films. The measurements were conducted within
the visible and near-infrared ranges, covering angles of
incidence from 45° to 80°. The dispersion of the microscope
coverslip was characterized using the Cauchy equation [23]:

B
n=A4+ =, Q)
y)

where /1 represents the wavelength in um, while A and B are
coefficients obtained through fitting. Since the deposited thin
films are absorbing layers, the optical properties were
determined using the Lorentz oscillator model. The
permittivities of SnO,, TiOz, and ITO were calculated using the
equation provided in the CompleteEASE software manual:
Amp Amp Br,En,
; + ) o, @

En’-E En?-E°-iEBr,
where all parameters except photon energy E are fitted
parameters.

To investigate the LMR phenomenon in fabricated samples,
a specific experimental setup was utilized (see Fig. 1). The light
source used was an Ocean Insight DH-2000, which was coupled
into an optical fiber (Thorlabs M29L) and directed into the
rectangular edge of the sample, which had dimensions of 15 x
0.15 mm, transforming it into a planar waveguide with a
thickness of 150 um. The outgoing light from the sample was
collected using another optical fiber (Thorlabs M29L) and then
subjected to analysis using an Ocean Optics HR4000
spectrometer. To establish a reference spectrum, an initial
measurement was conducted through the uncoated sector of the
sample. This reference spectrum served as a baseline for
subsequent measurements. A linear polarizer was employed
between the sample and the input fiber to investigate LMR
shifts related to various light polarizations. Additionally, LMR
shifts induced by solvents by dispensing it on the covered part
of the sample were investigated.

& =&, t+

C. Sample simulations

The behavior of the designed device was simulated using
COMSOL Multiphysics based on FEM. Initially, a two-
dimensional cross-sectional geometry was defined to analyze
electromagnetic distribution of the guided modes (see Fig. 2).
This simplified approach characterizes the behavior of the
guided mode in an infinite homogeneous planar waveguide,
disregarding certain parameters that are relevant at this stage.
Next, materials were defined for five different environments,
including glass coverslip, SnO, TiO, ITO, and the sensing
media. The optical parameters of these materials were
determined experimentally through spectral ellipsometry. To
establish an infinite planar waveguide, materials were assigned
not only within domains but also at boundaries. The
“Electromagnetic Waves, Frequency Domain” physics module
was employed to solve the posed problems. The geometry was
meshed with physics-controlled element size less than the
coating thickness in its domain, while other domains were
meshed with element sizes comparable to the wavelength. The
grid comprised 88000 triangular elements with maximum
element size of 100 nm, covering an overall area of 4-10% m?,
with the majority of elements situated in the thin film structure.
A parametric sweep was conducted to explore various coating
thicknesses and materials. To analyze the distribution of the
electromagnetic field in the planar waveguide, mode analysis
was performed, allowing for the evaluation of the effective
refractive index n.4 This parameter was subsequently utilized
to simulate transmittance spectra using equation [24]:
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T= exp (?imag{neﬂ)L/, ©)]

where T represents the transmittance, 1 denotes the wavelength,
and L corresponds to the length of the sensing region of 1 cm.

. Environment
TiO,, SnO, or ITO

coating

Glass planar
waveguide

Environment

Fig. 2. Two-dimensional cross-sectional geometry of the
simulated problem and an example of the resulting
electromagnetic distribution in the waveguide.

I11. RESULTS AND DISCUSSIONS

Fig. 3 displays dispersion curves obtained from ellipsometry
measurements for both the glass coverslip and the thin films
that were deposited. These curves have been generated using
the fitted parameters extracted from equations (1) and (2),
which are outlined in Table I. The curves depicted in Fig. 3 and
the parameters fitted from Table | are then utilized to
characterize the optical properties of materials in simulations
conducted through the finite element method.

T g (Tioz) r06
55, 441 o Tty (Sn0) Lo =
z 3 o5, (ITO) g 1
> s ” =
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15} o N Q 123
i=" —
£ e e 0| £ |.d
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E
36 . . 0.0 152
400 8

600
wavelength (nm)

Fig. 3. Dispersion curves of glass waveguide, TiOz, SnO; and
ITO thin films.

TABLE I
MATERIALS FITTED PARAMETERS

Material Equation Fitted parameters

used

Glass 1) A =15, B =0.0065 m?

TiO2 ) £2=1.0, Amp =106.9eV2 En=5.9
eV,Amp;=24.0,Br1=1.4eV,En, =
4.1eV, Amp, =-19.9, Br,=14¢eV,
En, =4.0 eV

SnO; ) £0=1.0,Amp=132.3eV2 En=7.4

eV,Amp; =0.5,Br1=0.6eV,En1 =
4.0eV

ITO 2 £0=19, Amp=74.9¢eV% En=6.1
eV,Amp;=1.1,Br;=0.5eV,En; =
3.8 eV, Amp, = 23.4,Br,=0.3 eV,

En,=0.2 eV

The most effective method for comparing simulations and
experimental outcomes involves employing color plots that
cover a range of cladding thicknesses. This strategy will offer a
comprehensive overview of whether the theoretical model
effectively explains the physics of LMR phenomenon in
fabricated devices. Theoretical calculations of extinction ratios
corresponding to various TiO; thicknesses are presented as a
function of wavelength in Fig. 4, while the experimentally
obtained LMRs are displayed in Fig. 5. A comparison was made
between the theoretical and experimental results specifically for
TE-polarized light.

extinction ratio (dB)
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Fig. 4. Theoretical TE-polarized LMRs in dependence of
wavelength and TiO; thickness.
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Fig. 5. Experimental TE-polarized LMRs in dependence of
wavelength and TiO; thickness.

A similar assessment between theoretical predictions and
experimental data was conducted for SnO; (Fig. 6 and Fig. 7)
and ITO coatings (Fig. 8 and Fig. 9).
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Fig. 9. Experimental TE-polarized LMRs in dependence of
wavelength and 1TO thickness.

For every cladding material a specific thickness was chosen
as an example in order to display the spectra across different
polarizations and enable a direct comparison with theoretical
predictions. These example thicknesses for TiO,, SnO,, and
ITO are indicated in Fig. 5, Fig. 7, and Fig. 9, respectively. We
chose these thicknesses as an example because they allow us to
observe the largest number of LMRs simultaneously, making it
easier to compare with theoretical calculations. Fig. 10, Fig. 11,
and Fig. 12 depict the transmittance spectra that have been
theoretically calculated and experimentally measured for TiO5,
SnO; and ITO coatings at selected thicknesses, respectively.
The resonance wavelength of the theoretical and experimental
spectra exhibits a minor inconsistency, which can be attributed
to slight variations in coating thickness between the
experimental and theoretical outcomes. Even a variance of a
few nanometers in the film thickness can result in a noticeable
divergence in the LMR wavelength. This is further supported
by the observation that lower order LMRs exhibit a greater
degree of sensitivity to changes in coating thickness, resulting
in a more pronounced resonance wavelength divergence
compared to higher order LMRSs. It is worth observing that there
are variations in the shapes of the LMR peaks between
theoretical and experimental spectra, which can be attributed to
the inhomogeneity of the deposited coating. Nonetheless, the
differences in FWHM are relatively minor. It is important to
note that in devices coated with TiOz and SnO,, the LMR effect
became less noticeable with increasing wavelength. This effect
was so significant that some peaks simply ceased to be observed
at wavelengths over 600 nm, although theoretical calculations
predicted their presence. In Fig. 5, within the wavelength range
of approximately 700 nm, for a TiO, coating with a thickness
of 420 nm, theoretical calculations indicated the possibility of
an additional peak, but this peak was not observed in the actual
experiments. This behavior aligns with what was observed in
[14] study for similar coverslips.
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In the case of ITO, the LMR effect did not disappear with
increasing wavelength. In [19] was shown that increased O,
flow during the reactive magnetron sputtering results in
increased surface roughness and the formation of crystalline
grains. This phenomenon provides an explanation of the LMR
behavior observed in coatings produced through both reactive
and non-reactive magnetron sputtering. The weakening of the
LMR effect at longer wavelengths in TiO, and SnO; coatings
can be attributed to the creation of crystalline grains whose sizes
are comparable to the operational wavelength. An alternative
explanation for the observed phenomenon may be associated
with the dispersion of the extinction coefficient. It is widely
known that having a non-zero extinction coefficient is a
fundamental requirement for observing the LMR phenomenon
[4]. As depicted in Fig. 3, the extinction coefficient shows a
decreasing trend with increasing wavelength for TiO; and SnO>
coatings. In contrast, when considering ITO coating, extinction
coefficient rises at wavelengths above 500 nm, leading to more
pronounced LMRs at longer wavelengths.
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Fig. 12. Transmittance spectra for device with 590 nm thick
ITO coating.

Sensing performance assessment, involving both theoretical
simulations and experimental measurements (Fig. 13 and Fig.
14, respectively), was exclusively conducted for the ITO coated
sample. This was explained by the fact that the first order LMR
shift could not be observed due to the disappearance of the
LMR effect at longer wavelengths described above for TiO, and
SnO; coatings. Fig. 13 and Fig. 14 clearly illustrate that the
LMR wavelengths and sensitivities obtained from both
theoretical simulations and experimental data closely align with
each other. Small variations in LMR wavelengths can be
attributed to the potential inhomogeneity of the applied coating
and minor discrepancies of a few nanometers in thickness
between the theoretical and actual measurements. This fact is
further supported by ellipsometry mapping, wherein the
thickness of the ITO coating on one of the fabricated samples
was assessed at different points to determine the approximate
thickness variation in the samples. Results from ellipsometry
mapping revealed variations in thickness of around 2 % in the
designated area. As depicted in Fig. 15, subsequent simulations
illustrated that considering this 2 % thickness variability
situates the experimental LMR peaks between the theoretical
LMR peaks in the boundary cases.
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Fig. 13. Theoretical sensing response in various solvents.
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The spectra given in Fig. 13 and Fig. 14 can be utilized to
assess the sensing capabilities of the fabricated device. The
relationship between LMR wavelength and the refractive index
of the surrounding environment is depicted in Fig. 16. The
sensitivity characteristics obtained experimentally and
calculated theoretically have some differences. The sensitivity
characteristics obtained experimentally and calculated
theoretically have some differences: for TM polarized light
experimentally obtained sensitivity is 98.5 % of calculated
theoretically, for TE polarized light experimentally obtained
sensitivity is 73.6 % of calculated theoretically. The disparities,
again, can be attributed to a slight variation of a few nanometers
in thickness between the theoretical and experimental values.
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Fig. 16. Sensing performance of a 50 nm coated ITO sample.

The shape of the LMR peak and its associated sensitivity can
be employed to compute the Q-factor [9] for an ITO coated
device and subsequently compare it with theoretical values:

S

0 FWHM; v’ *)
where S represents the sensitivity, and FWHM,,, is the full
width at half minimum of the LMR peak. These calculated Q-
factor values are summarized in Table Il and calculated from
spectra given in Fig. 13 and Fig. 14. The results clearly
demonstrate that there is a discrepancy between theoretical and
experimental results, which is explained by the wider FWHM
expected due to the fact that this parameter is very sensitive to
the quality and homogeneity of thin film. It is worth noting that
both theoretical and experimental data indicate a superior Q-
factor for TM-polarized light in comparison to TE-polarized
light, corroborating findings from prior literature [25]. The Q-
factor and sensitivity values achieved are lower compared to
those obtained with silica optical fibers using the same coating
[22], as can be straightforwardly accounted for by the higher
refractive index of the planar waveguide, as detailed in
reference [26].

TABLE Il
THEORETICAL AND EXPERIMENTAL Q-FACTOR
CALCULATIONS

TE TE T™ ™
theorelical Qexperimental cheoretical Qexperimental
32 RIU? 18 RIU? 44 RIU? 29 RIU!

1VV. CONCLUSION

In this study, the LMR effect was studied on planar
waveguides with TiO,, SnO,, and ITO coatings. Comparing the
experimental data obtained with each other, a noteworthy
finding emerged: the ITO coating demonstrated the best
suitability for LMR-based sensor applications. This is likely
attributable to the deposition technique employed, wherein ITO
was deposited using non-reactive magnetron sputtering, while
the other oxides underwent deposition via a reactive process,
leading to the formation of crystalline grains that exhibited
limited interaction with long-wavelength light. An alternative
explanation for this observation may be attributed to the
differences in the dispersion of extinction coefficients for ITO
and other oxide coatings.

Through a comprehensive comparison between theoretical
simulations and experimental observations, it was deduced that
the finite element method's mode analysis effectively captures
the underlying physics of the LMR phenomenon within planar
waveguides. The theoretical color plots demonstrated a
sufficient level of agreement with the experimentally derived
results across the entire range of coating thicknesses. However,
it is important to note certain distinctions in Q-factors obtained
theoretically and experimentally, which can be attributed to
inhomogeneity of thin films and the possibility of less precise
theoretical input data regarding the optical properties of the
analyzed medium and coating thickness.

The sensitivities and Q-factors obtained do not reach a level
where they can rivel fiber-based LMR sensors. However, it is
important to note that this study did not aim to achieve that goal,
primarily because planar waveguides come with their inherent
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drawbacks, such as significant light losses and a high refractive
index. It is worth emprasizing that despite these limitations,
planar waveguides offer unique advantages over optical fibers,
including ease of handling, the ability to deposit thin films on
both sides, and straightforward integration into more complex
systems.
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In recent years, the promising phenomenon known as lossy mode resonance (LMR) has garnered significant
attention in sensing applications. While existing literature in the field of LMR focuses on optical fiber systems and
planar waveguides due to their simplicity, there is an absence of research on systems based on photonic inte-
grated circuits (PICs). This article aims to demonstrate, for the first time, the generation of LMR in PICs with
sensitivity and a figure of merit (FOM) comparable to that of optical fibers and planar waveguides. Additionally,
the article offers a comparison of various polymer materials such as OrmoClear, OrmoCore and SU-8 for inte-
grated waveguides fabrication. To summarize, the main novelty of the article is the demonstration of the LMR
phenomenon in integrated chips and the comparison of different polymers commonly used in photonics to
fabricate these chips. Moreover, the authors present a novel fabrication workflow for thick polymer waveguides.
Finally, the study compares the experimental results obtained with simulations conducted using the finite
element method (FEM) in COMSOL Multiphysics environment.

1. Introduction

In recent decades, there has been a growing demand for sensors that
utilize optical resonance structures like microcavity-based resonators
[11, photonic crystals [2], and plasmonic-based resonators [3], pri-
marily due to their high sensitivity to external influences. A particular
attention has been drawn to a phenomenon known as lossy mode
resonance (LMR). LMR manifests when light propagates through an
optical fiber or waveguide and interacts with a thin film cladding that
exhibits a positive real part of permittivity exceeding both its own
imaginary part and the permittivity of the light guiding media. When an
LMR coating is applied to optical fibers or waveguides, it leads to the
creation of attenuation bands in the transmission spectra, which can be
attributed to the interaction between the core and lossy modes of the
dielectric-cladding film [4]. These attenuation bands exhibit sensitivity
to various external factors such as temperature [5], pH [6], humidity
[7], concentrations of volatile organic compounds [8], and diverse
biomolecules [4], making them highly suitable for numerous sensor
applications [4].

LMR offers several advantages over other fiber and waveguide-based
sensing techniques. From a design perspective, surface plasmon reso-
nance (SPR) is the technique most similar to LMR. As a result, these
methods are typically compared to each other. In certain specific

configurations, it is even feasible to generate both phenomena simul-
taneously [9]. One of the main differences between SPR and LMR phe-
nomena lies in their polarization dependency. Both transverse magnetic
(TM) and transverse electric (TE) polarizations can generate LMR, un-
like SPR, which is restricted specifically to TM polarization [10].
Furthermore, LMR exhibits the capability to produce multiple reso-
nances [11] and demonstrates greater versatility, being observable with
various cladding materials such as polymers [6], semiconductors [12],
and dielectrics [13]. This flexibility enhances cost-effectiveness in the
manufacturing of sensing devices.

As of today, two primary configurations persist for LMR devices:
those utilizing optical fibers [4] and those employing planar waveguides
[11]. Initially, LMR was shown in optical fiber setups, benefiting from
the ability of multimode fibers to effectively transmit the entire visible
and IR spectrum with minimal losses, enabling seamless light propaga-
tion between the source, fiber, and spectrometer [4]. Several years ago,
the LMR phenomenon was first demonstrated in planar waveguides,
offering several advantages. Firstly, planar waveguides provide a more
robust platform compared to optical fibers, eliminating the need for
splices and simplifying setup handling. Another notable advantage of
planar waveguides is their ability to operate across a wide spectrum
using either the TE or TM resonance independently. Additionally, planar
waveguides allow for thin films to be deposited on both sides, enabling
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the development of a two-parameter sensor [11]. Despite all the above
advantages of fiber optic and planar waveguide systems, their potential
has been nearly maximized, since they do not allow the device to be
integrated with other photonic elements on a single chip, a direction
toward which the optics and photonics industry is steadily progressing.
The transition from the mentioned configurations to integrated photonic
circuits is not only logical but also holds great promise. However, suc-
cessful implementation in this direction has yet to be achieved. This
transition poses significant challenges for the fabrication of LMR de-
vices, particularly concerning the requirement for integrated wave-
guides to transmit the entire visible spectrum simultaneously. This
constraint imposes limitations on the minimum size of the waveguide for
LMR sensor, thus further necessitate the development of novel fabrica-
tion methods for thick waveguides and the materials themselves. Our
theoretical research into the LMR phenomenon in integrated wave-
guides [14] indicates that waveguides with dimensions on the order of
tens of micrometers are necessary to observe this effect. Notably, the
challenge lies in efficiently coupling light across the entire visible
spectrum into the waveguide and collecting the emerging light from the
chip. Despite the fabrication and operational challenges associated with
LMR devices based on integrated waveguides, this approach offers a
distinct advantage - the potential for integration with other photonic
elements. For instance, existing literature has demonstrated the feasi-
bility of fabricating an integrated spectrometer [15]. Additionally,
successful advancements are being made in the field of on-chip inte-
grated light sources [16]. In the future, this could be integrated on a
single chip with an LMR device, marking a significant breakthrough in
terms of commercial application. Since the spectrometer and light
source typically constitute the most expensive components of a mea-
surement setup, such integration can lead to significant cost savings and
increase the practicality of LMR-based devices for a various applications.
Furthermore, the shift of LMR sensor technology to PICs is anticipated to
garner considerable attention from the industry due to its potential for
scalability. This holds particular importance for Point-of-Care (POC)
applications and Lab-on-Chip development, where integrated sensors
serve as key components [14].

Recently, polymers have risen as promising materials for waveguides
fabrication [17]. Unlike their inorganic counterparts, polymers provide
cost-effectiveness, flexibility, and the potential for functionalization to
attain specific properties tailored for various photonic applications [18].
Among the commercially available polymer materials extensively uti-
lized in integrated photonic applications and amenable to lithographic
patterning, negative photoresist SU-8 and the Ormo series of
inorganic-organic hybrid polymers are particularly sought after. SU-8
photoresist is prominently used in integrated photonics due to its
chemical stability and its ease of patterning through photolithography.
Its high transparency makes SU-8 an optimal selection for waveguide
applications, particularly in the visible and near-infrared ranges, where
LMR is predominantly observable [19]. Integrated SU-8 waveguides find
applications in various areas such as microdisk resonators [20], pho-
tonic crystals [21], surface plasmon resonance [22], Mach-Zehnder in-
terferometers [23], and more. The Ormo series of photoresists, on the
other hand, consists of negative photoresists that come in solvent-free,
UV-curable formulations ready for immediate use. They are compat-
ible with UV lithography or UV molding processes. OrmoCore photo-
resist is known for its low optical losses at data communication
wavelengths, high-resolution capabilities down to sub-50 nm pattern
dimensions, and high chemical and physical stability [24]. In contrast,
OrmoClear photoresist provides superior transparency in the near UV
and visible wavelength range when compared to OrmoCore [25]. Ormo
series integrated waveguides are utilized across a spectrum of photonic
applications, including Bragg gratings [26], ring resonators [27], and
bimodal interferometers [28]. It is noteworthy to highlight the advan-
tages of polymer photonics over waveguides composed of inorganic
materials, particularly in the context of LMR. Firstly, as mentioned
earlier, the dimensions of waveguides needed to generate LMR extend
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Table 1
Polymer waveguides photolithography parameters.
Process step Polymer Parameters
Spin coating OrmoClear 2200 rpm for 45 s
OrmoCore 800 rpm for 45 s

SU-8 900 rpm for 45 s

Soft bake OrmoClear 80 °C for 3 min
OrmoCore 80 °C for 3 min
SU-8 95 °C for 30 min
Exposure OrmoClear i-line filter, 500 mJ/cm?
OrmoCore i-line filter, 500 mJ/cm?
SU-8 i-line filter, 300 mJ/cm*
Post bake OrmoClear 130 °C for 5 min
OrmoCore 130 °C for 5 min

SU-8 95 °C for 10 min
OrmoClear 3 min in OrmoDev
OrmoCore 3 min in OrmoDev

SU-8 3 min in mr-Dev 600

Development

Hard bake OrmoClear 150 °Cfor 3h
OrmoCore 150 °C for 3 h
SU-8 185°Cfor2h

beyond the typical dimensions of silicon-based waveguides. Conse-
quently, fabricating inorganic waveguides with similar dimensions
would either be prohibitively expensive or technically infeasible.
Moreover, the refractive index of inorganic waveguides tends to be
significantly higher than that of polymers. This is crucial, as the sensi-
tivity decreases proportionally with the increasing refractive index of
the waveguide [29]. Finally, the increased refractive index of the
waveguide prohibits the use of substantial amounts of lossy coating
materials.

This article aims to present a novel integrated LMR device onto a
chip, marking a substantial progression not only within the LMR field
but also in the broader realm of integrated photonics. Additionally, the
study evaluates various polymers for producing integrated waveguides
tailored for LMR applications and introduces their innovative fabrica-
tion method. Moreover, this research will compare experimental find-
ings with simulations conducted using the finite element method (FEM)
in COMSOL Multiphysics, emphasizing the importance of combining
experimental data with theoretical analysis, especially considering the
novelty of the LMR topic.

2. Materials and methods

Initially, 4” glass wafers with a thickness of 1.1 ym underwent wet
cleaning using detergent, acetone, and isopropanol in an ultrasonic bath
operating at 37 kHz frequency for 10 min for each solvent. Subse-
quently, the cleaned wafers were subjected to oxygen plasma ashing in a
GIGAbatch 360 M tool at 800 W and 1000 sccm of O flow for 10 min.
Following this, a 100 nm thick aluminum layer was thermally evapo-
rated onto the wafers. To enhance the adhesion of the AZ1518 photo-
resist, HMDS priming was applied to the aluminum surface, followed by
spin coating of the photoresist at a speed of 4000 rpm for 30 seconds
using Laurell WS650 spin coater. A soft bake at 100 °C for 2 min was
then conducted. The next step involved selective direct laser exposure
with a dose of 60 mJ/cm? using a uPG Heidelberg laser writer, resulting
in the pattern of future polymer waveguides. After exposure, the AZ1518
photoresist was developed in AZ 726 MIF developer for 1 minute. Sub-
sequently, samples with AZ1518 structures underwent a hard bake at
130 °C for 10 min. Following the hard bake of AZ1518, wet etching of
the aluminum was performed in AZ 726 MIF at 70 °C for 1 minute. These
etched aluminum structures will serve as photolithography mask on the
wafer itself. The next step involved stripping the photoresist in acetone
for 1 minute. At this stage, the wafers consisted only of aluminum
structures and were ready for the polymer waveguide fabrication
sequence. Oxygen plasma ashing was conducted once more prior to the
photolithography procedure. For each wafer, specific polymer (Ormo-
Clear, OrmoCore, and SU-8) underwent spin coating, soft bake,
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Fig. 1. Schematic top view of the fabricated wafer with polymer wave-
guide structures.

1. Glass substrate
preparation

2. Evaporation of

ElE
ﬁ Glass
D Aluminum

100 nm aluminum

3. Spin coating
of AZ1518

4. AZ1518 exposure
and development

5. Etching of Polymer

aluminum layer waveguide
6. Spin coating of material
polymer material

7. Exposure

8. PEB and

development

9. Magnetron
sputtering of ITO

Fig. 2. LMR chip fabrication workflow.

exposure, post bake, development, and hard bake steps, with specific
parameters indicated in the accompanying Table 1. A notable aspect of
this photolithography procedure was the exposure step, where exposure
was conducted using the Mask Aligner Suss MA6 tool from the bottom of
the substrate - exposure was carried out through the glass substrate and
etched aluminum openings. This approach proved advantageous for
several reasons. Firstly, Ormo series photoresists are solvent-free and
remain liquid even after the soft bake, making only proximity exposure
possible. Secondly, the standard photolithography masking approach
would result in a pronounced trapezoid shape of the waveguide cross-
section for thick structures, whereas exposure from the bottom resul-
ted in a slightly negative trapezoid shape. This negative trapezoid shape
compensates the temperature gradient during the post bake and the
slightly different development rates on the waveguide top and bottom,
resulting in a more rectangular cross-section compared to standard
proximity exposure. As a result, three wafers were produced, each
containing waveguide structures made of OrmoClear, OrmoCore, and
SU-8, respectively. The next stage involved outsourcing the wafer saw
dicing services to DISCO HI-TEC EUROPE GmbH to divide each wafer
into 16 chips measuring 13 x 18 mm. A schematic representation
showing the fabricated wafer with polymer structures and the saw
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Fig. 3. The final design of the LMR chip: (a) top view, (b) cross-sectional view,
(c) a photo of the actual device.

dicing pattern is provided in the Fig. 1. Each chip on the wafer contains
both straight and curved waveguides to explore the dependency of the
LMR phenomenon on waveguide geometry.

Our recent research [30] about LMR in planar waveguides high-
lighted indium tin oxide (ITO) as the most suitable material among the
commonly used options due to its ability to produce profound LMRs
across the entire visible spectrum. Consequently, for our integrated LMR
chips, we opted for ITO as the lossy coating. Upon receipt of the diced
wafer, the deposition of ITO coating over each fabricated chip was
performed using the Sidrabe G500M DC magnetron sputtering system.
The ITO coating process utilized an ITO (Ino0/SnO, with a weight ratio
of 9:1) target measuring 100 x 200 x 9 mm, at a pressure of 5 mTorr and
a power of 200 W using Ar plasma. To enable selective area deposition,
the chip was masked with Kapton tape, facilitating the provision of both
reference and LMR waveguides on the same sample. Fig. 2 illustrates the
entire fabrication workflow of the LMR chip. This fabrication process
yields the device depicted in Fig. 3.

Spectral ellipsometry was employed using the Woollam RC2-XL in-
strument and CompleteEASE software manual to assess the optical
properties of the deposited ITO coating. Moreover, ellipsometry analysis
was conducted to ascertain the thickness of the ITO coating over the
waveguides following each deposition procedure. Measurements were
conducted across the visible and near-infrared regions, covering angles
of incidence ranging from 50° to 70°. This data was subsequently used to
fit Lorentz oscillator [31] parameters, facilitating the calculation of the
dielectric permittivity of ITO [32]:
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Fig. 4. Experimental setup.

Amp Amp,Br,En,

1
E® —E2 " 2<EnZ _ E® — iEBr, M

£ =€yt

where all parameters except E are fitted parameters. The dispersion
characteristics of the glass substrate were determined utilizing the
Sellmeier equation [33] from CompleteEASE:

/ A2
n= sm+,{ _BZ—E,{Z, 2)

where 1 denotes the wavelength in micrometers, while A, B and E are
coefficients derived through fitting. Highly precise optical properties of
polymers are furnished by photoresist manufacturers (normo = 1.5414 +
0.0019/4% +0.0013/4* and ngy_g = 1.5690 + 0.0088/4% + 0.0004/2*
for Ormo series [34] and SU-8 [35], respectively), yet information
regarding the optical properties of the glass substrate and ITO was un-
available. Consequently, ellipsometry was exclusively employed for
analyzing the ITO coating and glass substrate.

The Thermo Scientific™ Helios™ 5 UX high-resolution field emis-
sion scanning electron microscope (SEM) was employed to examine the
cross-section of the waveguide and evaluate the homogeneity of the
deposited lossy coating. Imaging procedures were carried out using an
electron acceleration voltage of 2 kV and a beam current of 25 pA, with
secondary electrons detected using both a through-the-lens detector
(TLD) and an ion conversion and electron (ICE) detector. To counteract
charging effects during imaging, scan interlacing and integration
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Fig. 5. 2D cross-section geometry in COMSOL simulation: (a) example of
electromagnetic field distribution in a polymer waveguide, and (b) user-
controlled mesh.

methods were applied. To explore the waveguide cross-section within
the region of the lossy coating via SEM analysis, samples were initially
scribed from the underside of the substrate using a diamond scriber RV-
129 and then fractured using a cleaving tool. Although this method
poses the risk of causing localized damage to the polymer waveguides
and introducing contamination, it was deemed appropriate for the cross-
sectional analysis of the devices.

To characterize the LMR spectrum of the produced devices, a custom-
built experimental setup was utilized. Light emanating from an Ocean
Insight DH-2000 source was directed through an optical fiber (Thorlabs
M29L) and then coupled into the sample. The resulting signal was
collected via an optical fiber and analyzed using the Ocean Optics
HR4000 spectrometer. Measurements were conducted for both the
fabricated devices and planar waveguides to compare the behavior of
the PICs with a well-established configuration. In the case of planar
waveguides, light was directly coupled from the fiber into the glass
substrate from the side, and the outgoing light was similarly collected
through the fiber. This method has previously proven effective in our
previous work on LMR in planar waveguides [30]. Typically, LMR
measurement setups include polarizers to separate TE and TM modes.
However, for this study, it was decided not to employ such optical ele-
ments to avoid signal reduction, which is crucial for integrated wave-
guides. In the case of devices based on waveguides, the light was focused
onto the waveguide facet using a 20x microscope objective, and the
output light was subsequently coupled back into the fiber using a 60x
microscope objective (refer to Fig. 4). The LMR chip was positioned on
XYZ stage to ensure precise light coupling.

The performance of the designed device was simulated using COM-
SOL Multiphysics. Initially, a two-dimensional cross-sectional geometry
was established to analyze the electromagnetic distribution of guided
modes within 100 x 100 ym polymer waveguides (refer to Fig. 5a).
Following this, various materials were defined, including glass sub-
strate, ITO, SU-8, OrmoClear, OrmoCore, and the sensing mediums. The
optical properties of ITO and the glass substrate were established via
spectral ellipsometry, whereas the optical properties of the other ma-
terials were sourced from provided data sheets. The "Electromagnetic
Waves, Frequency Domain" physics module was employed to address the
defined issues. Meshing of the geometry was performed with user-
controlled element sizes: the lossy coating domain, being the most
tiny structure, was meshed with element sizes less than 50 nm; the
waveguide domain was meshed with element sizes less than 1 um, and
the remaining domains were meshed with element sizes less than 10 pm.
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Table 2
Materials fitted parameters.

Material Fitted parameters
ITO £ =2.32, Amp =71.43 eV?, En =7.33 eV,
Amp, =3.71, Bry =0.37 eV, En; = 3.86 eV,
Amp, = 40.57, Br, = 0.06 eV, En, = 0.52 eV.
Glass £ =1.00, A =1.17, B = 0.09 ym?, E = 0.01 um 2.

The mesh comprised 260,000 triangular elements and 10,000 edge el-
ements, covering an area of 2:10~% m?, with the majority of elements
situated in the thin film structure (refer to Fig. 5b). A parametric sweep
was conducted to explore various coating thicknesses and materials.
Calculations were performed within a spectral range from 500 nm to 900
nm due to poor transmittance outside this range for polymer structures.
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Mode analysis was conducted to examine the distribution of the elec-
tromagnetic field in the polymer waveguide, facilitating the assessment

of the effective refractive index neg. This parameter was subsequently
utilized to simulate transmittance spectra using equation [36]:

T= exp( - % imag(neff)L) ) 3)

where T represents transmittance, 4 stands for wavelength, and L rep-
resents the length of the sensing region, which is 1 cm.

3. Results and discussion

The optical properties acquired through spectral ellipsometry, which
were subsequently utilized in simulations, are presented in the Table 2.

H det | WD mode
200kV_ TLD | 3.5mm SE

i 7 o
200kV_ICE  40mm SE__ 207um _135nn

ICE 35mm SE

Fig. 6. SEM analysis: (a) ITO on an OrmoClear waveguide, (b) cross-section of an OrmoClear waveguide, (¢) ITO on an OrmoCore waveguide, (d) cross-section of an
OrmoCore waveguide, (e) ITO on a SU-8 waveguide, and (f) cross-section of a SU-8 waveguide.
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Fig. 7. Different polymer waveguide transmittance performance.

Scanning electron microscopy revealed that the cross-sectional shape
of the waveguides closely resembled a square type (refer to Fig. 6),
particularly evident in the SU-8 waveguide, thereby validating the
success of proposed novel photolithography technique in fabricating
thick waveguides. For OrmoClear and OrmoCore waveguides, the cross-
sectional shape still retains a slight trapezoidal form, likely attributable
to the liquid state of the photoresist following the soft bake process.
Analysis of SEM images indicates slight dimensional variations among
the OrmoClear, OrmoCore, and SU-8 waveguide structures, potentially
impacting the output signal power. These dimensional and shape dif-
ferences may partly account for the observed variations in transmittance
power across different polymers. Additionally, SEM was employed to
assess the uniformity of the ITO coating. Thickness variations in the ITO
coating were approximately 4 % for OrmoClear and OrmoCore wave-
guides, while for SU-8, it was less than 1 %. As depicted in Fig. 6e, the
edge of the SU-8 waveguide appears flatter and smoother compared to
OrmoClear and OrmoCore waveguides (refer to Fig. 6a and Fig. 6c,
respectively), which may contribute to the more homogeneous thin film
growth on the surface of the SU-8 waveguide.

Fig. 7 demonstrates the ability of various polymer waveguides to
effectively transmit the entire spectrum of the light source. All acquired
spectra were normalized to the spectrum of the light source. It is evident
that SU-8 and OrmoClear waveguides exhibit similar transmittance
performance over a 100 ms integration time, while the OrmoCore
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waveguide shows significantly lower performance, as expected given its
intended application. OrmoCore waveguides are designed for use in data
communication wavelengths, hence higher losses were anticipated.
Conversely, OrmoClear waveguides are optimized for efficiency in the
visible and near-UV regions, resulting in superior transmission, partic-
ularly below 500 nm, even outperforming SU-8 waveguides. However,
for wavelengths beyond 500 nm, SU-8 waveguides display slightly
better performance. Furthermore, the working wavelength range spans
from 500 nm to 900 nm, indicating that all subsequent spectra and
theoretical calculations will be precisely conducted within this range.
This can be attributed to the high optical losses for wavelengths below
500 nm and the low output light intensity of the source for wavelengths
above 900 nm, evident from the significantly higher background noise
compared to the rest of the spectrum. In fabricated devices, optical
power losses occur from various sources, including light coupling from
the optical fiber to the waveguide, scattering and absorption within the
polymer waveguide, and bending losses. In the optimal wavelength
range around 800 nm, optical power losses are 2.3 dB/cm, 4.6 dB/cm
and 1.0 dB/cm for OrmoClear, OrmoCore and SU-8 waveguides,
respectively. The wavelength thresholds are 440 nm, 470 nm, and 550
nm for the OrmoClear, SU-8, and OrmoCore waveguides, respectively.
The Fig. 8a provides a comparison of LMRs observed in both straight
and curved waveguides for OrmoClear and SU-8 polymers. It is evident
that, regardless of the waveguide geometry, the depth of LMR peaks and
the full width at half minimum (FWHM) are similar for polymer both
waveguides. In essence, the LMR behavior in waveguides with curved
geometry does not differ from those with straight geometry, suggesting
no requirement for additional testing of both configurations, leading to
the decision to focus measurements exclusively on straight waveguides
due to their lower optical losses. It is worth noting that comparison data
for OrmoCore waveguides are not depicted in Fig. 8a due to their
notably lower transmittance and the complexities associated with
observing LMRs in curved waveguides. However, LMRs were observable
for all explored straight polymer waveguides, including OrmoCore,
when utilizing a 540 nm thick ITO coating. The transmittance spectra for
these devices are provided in the Fig. 8b. It is worth noting that at an ITO
coating thickness of 80 nm, only first-order LMR is observed. It is widely
known that in this LMR order the resonance lines for TE and TM po-
larizations are separated even without the use of a linear polarizer (refer
to Fig. 8a) [11]. However, for higher-order LMRs, the resonance lines of
TE and TM polarizations become closer to each other with each subse-
quent order. As a result, observing TE and TM resonances separately

OrmoClear
OrmoCore
SU-8

100 4

T (%)

540 nm ITO

20+ - T T T 1
500 600 700 800 900

wavelength (nm)

(b)

Fig. 8. Comparison of LMR in different types of waveguides: (a) comparison in straight and curved waveguide, and (b) comparison in waveguides of

different polymers.
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Fig. 9. LMRs in dependence of wavelength and ITO thickness: (a) experimental results for OrmoClear waveguides, (b) theoretical results for OrmoClear waveguides,
(c) experimental results for SU-8 waveguides, and (d) theoretical results for SU-8 waveguides.

without using a linear polarizer becomes impossible. Therefore, in
Fig. 8b, only the LMR order can be identified, but not the polarization in
which the resonance was observed. In addition, Fig. 8 shows that the
LMR wavelengths differs slightly between the SU-8 and Ormo series
polymers, which is explained by slight differences in their refractive
indices. Conversely, LMRs in the OrmoClear and OrmoCore waveguides
occur at similar wavelengths, as expected theoretically due to their
nearly identical refractive indices (refer to Fig. 8b).

Comparing experimental results with simulations commonly in-
volves utilizing color plots spanning various cladding thicknesses. This
method provides a comprehensive assessment of whether the theoretical
model effectively matches the physics of the LMR phenomenon in
fabricated devices. Theoretical calculations of extinction ratios corre-
sponding to different ITO coating thicknesses are depicted as a function
of wavelength in the Fig. 9. Again, for both SU-8 and OrmoClear poly-
mer waveguides, experimentally obtained separated TM and TE polar-
izations were achieved only for the first-order LMR, whereas for higher-
order LMRs, these modes overlap and manifest as a single peak. The

experimental setup did not utilize a polarizer to differentiate between
different guided modes. Conversely, mode analysis in COMSOL Multi-
physics simulates each mode independently, hence theoretically, two
resonances were expected for every LMR order. These disparities be-
tween theoretical predictions and experimental findings constitute the
main differences. The minor deviations of the resonant wavelengths are
due to the inhomogeneity and roughness of the ITO coating, which was
theoretically demonstrated in our previous study [30]. For OrmoCore

waveguides, such dependencies were challenging to ascertain due to the
difficulties in observing LMRs for every cladding thickness - most cases
encountered critical losses, impeding the generation of LMRs.

For sensitivity assessment, a device utilizing SU-8 waveguides was
chosen for its lower optical losses, facilitating the evaluation of sensi-
tivity characteristics. Various liquids were applied to the sensing area to
monitor the shift in the LMR. The precise determination of LMR peak
shapes and resonance wavelengths proved challenging due to signal
noise, particularly in TM polarization (refer to Fig. 10a). Consequently,
Gaussian approximations were employed to estimate the acquired
spectra, streamlining the analysis process. Fig. 10a and Fig. 10b depict
the first-order LMRs for SU-8 waveguides and planar waveguides,
respectively. For the first-order LMRs, an 80 nm thick ITO coating was
selected because at this thickness, both TE and TM mode resonances are

observable within the operational wavelength range of 500 nm to 900
nm when measuring signals in a liquid environment. The sensitivity and
FWHM for both configurations exhibit notable similarity, proving
competitive performance between integrated waveguides and the well-
established planar waveguide design. This trend extends to higher-order
LMRs, as observed in Fig. 10c and d. For higher-order LMRs, a 630 nm
thick ITO coating was selected because it enables the simultaneous
observation of the largest number of LMRs (LMR [2], LMR [3], and LMR
[4]1) within the operational wavelength range. Thinner coatings allow
only LMR [2] and LMR [3] to be observed simultaneously. Given the
significantly higher sensitivity for first-order LMRs, sensitivity mea-
surements were conducted using liquids with refractive indices ranging
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Fig. 10. Experimental sensing response in various liquids: (a) first-order LMRs in an integrated device based on SU-8 waveguides, (b) first-order LMRs in a planar
glass waveguide, (c) higher-order LMRs in an integrated device based on SU-8 waveguides, (d) higher-order LMRs in a planar glass waveguide, and (e) theoretically

calculated first-order LMRs in an integrated device based on SU-8 waveguides.

from 1.33 to 1.39, while for higher-order LMRs, sensitivity measure-
ments encompassed environments with refractive indices ranging from
1.00 to 1.50. Simulations were also conducted for SU-8 waveguide
coated with an 80 nm thick layer of ITO to compare the theoretical
performance of the device with the experimental results (refer to
Fig. 10e). While slightly different LMR wavelengths and peak shapes
were anticipated theoretically compared to those obtained

experimentally, these differences were minor. Surprisingly, the observed
experimental sensitivity was higher than theoretically expected. This
can be explained by small differences in the optical dispersion of the
medium specified in the simulation compared to the real data. The
first-order LMRs as a function of the refractive index of the medium for
both TM and TE polarizations for the SU-8 waveguide and the planar
waveguide are shown in the Fig. 11. As evident from the data, the
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Fig. 11. First-order LMR sensing performance: (a) TM mode, and (b) TE mode.

Table 3
Sensor sensitivities and FOMs.
Analysis Waveguide type g, am FOM, RIU !
RIU

Experimental SU-8, TM mode 905 23
SU-8, TE mode 500 10
Planar, TM mode 829 21
Planar, TE mode 499 10
Theoretical SU-8, TM mode 721 25
SU-8, TE mode 599 12

sensitivity for TM mode considerably surpasses that of TE mode in both
theoretical and experimental observations, consistent with expectations
outlined in the literature [37].

The primary standardized parameter that characterizes the overall
performance of a sensing device is the figure of merit (FOM) [38],
defined by the equation:

S

FOM = mm

4
where S represents the slope of the function Ayyg = f(n). The calculated
FOMs and sensitivities for the fabricated device based on SU-8 wave-
guide, planar waveguide, and theoretically simulated device based on
SU-8 waveguide are summarized in the Table 3. Given that first-order
LMRs are known for higher sensitivity and FOM, it was decided to
focus specifically on this order LMRs and not consider higher-order
LMRs. It is evident that the sensitivities and FOMs for both integrated
SU-8 waveguides and planar waveguides exhibit remarkable similarity,
underscoring the competitiveness and promise of integrated waveguides
in the field of LMR. In fact, the TM mode sensitivity achieved in the SU-8
waveguide surpasses that of the planar waveguide by 8 %, with values of
905 nm/RIU compared to 829 nm/RIU. The theoretically calculated and
experimentally obtained FOMs for device based on SU-8 have very
similar values. The experimental sensitivity in TM mode exceeded the
theoretical prediction. However, the experimentally obtained FWHM
was broader as a consequence of the thickness variations confirmed in
our recent research [30], leading to nearly identical FOM values.

4. Conclusions
This study marks a significant advancement, showcasing the LMR

effect for the first time within integrated on-chip hybrid organic-
inorganic systems. This achievement represents substantial progress

not only in the field of LMR but also in the broader field of photonics.
The main novelty of this research is the successful observation of the
LMR phenomenon in different types of integrated polymer waveguides
covering different materials (OrmoClear, OrmoCore and SU-8) as well as
geometries (straight and curved). Among the tested materials, SU-8
emerged as better polymer at guiding the entire visible light spectrum,
thereby facilitating more pronounced LMRs compared to other polymer
materials. Moreover, it was demonstrated that waveguide geometry has
minimal impact on LMR, except for a decrease in light intensity observed
in curved waveguides due to bend losses.

With the exception of OrmoCore, every tested polymer material
exhibited LMR dependence on cladding thickness and resonance
wavelength consistent with predictions from theoretical simulations
conducted via COMSOL Multiphysics. The primary differences arose
from the measurement setup, which did not employ a linear polarizer.
Consequently, it was not feasible to observe TM and TE modes sepa-
rately for higher-order LMRs, as predicted by theoretical calculations.
Additionally, experimentally obtained FOM closely aligned with simu-
lated predictions.

This article introduces a novel fabrication method for thick wave-
guides, involving exposure through the glass substrate and aluminum
mask positioned directly on the chip. This technique yields waveguides
with a more rectangular cross-sectional profile, and in the case of SU-8
waveguides, it even resulted in a slightly negative trapezoidal shape.
This approach enables the production of high-quality waveguides
capable of propagating light to observe LMR, a capability not achievable
with other fabrication techniques.

The FOM and sensitivity performance of integrated polymer-based
devices and planar waveguides showed similarity for both setups,
highlighting the promising potential of integrated systems in the LMR
field. Integrated waveguides, in contrast to planar counterparts, exhibit
enhanced flexibility, indicating that continued development in this di-
rection could position them as dominant alternatives to planar wave-
guides and fiber-based configurations.

A key advantage of photonic integrated circuits lies in their ability to
integrate diverse elements on a single chip to deliver unique function-
alities. The next stage in the development of integrated LMR sensors
could involve integrating them with spectrometers and on-chip light
sources, thereby significantly reducing device costs.
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