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Pedepar

OObmas xapaKTepucTuka padboThl

BBeagenne nm moTtuBarus. Bo3aM0OXKHOCTD y1a/leHHOI'O I HEMHBA3MBHOI'O U3y Ue-
HUsI CBOMCTB, NPUCYIINX 00bEeKTaM U CTPYKTypaM, Ha MIUKPO- U HaHOMACIITabax
BbI3bIBaJIa, OOJIBIION MHTEPeC uccjejoBaTesieil B mocjejHue moJipeka. est co-
3JIAHUsT JIATYNKOB (CEHCOPOB), KOTOPbIE JIABAIN Obl TOYHYIO U HCUIEPIBIBAIOILY IO
nndopMalno 00 00beKTaxX, K KOTOPbIM OHHU IIPUKPEILIeHbI, Oblla, CBOEr0 POJIa,
IIyTEBOJHOI 3BE3/1011 B TeYeHne MHOIUX JIeT.

OJ1HO M3 BO3BMOXKHBIX pellieHuit ObL10 npejoxkeno B 1973 rogy Mapru-
nom Dueitmvanaom, Ilarpukom k. Xenapoit n A. JIxkeiimcom MakKsuira-
HOM. ABTOpBI HAOJIIOJAIN 3HAYUTE/ILHOE YCUJIEHIe CUIHAJIa KOMOMHAIIMOHHOIO
paccesiHis CBeTa, IOMEIas IMUPUJINH Ha IePOXOBATYI0 CEPEOPAHYIO IMOJIJIOMXK-
Ky - 9T0T 3¢ dexT nosxke Obl1 HazBan SERS (oBepXHOCTHO-yCHIeHHAST paMa-
HOBCKast criekTpockorius) [1]. Kombunaimontoe paccesiiue mnpejicrassier coboit
OYeHb CJIa0bII onTuyecknii 3 MeKT, BOSHUKAIONIINI B IIOJIYIIPOBOJHUKAX WA MO-
JIEKYJIaX M3-38 HEYIPYTroro paccesHus Jud0O Ha KOJeOaHWAX peIeTKH, JInbo Ha
KOJIEOAHNAX XMMUUIECKUX CBsI3eil, obecrieunBasi YHUKAJIbHBII CIIEKTD I JII00OI
MOJIEKYJIBbI MK cocTaBa. Jlanublit 3hdeKkT MoKeT ObITH YCHIeH Ha HECKOJILKO TT0-
PSJIKOB 3a CUeT JIOKAJTU3AIUK 3JIEKTPOMArHUTHOTO T10Jis B OJiKHeil 30me (2, 3],
[IO3BOJISIIONIE T 0OHAPY KUBaTh "cyreabl" OMMHOYHBIX MOJIEKY/I. B cBst3u ¢ sTnM,
0coObIit mHTEpec id 3ajad SERS-ceHcopoB BbI3Ba/M NMEHHO ILJIa3MOHHbBIE Ha-
HOYACTHUIIBI U HAHOCTPYKTYPHI |4]. CTouT OTMETHTH, ITO HE TOJHKO (haKT Ha-
JINUMS WA OTCYTCTBUSI XUMHYECKOI'O COEJIMHEHHSI MJIM BEHIeCTBa ObLI IEJIbIO
HCCTIeIOBAHII TPUJIOXKEHNIT CEeHCHHIa, HO TaKyKe U BO3MOYKHOCTDL OIPEIENIATD
TemiepaTypy. biarogapst sToMy, ucciaeg0BaHug B 00JIaCTH JIOKAJIbHOIO YIIPaB-
JIEHUsI 1 KOHTPOJIsI TeMIIEPATyPbl ¢ OJHOBPEMEHHOI BO3MOXKHOCTBIO Pa3/IniaTh
XUMUYECKIE COCJIMHEHHUSI U COCTaBbI C IOMOIIbI0 KOMOMHAIIMOHHOTO pPaCCEesTHUSI
cBeTa OB 0COOEHHO aKTyaTbHBI [5].

Tax, HeJaBHO OBLIO IIPOAEMOHCTPUPOBAHO, UTO OJUHOUYHBIE ILIA3MOHHDIE
HAHOYACTUIIBI MOI'YT IOJJIEP?KUBATH HAHOTEPMOMETPUIO U 3(PPDEKTUBHBII OIITHU-

YeCKU HAIPEB C OJHOBPEMEHHOIl BO3MOXKHOCTHIO CyKuTh SERS-30H10M [6].



Opnnako rpymma mpodeccopa Muimesss Oppura CTOJIKHYJIACh ¢ CEPbE3HBIM HEJI0-
CTATKOM M3-3a O4YeHb JIJINTEJILHOINO BpeMeHu cOopa CHUTHAJA, COCTABJISIONIErO
HECKOJIbKO MUHYT, YTO OI'PAHUYMBAJIO NPUMEHUMOCTD I1JIA3MOHHBIX HAHOCTEPIK-
Heit. Ipyrum ¢pakTopoM, OrpaHUuNBAOIIIM IPUMEHUMOCTD ILJIA3MOHHBIX HAHO-
CTPYKTYP B KadecTBe TEILIOBOI'O JIATUMKA, SIBJSIETCS OTCYTCTBHUE COOCTBEHHO-
ro paMaHOBCKOTO CHTHAJA (KOMOMHAIIMOHHOTO paccestusi). OTCyTCTBUE TAKOTO
CUT'HAJIa KOMOMHAIMOHHOT'O paccesiHust TPeOYeT JIOMOJIHUTEIbHBIX MAHUITYIATII
JUUTsl TIOJTY9EeHUSI JIAHHBIX O TeMIIepaType.

C Apyroit cTOPOHBI, B TOCAEHUE TOJIbI JUIJICKTPpUUIecKas HAHOPOTOHM-
Ka BbI3BaJ/1a OOJIBIION HHTEpeC n3-3a CIIOCOOHOCTH JIOKAJIN30BBIBATH CBET BHYTPU
HAHOPa3MEPHBIX PE30HATOPOB IIOCPEJICTBOM PEe30HAHCOB Mu M JIpyrux cocro-
SIHUIT ¢ BBICOKOM JOOPOTHOCTHIO, B OTJIUYNE OT ILJIA3MOHHBIX HaHoaHTeHH. Ta-
KI1e HAHOCTPYKTYPbI TIO3BOJIIJIN Oy IUTh CyOBOJIHOBBIE HaHOIa3€ephI |7,8], ycu-
JIEHHY0 HeJInHeiiHy1o reHeparuio csera [9-11|, ycumrennyio ¢ororoMuHeceH-
nuio [12, 13|, 6imskuenonbHoe yeuienue |14, 15] u 1o6uThest 3HATUTEIBHOIO YCH-
JeHust psfga apyrux hoToHHBIX 3¢ dexTon [16]. [Ipn Bo3OyKIeHnN pasImIHbIX
OIITUYECKUX PE30HAHCHBIX MOJ, BHYTPH HOJIYIIPOBOJIHUKOBBIX HAHOCTPYKTY] Jia-
3ePHBIM UCTOYHUKOM MOYKET HaOJII0/IaThCs 3HAUNTEIbHOE yeujieHue 1moJist. Kpome
TOIr0, 9TH CTPYKTYPbl OKA3aUCh 0YeHb 3(PPEKTUBHBIMU [IJIsI OIITUYECKOIO Ha-
rpeBa 1 TEPMOMETPHUHU IIPU YMEPEHHBIX MHTEHCUBHOCTsIX. OCHOBBIBasICh Ha COO-
CTBEHHOM KOMOMHAIIMOHHOM PACCEsIHUM IIOJIYIIPOBOJHUKOB U JUIJIEKTPHIECKIX
HAHOCTPYKTYP, HHTEHCUBHOCTH KOTOPOI'O MOYKET ObITh 3HAUYUTEJHHO YJIyUIlIeHa
IyTeM COTJIACOBAHUsI PE3OHAHCHBIX yesoBuil |17, 18], mMoxkuO 106uThCsT 3 deK-
TUBHOI'O ONTHYECKOTO HArpeBa, HAHOTEPMOMETPUU U YCUJICHUST OJIMXKHEro MOoJIsd,
9TO 1103BOJIsIET OOHAPYKEHIE MOJIEKY/ISPHBIX COOBITHII Ha HAHOYPOBHE.

Juccepraliis MOCBSIIEHa CO3JaHII0 1 UCCASJOBAHIIO aJbTepPHATUBHOIO
K TJIA3MOHHOMY TIOJIXO/Y JIsi ceHcuHIa, 3(@PEeKTUBHONO ONTHYECKOIO Harpe-
Ba, TEPMOMETPHUHM U YCUJICHUs KOMOMHAIIMOHHOTO paccesdHust cBeTa. B pabore
HpeJiiaraeTcesl MoJIX0/l Ha OCHOBE JIMJIEKTPUUECKUX U IIOJIYIIPOBOJHUKOBBIX pe-
30HAHCHBIX HAHOCTPYKTYP. Jluccepraius oXBaTbiBaeT aHAJIN3 PA3IHIHBIX (DOPM
1 TeOMeTpuil HAHOCTPYKTYP; Psijia YCTOMUINBBIX K ONTHYECKOMY HArpeBy U Tep-

MOMETPUHN MaTeEpPpUaJIOB; Pa3JINYHbIX MaTE€PpHaJIOB IJId ITOJJIO2KEK 1 Pa3JIMIHbIX



BHEIIHUX YCHOBHﬁ; YCUJICHN A KOM6I/IHaLH/IOHHOFO paccednnsd cBeTa HaHOYaCTU-
HaMH, 3a CHET JINOO ONTUYIECKIX PE30OHAHCOB, Jmbo ¢ IIOMOIIBIO BBIHYZKICHHOI'O
WU3JIY4YCHUA; 1N, HaKOHEI, BO3MO2KHOCTU 30HANPOBaHNUA OIITUYICCKUX COCTOAHUIT 1
paclipeaesennd OJINZKHErO QJIEKTPOMAIrHUTHOI'O II0JIA 3a CHET KOM6I/IHaHHOHHHO-

ro paccesinug csera. (OCHOBHBIE IeJN JAaHHOI PadbOTHI:

e Pazpaborka 1moaxoa JIjig 0JJHOBPEMEHHOIO OIITUYECKOI'O HArPeBa 1 TEPMO-
METPHUHU Ha OCHOBE PE30HAHCHO-YCHJICHHOTO KOMOMHAIMOHHOIO PacCesHust

CBE€Ta Ha AJUIJEKTPHUYECKHUX K IIOJIYIIPOBOAHNKOBBLIX HaAHOCTPYKTYpPaxXx.

e JlemMoHCTpallMsd ONTUYECKN WHJIYIIMPOBAHHOIO (Pa30BOro Iepexojia u3
aMOp(HOTO B MOJUKPUCTAJINIECKOE COCTOSTHIE B IOJTYTTPOBOIHTKOBBIX
HAHOCTPYKTYPaX C BO3MOXKHOCTBIO JIETEKTUPOBAHUs TAKOro (a30BOro Ire-

pexojia IoCPeICTBOM KOMOMHAIIMOHHOIO PaCCesHIsI CBETA.

e 3oH/IMpOBAHUE ONTHYECKUX COCTOSTHUI HAHOCTPYKTYP C IOMOIIBIO
PE30HAHCHO-YCUJIEHHOTO KOMOMHAIIMOHHOTO PACCEesiHUs CBeTa U3 JaJibHeill

S0HbI 9JIEKTPOMAIl'HUTHOT'O IIOJIfA.

e JlemoHCcTpamms M peaju3aliis Iepexoia OT PEyKUMa CIIOHTAHHOIO K BbI-
HY>KJICHHOMY KOMOWMHAITMOHHOMY PAaCCEesTHUIO CBeTa M30JIMPOBAHHONI OJIU-

HOYHOI MOJTHOCTHIO CYOBOJIHOBOIT HAHOUYACTHUIIHI.

HOJIO}KeHI/ISI, BbIHOCHMBbIE€ Ha 3alllUTY:

e PesonancHoe onrudeckoe Bo30yKaeHne Mu-MOJIbI B MOy ITPOBOJIHIKOBOIT
HAHOYACTHUIIE CO COAJIAHCUPOBAHHBIMU PaIUAIlMOHHBIMU U HEpaUalllOH-
HBIMH IIOTePsIMU obecriednBaeT HanOosiee 3p(MEKTUBHBIN ONTUYECKUIT Ha-

rpeB cpean MPOYNX COOTHOIIEHUI ITOTePh /I JAHHON OIITUYECKOl MOJIbI.

e Onrudecknii HArPEeB HEIPEPBIBHBIM JIA3€PHBIM HCTOUYHUKOM ITOJIYIIPOBO/I-
HUKOBOIT Mu-pe30oHaHCHON HAHOCTPYKTYPhI II03BOJIET NHIYLIUPOBAThL (ha-
30BBIi TIepexo/1 3 aMOp(HOTO B TMOJMKPUCTALTNIECKOE COCTOSHUE W B TO
YKe BpeMsl TI03BOJIsIeT JIeTeKTHPOBaTh TaKOil 1epexo/] IIPU IMOMOIIU KOMOM-
HAI[MOHHOT'O pacCesiHus CBETa.

e /IByMepHOe KapTUpOBaHHe paclpeieeHnss HHTeHCUBHOCTH KOMOMHAI[NOH-
HOI'O pacCesHus CBETa PE30HAHCHOI IOJIYIIPOBOJHUKOBOII HAHOCTPYKTY-

pbl IIO3BOJIZAET MCCJIEJ0BATDh B036y}K,ZLeHHbIe OIIT4YeCKne MOJbl B Hel u3
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JlaJibHel 30HbI 9JIEKTPOMAarHUTHOIO TI0JIsl U IIPEJI0CTaB/IsieT HHPOPMaINIO

O CTPYKTYDpPE OJIM2KHEro 110J1sI COOCTBEHHBIX MO/ Ha IOJIMHE BOJIHbI HaKa4YKN.

e Ilepexos oT pexknMa CIIOHTAHHOTO KOMOWHAIIMOHHOI'O PacCesiHUs CBeTa K
BBIHYZKJIEHHOMY TTPOUCXO/IUT MPU BO30YKJIECHUN BBICOKOIOOPOTHBIX OIITH-
JeCKIX PE30HAHCHBIX MOJI, KaK Ha JIJINHE BOJIHLI HAKATKI, TAK W Ha JITIHE
BOJTHBI CTOKCOBO# KOMIIOHEHTHI KOMOMHAITMOHHOI'O PACCesiHns CBeTa, C OIl-
TUMU3UPOBAHHBIMU (M PEKTUBHOCTAMI BO30YXKJIEHNUST MOJ W ITPOCTPAH-
CTBEHHBIM WX TIePEKPBITUEM Ha JJINHAX BOJIH HAKAYKN U W3JIyIeHUsd B
OJINHOYHOM HAHOIMJIMHIPE W3 KPUCTAJJIMIECKOTO KPEMHUSA C OINTUMMI3H-

POBaHHbLIM TEILJIOOTBOAOM B MaTeEpHaJl ITOJJIOZKKH.

Hayunas HOBU3HA 5T0ii pabOThl BKJIIOYAET, HO HE OIPAHUYNBAETC CJIeIYIO-

MMM IIYHKTaMHI:

1. IlepBag sxcnepuMeHTaIbHAA JIEMOHCTPALNA OJHOBPEMEHHOIO OIITHYECKO-
o HaI'peBa HelPEePbIBHLIM JIa3ePHBIM UCTOYHUKOM U HaHOPa3MePHOil Tep-
MOMETPUH C TTIOMOIIHIO0 PE3OHAHCHBIX MOJIYIIPOBOJHUKOBBIX HAHOCTPYKTYD,

0JIICPXKUBAIOIINX KOMOMHAIIMOHHOE pacCcessHue CBETa.

2. ITlepBag memoncTpalus nCmob3oBaHnsa Mu-pe3oHaHCHBIX MTOTYTTPOBOIHN-
KOBBIX HaHOYaCTHIL, IOJJIEPXKUBAIONINX ONTUYECKNII HarpeB U HaHOTep-
MOMETPHIO TIOCPEJICTBOM KOMOMHAIIMOHHOIO PacCesiHusl CBeTa, JIJIst PHU-
JIO?KEHUI aJIpecHOil JJOCTaBKHU JIEKAPCTBEHHBIX cpelicTB. HanoyacTumnr o-
Fey O3 ncrosb3oBainch B Ka4ecTBe MUIIEHH JIJIsT JTa3ePHOr0 BO30Y 2K ICHIS
B Omzxaem MK-auanazone st 9 dpeKTUBHOrO IIpeodpa3oBaHusi CBeTa B
TeIJIO B CTeHKaX IOJIMMEPHBIX HOCHUTeJIell JIeKapCTB U B Ka9ecTBE IPSIMO-
ro OINTHUYECKOIO JAaTUNKa TeMIIepPaTypbl 3a CUYeT TePMOYYyBCTBUTEIHLHOIO
PamanoBckoro paccesiiusi. B kadecTBe J10Ka3aTeIbCTBa ObLIa IIPOJIEMOH-
CTpUPOBaHa N Vitro ycrelHas JOCTaBKa U ONTHUYECKU-UHIYIINPOBAHHbII
pPa3pbIB MOJUMEPHOTO HOCUTENS MOCPEICTBOM Ja3epPHOTO HarpeBa HAHO-
gacTuil a-FesOg ¢ mocsie iy oM BbICBOOOK IEHUEM TTPOTHBOOITY XOJIEBOIO
JIEKAPCTBEHHOI'O CpeJICTBa BUHKpHUCTHHA. [Ipeioykennast cucrema pabora-
JIa TIPU yMEpPEeHHOM 3HAaueHHH J1a3epHoil nHrencusHocTH Beero 4.0x104Br

CM _2.
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3. llepasg nemonCcTpamus KOHTPOJUPYEMOTO, ONTUYECKN-UHTYTITPOBAHHOTO
dazoBoro nepexosia U3 aMOpPQHONl B MOJUKPUCTAINIECKYIO (hazy st
KPEMHHUEBBIX HAHOAMCKOB Ha CTEKJIAHHON IOJJIO’KKE C ONTUYECKUM 30H-
JINPOBAHKMEM TEeMIIepaTypPhl U KPUCTAINIECKON (ha3bl HAHOUCKA, [TOCPE/I-
CTBOM KOMOWHAIIMOHHOTO PacCessHUs CBETA.

4. TlepBas jmemoncTpalus MOJIydeHns] KadeCTBEHHOIO paclpeeieHns «Iropsi-
qUX TOYEK» OJIMZKHEro SJeKTPOMAIHUTHOIO TOJIsi ONTUYECKUX MOJ PE30-
HaHCHBIX IOJIYIIPOBOJHUKOBBIX HAHOCTPYKTYP U3 JAJbHEr0 IO0JIsd ¢ ITOMO-
HIbIO IPOCTPAHCTBEHHOI'O U CIIEKTPAJIBHOIO KAPTUPOBAHUA NHTEHCUBHOCTH
KOMOMHAITMOHHOTO PAaCCeTHHs CBETA.

5. IlepBas skcmepuMeHTaIbHAS JEMOHCTPAIUS I€pexojia OT CIIOHTAHHOTO
KOMOWHAITMOHHOT'O PACCETHI CBETA K BBIHYZKICHHOMY PEKUMY KOMOWHA-
[IUOHHOT'O pacCesdHus Jijisd OJIMHOYHOIO U30JIMPOBAHHOIO KPUCTAJLINYECKO-

ro KpeMHHUEBOI'O HAaHOIMUJIMH/IPA.

IIpakTnyecKkass 3HAYMMOCTDH PAa0OTHI 3aKJ/II0UAETCsI B TOM, YTO aBTOP IIPE/I-
JIOZKWJI HOBBIIl 110JIX0J K OITUYECKOMY HAI'PEBY U TEPMOMETPUU C HAHOpa3Mep-
HBIM [POCTPAHCTBEHHBIM pa3perieHneM C IMOMOIIbI0 OJUHOYHLIX PE30HAHCHBIX
IIOJTYITPOBOIHUKOBBIX HAHOYACTHUIL, TTOJJIEPYKUBAIOIINX KOMOMHAIIMOHHOE Paccesi-
nue ceeta. [Ipeararaemslil Moaxo/ Ha OCHOBE HAHOYACTHUIL, KOTOPBIE CIYZKAT KaK
JIATINKOM TeMIIepaTypbl, TaK U IIpeodpa3oBaTe/ieM CBeTa B TEILIO, He TpedyeT
KaKIX-JIM00 JIOIOJIHUTEIbHBIX 9TallOB U3roTOBJeHUs. BoJjiee TOro, JaHHbIX 110/
XO/I, UCITOJIB3YeT OJINH UCTOYHUK M3JIYUYCHUS KaK JJId OINTUYECKOT0 Harpesa, Tak
1 JiIg BO30Y:KJICHNS KOMOMHAIMOHHOIO PaCCEesiHUA CBeTa, YCTONYUB U IMOJJIEP-
JKMBaET MHOTOKPATHBIC IUKJIbI IOBTOPEHUA ONTUYECKOrO HarpeBa. Takoil mo/-
XOJI IIPOJIEMOHCTPUPOBAJI CBOIO IPUMEHUMOCTb B II€PEIOBBIX OMOMEIUIIMHCKIX
IPUJIOXKEHUAX JIJIsd CUCTEM JIOCTABKU JICKAPCTB JIJId JIeYeHUsd paKa ¢ JUCTaHIIN-
OHHBIM IIOJTHOCTBIO ONTHYECKUM MEXaHHU3MOM BBICBOOOKICHUSI JIEKAPCTBEHHOIO
npernapara. JaHHBIH c10co0O ONTHUYECKOl TepMOMETPUN, OCHOBAHHBIN Ha, CIIEK-
TPaJIbHOM CJBHUI'€ CUTHaJa KOMOMHAIIMOHHOI'O PaCCesHHsI CBETa HAHOCTPYKTYD
IpY MHTEHCUBHOM JIA3€PHOM OOJIYUEHUH C IOCJIEIYIOIIMM ONTHUYECKIM Harpe-
BOM, HallleJl OUYeHb MHOroobelalinee puMeHeHne Jisl n Situ MouduKalnm

KPUCTAJIJINYECKOTO COCTOAHUS HAHOCTPYKTYP. PaMaHoBcKoe paccesinue CJIyKuT
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KaK TeMIepaTypPHBIM 30HJ0OM, TaK W 30HJOM COCTOSHUS CTEeHU KPUCTAJINI-
HOCTH, TTO9TOMY CYIIECTBEHHBIN ONTUYECKNII HATPEB HAHOJNCKA U3 aMOPQHOTo
KpPEeMHUsS Ha CTEKJISTHHON MOJJIOZKKE MOYKET IMPUBECTH K (haszoBOMY IEPeXojly 13
aMOP(QHOTO COCTOsIHUS B MOJIMKPUCTAJINYECKoe. VI3roToBeHne Kpucrasinie-
CKUX HAHOCTPYKTYp Ha crekje Si0y ocTaeTcst JTOBOJIBHO CJI0YKHOI TEXHOJIOIU-
JecKol 3a/1adeil, TO3TOMY MeTOJT KOHTPOJIUPYEMOTO ONTHIECKOT0 HarpeBa HaHO-
JINCKOB M3 aMOPQHOI0 KPeMHUS Ha CTEKISIHHOIN TOJIJIOXKKE C i1 Sitl, TEMIIEPATYP-
HBIM OTKJIMKOM 1 BO3MOYKHOCTBIO OTCJIEKIBATH KPUCTALINIECKOE COCTOSTHUE MO-
JKeT PENTUTH TEXHOJIOTTIeCKne TPYTHOCTH /)Tt HEKOTOPBIX 3a/1a9 U TPUJIOZKEHTI.
Kak 0b110 yIIOMSIHYTO BBIIIIe, KOMOMHAITMOHHOE pacCcesdHue sIBJisgieTcs 3(hPeKTNB-
HBIM METOJIOM 30HINPOBAHUS I M3MEPEHNs TeEMITEPATYPhl U OIIEHKN COCTOSTHUSA
KPUCTAJJIMYHOCTH, OJHAKO MHTEHCUBHOCTh KOMOMHAITMOHHOI'O PACCETHUS MOKET
CJIY2KUTH 30HJIOM JIJIsT Ka9eCTBEHHON CPABHUTEILHON OMEHKH IMJIOTHOCTH 3JI€K-
TPOMarHUTHON MOIIHOCTH, 3allaceHHOI B HAHOCTPYKTypax. lIpocTpancTBentoe
KapTUPOBAHUE WHTEHCUBHOCTU KOMOMHAITMOHHOI'O pPaCCETHHUsS CBETa 3UI3aroo0-
PA3HOTO OJINTOMEPA, COCTOLAIIETO U3 TPeX HAHOJINCKOB OJIMHAKOBOTO pa3Mepa,
MOKa3bIBAET MePEeK/TIoUeHne pacipeie/ieHnsl «TOPTInX TOUeK» OJIMZKHEro 3JIeK-
TPOMArHUTHOTO TOJIS TP U3MEHEHUN TIOJISIPU3AIAN TTaIAI0NIET0 BO30Y K ICHS.
CyecTBeHHBIM TTPEUMYIIECTBOM STOTO MOJIX0/Ia ABJISETCA TO, YTO OH He TPedy-
eT KaKIX-JIN0O BCIIOMOTaTeIbHBIX METOJIOB U UCIIO/IB3YET TOJIBKO OJINH NCTOUYHUK
JIIsT BO3OYZKJICHUS ONTUIECKIX MOJ, KOMOWMHAIIMOHHOIO paccesiins CBeTa U Jie-
TEKTUPYET CUTHAJ B JaJibHell 3oHe. BbIcTpoe mosydenne Takoil KadecTBEHHOM
nHMOPMAIIIT O PACHpEICTeHIN JEKTPOMAIHUTHBIX <«TOPAYNX TOUYEK» OJINK-
HETO M0JI Y HAHOCTPYKTYPhI MOYKET OBITH TOJIE3HO JIJIs SKCIPECcCc-aHaIn3a Oll-
TUYIECKIX COCTOSHUN HAHOCTPYKTYPBI, & TaK K€ MOYKET CTaTh ILIaTdopMoil jiisd
CEJIEKTUBHOTO BO30Y2K IeHNs ONOJIOrMIECKITX KPACUTe el NN TTOJIMMEPOB B 3830~
pax 3ursaroobpasztoro oauromepa. Hakomner, KomOMHAIIMOHHOE paccesnre CBeTa,
— JIOBOJILHO CJIa0BIIl 1 MAJIOBEOSITHBIN onTudecKuit mpoiecc. OIHAKO €ro MOyKHO
3HAYUTE/ILHO YCHIUTD, 38 CUET BO30YKJIEHUs] ONTUYECKUX PE30HAHCOB B HAHO-
CTPYKTypax. bBoJjiee TOro, MHTEHCUBHOCTH KOMOWHAIIMOHHOTO PACCEAHUS CBETa
MOZKET OBITH JOMOJTHUTEILHO yBEINUeHa 3a CUET IMepexoia OT pesKnuMa, CIIOHTaH-

HOTO U3JIyUeHns K PeyKUMY BBIHYZKJIEHHOTO W3/Iydenus. Takoil mepexo/1, HaO.IIO-



13

ﬂaBNHﬂﬁISHOHHOCTBH)Cy@MHKpOHHONlH&HOHHHHHﬂpe,NHDKGTIKXUQDKHTBIH&FOM
Ha IIYTHU CO3AaHNA BHCOKOSdeeKTHBHbD(HﬂHOCGHCOpOBIﬁlOCHOBe‘KOM6HHaHH—

OHHOI'O pacCesHHsI CBEeTa, a Tak:Ke 3(PPEKTUBHBIX UCTOYHIKOB U3J1yUEHHUs.

JlocTOBEPHOCTH I0JTyUEHHBIX PE3YJILTATOB 00ECIIeUNBACTCS ITPUMEHEHNEM CO-
BPEMEHHBIX METOJIOB HCCJEI0BAHNs, OCHOBAaHA Ha BOCIPOU3BOAUMOCTHU PE3YJ/Ib-
TATOB U3MEPEeHUIl, a TaKzKe MOJATBEePKIaeTCdA XOPOIINM COoIJlacueM IKCIIepruMeH-
TaJIbHBIX JQHHBIX C pe3y/bTaTaMy YUCJACHHOI'0 MOJICJINPOBaHUA U aHaJJIUTHYe-

CKUM onucanneM 3ppeKToB.

ITpuMeHIMOCTDb IOJIyYeHHBIX Pe3YJIbTaTOB. ABTOPY INCCEPTAINN IIPITHAT-
nexxut marent P@ Ne 177658 na nosesnyio mojens «Hemuneiinas ansiekTpu-
Jeckad HaHoaHTeHHay, 3apeructpupoBannbiii 05.03.2018, kommenus KOTOPOit
OCHOBaHa Ha MPUHIHUIAX W pe3yJbTaraxX, MOJyYeHHbIX B paMKaX JIIUCCePTaIl.
BoJsee Toro, KoHIenusa oNTUYECKOTO HArpeBa U TEPMOMETPHUN Ha OCHOBE IOJIY-
ITPOBO/THIKOB TTPOJIEMOHCTPUPOBAJIa CBOIO TPUMEHUMOCTD JIJISI PEAJHbHBIX CHCTEM

HdOCTaBKH JIEKaPCTB.

Anpobanusi. OcHoBHBIE pe3yJibTaThl PAOOTHI OBLIN TTPeJICTaBIeHbl 1 00CY K 1a-
JINCh HA BCEPOCCHIICKUX 1 MEXKJYHAPOIHBIX KOH(pEPEHIINsX, TaKuX Kak: Mex-
JIyHAPO/IHAST 3UMHs IIKOJIa 110 husuke mnosynpoBogankos 2016, 3ejgeHoropex,
Canxr-ITerepoypr, Poccusi (nocrep); Mexgynapojitas mikoja 1 KoH(pepeH-
musi «Saint-Petersburg Open» 2016, 2017, 2019, Canxt-Ilerepbypr, Poccus
(mocrep); Mexkynaponnas koudepennus «/Iun mudpaknunns 2016 (mocrep),
2017 (ycrubrit), 2018 (yernerit), Cankr-Ilerepoypr, Poccnst; Mexynaposnast
koudepennngs METAHAHO 2016, Anamna, Poccust (mocrep); Bceepoccuiickuit
kourpecc «Hayka Oymymiero - mayka mosoeix» 2016, Kaszanw, Poccust (1mo-
crep); Mexynapojnast koudepennns METAHAHO 2017, BiaguBocrok, Poc-
cus (ycrubiit); Mexynapoanas koudepenist NANOP 2017, Bapcesona, Ucra-
aust (yerubiit); Mexaynapoaas koudepennus METAHAHO 2018, Coun, Poc-
cust (ycrubiit); Mexmynapoaaas jerHss mkoiaa Huxosst Kadpepa o «mpomnsu-

HYTOIl MaHUIIYJISIIUK CO CBEeTOM B HaHoMaciuTabes 2018, Mupadopec-ae-ia-
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Creppa, Magpuy, Ucnanus (mocrep); Mexaynapoaaast kordepenimst [CMAT
2019, Cunranyp (mocrep); Mexxnynaponnas koudepennuns METAHAHO 2019,
Cankt-Ilerepoypr, Poccusi (ycrubrit); Mexynaponast kordepennuss META-
HAHO 2020 (omnsaiin, yerabiii); OSA Advanced Photonics Congress 2020 (on-
JIafiH, YCTHBIN); a TakyKe Ha HaydHBIX ceMmuHapax B YHauBepcutere NTMO,
CeBepo-OceTnHCKOM rocyIapcTBEHHOM YHUBEpCUTeTe, YKIM3IHCKOM YHUBEPCH-

tere (Kurait) u Texunosnoruueckom yuusepcurere Ksuncnenia (Ascrpasiust).

ITy6mukanmuu. OcHoBHBIE PE3YILTATHI JIMCCEPTAIIMOHHON pabOThl OTpaKeHbl B
10 HaydYHBIX CTaTbsX, BKJIIOUYEHHBIX B cincok BAK, B Tom umncie 7 crarbsx
B HayYHBIX »KypHaJjax, WHICKCUPYEMbIX HAayIHBIMU 0a3aMé JAHHBIX SCOpPUS 1
Web of Science, 1 3 KoH(MDEPEHITMOHHBIX PEIEH3UPYEMbIX MaTepHaJiaX, KOTOpbIe

UHJIEKCUPYIOTCS HAYIHBIME Oazamu JTanabix Scopus n Web of Science.

JImaHbIil BKJIaA aBTOpAa. JIMJHBI BK/IaI aBTOPa 3aKJII0UAeTCsd B U3MEPEHUSX
1 06pabOTKe IKCIEPUMEHTAIBHBIX PE3YIbTATOB (CIIEKTPBI TEMHOIIOJIBHOIO pacce-
SIHUS, CIIEKTPBI KOMOMHAITMOHHOTO PACCESTHISI CBETA ), CYIIECTBeHHO YacTu Iuc-
JICHHOT'O MOJICJINPOBAHUS ONTUYECKIX CBONCTB UCC/IEyeMbIX HAHOCTPYKTYP, pe-
aJU3alU YUCJIEeHHOI MOJIe/IN ONTUYECKOI0 HAarpeBa, MOJIYIIPOBOIHUKOBBIX HAHO-
CTPYKTYP, Y4aCTUU B IIOCTAHOBKE HCCJIEJI0OBATE/bCKUX 3ajlad U HAIlUCAHUM Ha-

VYHBIX CTaTeil.

O61beM u cTpyKTypa padoThl. /lrccepralinst COCTOUT U3 BBEJICHUS, IISITH IJIaB,
3aKJIIOUEHUsT W CITMCKA HUCIOJIb30BaHHON JjuTeparypbl. O0muii obbeM juccep-
Tanuu 112 cTpaHuil, B TOM YHUCJIE CIHICOK JUTEPATYpPbl, BKJIIOUYAIONINNI B cedsl
158 nammenosanuii. Pabora copepxkut 36 pucyHkoB u 1 Tad/uILly, pa3MeleHHbIX

BHYTPH IJIaB.

OCHOBHOE COAEP2KAHUNE PABOTDI

B mepBoii riaase npejicraBiied KpaTKuii 0030p MpeJIOKEHHBIX U HC-

IIOJIb3YEMbIX B MCCJICJOBAHNHN SKCIIEPUMEHTAJIBHBIX 1 TEOPETUICCKUX ITOAXOJ0B;
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OITMCBIBAETCA HEOOXOINMOCTh KaxKJ0r0 KOHKPETHOI'O METO/Ia U OIIUCHIBAETCS €ro
IPUMEHUMOCTb B KOHKPETHBIX CJydadX; JIOKA3blBaeTCA aKTyaJIbHOCTb METO/a
JIJIL ITPOBOJIMMBbIX UCCJICIOBAHUIA.

Bo BTOpOIi riiaBe juccepraliun 00CY:KIAOTCS ONTHMAJIbHBIE YCIOBUSI
JIJIS OIITHYECKOI0 HarpeBa PE30HAHCHBIX II0JIYIIPOBOJHUKOBBLIX HAHOYACTUIL cpe-
pudeckoit (popmbl. OnTumuzalys pesoHancos Mu u mapamMeTpoB MaTepuaJia Mo-
JKeT NPHUBECTU K CHJILHOMY M 9 @PEKTUBHOMY J1a3ePHOMY HarpeBy Jlarke II0JIy-
IIPOBOJIHMKOBBIX YaCTHUIL ¢ MaJjbIMU noTepsiMu. OCHOBHOI NMPUHIUII HAIrPeBa U
IIOTJIOIeHHsI CBeTa JJIsi OJMHOYHON cdeprdecKoil HaHOYACTHUII B OJHOPOIHOM
cpejie ObL paspaboran u ucciaenobal panee [19,20]. usiexrpudeckue u 1mo-
JIYIPOBOJIHUKOBBIE HAHOYACTUILI MOT'YT IOJJICPKUBATH CUJILHBIC PE30HAHCHDBIE
OTKJIMKWA B BUJUMOM JAAlla30He, TT03TOMY MHOIJIOIEHNEe CBeTa MOXKET CUJILHO Ba-
PLUPOBATHCA OT pasMepa 1 JIINHBI BOJTHBL. B ¢BA31 ¢ 9TNM aHAJIMTIIECKOe pelie-
HUe JIjIsi OITUYECKOI'0 HarpeBa OJMHOYHBIX CepruIecKrnX HAHOYACTUIL JOJIXKHO
YUUTBIBATb U3 PE30HAHCHBIN XapakTep. B pesysibrare 1mojiydaeTcs TOUYHOE pelle-
HUe JIJIg TOBBIIIEHUs TeMIepaTypbl cdepruiecKoil HaHOYaCTHUIbI JuaMeTpoM [
B CTallMOHApPHOM ypaBHEHUU TeIIolnepeadn ¢ OeCKOHEYHBIMU BHEITHUMH I'Da-
HUYHBIMUA YCJOBUAMU U C 3apaHee 3a/JaHHbIM UCTOYHUKOM C MHTEHCUBHOCTDLIO
(1), paccanTanubIM cedeHneM mnoriommenns HaHodacTuibl (Cyps ), OMPeIeIeHHbIM
Teopueit Mu, 3apanee n3BECTHOI TEILIOIPOBOIHOCTBIO OKPY KAIOIIEH CPelIbl Ko,
B cJlydae, ecjid TeIlJIOIPOBOJIHOCTh HAHOYACTUIIBI HAMHOI'O 0OJIbIIE, YeM TeILIO-
IIPOBOJIHOCTEL OKpYy2Katolieil cpeabl. Torga TouHoe 3HaYEHUE TeMIepaTyphl Ha-

HOYACTHII MOYKHO HANWTHU CJICIYIOIIIM 00Pa30M:

27TI§)2D.

PeB}U’[bTaTbI pacdeTOB OIITUNYECKOI'O Har'peBa MOXKHO YBUJCTHL Ha ABYMED-

0 'np =

HBIX I[BETOBBIX Kaprax, nokaszamnoix #Ha Puc. 1 (b, ¢). Temneparypsr onrite-
CKOI'o Harpesa cepruuecKoil HAHOYACTHUIILI B BO3JLYIIHON Cpejie ¢ Pa3InIHbIMI
neiicrBurenbabivu (Re(e) ot -10 10 30) u mumvbivn (Im(e) ot 0 70 5) gacTsavu
JIMJICKTPUIECKON TPOHUIIACMOCTH B CJIydae MaJIbIX HaHocdep (OTHONIeHNE [TH-
HbI BOJTHBI K jinameTpy A/ D = 10) nokazannt va Puc. 1(b); Te ke Bbruncienus,
HO J1yTst O0Jiee KPYIHBIX HAHOYACTHUIL, TJIe OTHOIIEHNE [JINHDBI BOJIHDI K JUAMETDY

cocrapiister 2.8, nokazaubl Ha Puc. 1(c). Koryja pasmep nanogacTuir Mas Jijisi
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Pucynok 1 — OnTuyeckuii HarpeB cepudeckux HaHodactuil. (a) Konmernms
OITUYECKOr0 HAIPeBa U TepMOMETpHHU. PesyibraTsl pacdyera TeOpeTHIECKOro ONTHIECKOro
HarpeBa B OJIHOPOJIHOI BOB/IYIIHON CpeJie JIjId OJMHOYHBIX C(hEePUIeCKUX HAHOYACTHUIL C
(bUKCHPOBAHHBIM COOTHOIIICHUEM JIMHBI BOJIHBIL K uamMerpy A/ D B 3aBHCHMOCTH OT
Pa3IMIHBIX JIEHCTBUTEIBHBIX U MHUMBIX YaCTell HIIeKTPUIecKoil mporuaemoct: (b)
A/D =10; (¢) A\/D = 2.8. Jluauu ¢ 3eJleHbIMI CTPEJIKAMA B b) ¥ €) COOTBETCTBYIOT
snadenusaM Re () u Im (€) 1y KOHKPETHBIX PEATIbHBIX MATE€PUAJBHBIX JIHCIIEPCHIL.
Hamnpasiienue cTpesiok COOTBETCTBYET yBEJINICHUIO JITMHBI BOTHBL. [Tudpsl yKasbiBaoT

JIMANA30H JUIMH BOJIH B MUKpOHaX. Basaro u3 [21].

noJjiepKanus pesoHancoB Mu B BuimMoii 00J1acTH, TOJIBKO HAHOC(EPHI ¢ OTPU-
ATEJIbHON JICMCTBUTE/IbHON YaCThIO JIUIJICKTPUICCKON MTPOHUIIAEMOCTHU (MeTaJI—
JIBI) TIOJIJIEPYKUBAIOT ONTUIECKU HATrpeB, 9TO sicHo BujiHO 13 Puc. 1(b). Onnako
pyu yBeJUYEHUN JIMaMeTpa HAaHOYACTHUIIbI, a 3HAYUT YMEHbIIEHUN OTHOIIEHUS
JUIHHBI BOJTHBI K uamerpy o suadenus A\/D = 2.8 (Puc. 1(c)), MoxmHO 3aMme-
TUTHb dPMEKTUBHBIN ONTUYECKNIT HAarpeB B 00JIaCTH MOJOXKUTETLHON JeficTBU-
TeJLHON YaCTU JUIJIEKTPUIECKON MPOHUIIAEMOCTH, YTO COOTBETCTBYET JTHIJIEK-
TPUYECKUM U TIOJYIIPOBOJHUKOBBIM MaTepruasaM. DTO MPOUCXOJUT M3-3a BO3-
Oy:KJIeHNS pas3mIHbIX MojJ Mu B Hanocdepe u, Kak CJIeJICTBUE, PE3OHAHCHOIO
ONTUYECKOTO TOTJIONMIEHNS CBeTa. Dbojiee MHTEPECHBIM B ITUX Pe3yJIbTaTax dB-
JIIeTcsl TO, YTO yBeJIMYeHne MHUMON 4YacTU JUIJIEKTPUUECKON MPOHUIAeMOCTHU
He 00s13aTe/IbHO MPUBOJIUT K YBEJIMYCHUIO TEMIIEPATyPbl OITUYECKOIO HaIrpeBa.
st 6os1ee TryOOKOro MOHMMAHUS JIEXKAIIUX B OCHOBE MPUHIIAIIOB W UCCJIEI0Ba-
HUs TpUUNH 3PPEKTUBHOIO ONTUYECKOTO HATIPEBa MOJIYITPOBOJIHIKOB ¢ HU3KUM
YPOBHEM II0TEPh, IIPU PE3OHAHCHOM JIa3epHOM BO30Y2KJaeHun Mo Mu, ciejyer

Ha4d9aTb paCCMOTpPEHHE C KJIaCCUYIECKOI'O O6HL€FO BbIpazKE€HUA JIJIA HOI‘JIOLLLGHHOfI
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3JIEKTPOMATHUTHOI MomaocTn P:
1
P =R / F(r)E(r)dV 2)
\%4

re J(r) - mrornocTs ToKa, KE(r) - ssekTprnaeckoe mosie BHyTpH 00bEKTa, & HHTE-
IPUpOBaHIE BLIIOJIHSIETCS 110 00beMy paccMarpuBaeMoii nanodacTunnl V. Boi-
parkeHue B ypaBHEHUU 2 JIaeT MOHUMAHNE, YTO YeM BBIIIEe 3JIEKTPOMATrHUTHOE
110JIe BHYTPU HAHOYACTHUIIHI U 9eM BbIIIe IJIOTHOCTD TOKa, PeHepupyeMast 11a,/1a50-
el 9JIeKTPOMAarHUTHON BOJIHOM, TeM 0oJibIle o0Iasi IOIVIONIeHHAs MOIITHOCTbD.
Kpowme Toro, moxkuo 3ameruth, uro J = oE u 0 = gowlm(e), rae gy - ausiex-
TpUYecKasl MPOHUIAEMOCTb BaKyyMa, W - 9acTOTa MaJIaloINero CBeTa, o - JIeK-
TpUYecKas IPOBOJUMOCTE. HTerpuposanne ypapHenus 2 10 00beMy HaHOYa-
CTHIIBI, MOJIEPKUBAIOIIEN onTrHIecKie Mu-MoIbl, 03BOJISIET MOIANMUITPOBATE
ypaBHeHne 2 B TepMIHaX 3(PPEKTUBHOIO 00beMa MOJIbI Vog W MPOCTPAHCTBEHHO
ycpeHenHoro kosdgduimenta yeuienus nois F = < |E|? >/|Foy|?, koropbiii
JaeT MHMOPMAIIIO O 3alIaCeHHOI IIJIOTHOCTH MOIIHOCTH BHYTPU HAHOYACTHUIHL,
u e |Ey| - 970 BesmdnHa HAIPSZKEHHOCTH TAJIAIOIIEr0 JIEKTPIIECKOTO TOJIS.

CiegoBaTesibHO, MOYKHO MOAMMDUIIIPOBATL YpaBHEeHHe 2 JJIsI IIOJIHOI IIOT/IOIeH-

HOIT MOIITHOCTH CJIeIYIOIIM 06pa30M:
P~ oF? V. (3)

O611ast OTJIOIIEHHAsT MOIIHOCTL Telleph UMeeT 3 pas3/InuHbIX HEe3aBUCHU-
MBIX BKJIaJa: o, [ 2 n Vofr, KOTOPBIE OKA3bIBAIOT 3HAUNTEILHOE BJIMSHUE Ha, 00-
YO TeMIIepaTypy onrudeckoro narpesa 01 yp. B cieayronux moapasieiax Bce
BKJIaJIbl OYIYT PACCMOTPEHBI OTJIEIBHO.

Bausnue 6e3vizayvwamenvhoir nomeps. Kax ObLIO 1TOKA3aHO B BhIpayke-
HUKM 3, IOBBIIIEHNE OMUYECKHUX IIOTEPHb He 00s13aTe/IbHO YBEJINUMBAIOT IIOJIHOE
[IOIVIOIIIEHNE CBeTa HAHOYACTHIEH, cjie/loBaTebHO, U OOIIMiI ONTHUYEeCKUil Ha-
rpeB. YBeJIUYeHnsT MHUMOM 9aCcTU JUJIEKTPUIECKON TPOHUIIAEMOCTH IIPUBOINT
K YBEJIMYCHUIO JJIEKTPUICCKOI ITPOBOJAMMOCTH, OJTHAKO, B TO K€ BpeMsd, 9TO TaK-
’Ke 3HAYNTEIbHO BJIMseT Ha JOOPOTHOCTb pPe30HaHCa, YMeHbInas ee. B cBsa3M ¢
9TUM, BKJajg o F 2 cJIeJlyeT pacCMOTPETh II0JIpOOHEee.

Onrudeckne pe30HaHChl MOYKHO OIKCATH MOJE/bIO OCHIJIISITOPa C BSI3-

KM TpEHHEM C HEKOTOPbIMH JOIIYIICHUAMU. CJIG,ZLOB&TGJH)HO, BOJIN3H OITHUIe-
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CKOI'0 pe30HaHCca wy PaKTop yCuIeHus 1oJst F' MoxKeT ObITh BhIpaykeH Kak F' ~
1/ (cug —w?— iw*y), rjie 7y - MOJIHBbIe ONTHYecKue 1norepn cucrembl. [Ipu Oosee
JleTaJIbHOM PacCMOTPEHUM, TIOJIHbIE ONTHYECKIE TIOTEPU UMEIOT JIBa BKJaJa: y =
Yrad F Yohmic, & UIMEHHO — paduatuorHbie 1 6334y amenvrvie (LI OMUYECKUE)
notepu. Besbr3sydaresbHas 9acTh MPOMNOPIHOHAJbHA Im(g), TOITOMY BKJIAT
o F? na pesoHaHCcHOl yacTOTe Wy IIPONOPIMOHATCH ~ Yohmic/ (YOhmic + Vead)?,
U3 9ero cjeayer, 4To IPU SKCTPeMasbHO BHICOKIX OMUYECKUX IIOTEPSIX, MOJTHA
1orJIolaeMast MOIIHOCTb CTPEMUTCs K HYJIIO.

JlaJibHeillee paccMOTpeHNe HPUBOJUT K TOMY, 9TO IIPHU OIPEIeJIEHHOM
pUKCHPOBAHHOM 3HAYEHUHU PAJIMAIMOHHBIX HOTEPh VYrad MAKCHMAJLHOE 3HAUE-
HEe TIOIJIOMIEHHOH MomHocTH Oyaer gocTurathest Ipn (0 F?)max ~ 1/(4%cad)-
JlanHoe MakcuMaJIbHOE 3HaYeHHe JIOCTUTAeTCs IIPU PABEeHCTBe PaJUuallIOHHBIX 1
HEPAINAIMOHHBIX TOTEPD YOhmic A Vrad- PAIMAIIMOHHBIN BKJIA TOTEPH Yyad MOZK-
HO MUHUMM3UPOBATH, B39B PE30HAHCHYIO HAHOYACTUILY, pa3Mep KOTOPOil MHOIO
MEHBIIIE JIJIMHBI BOJIHBI A. DTOr0 MOYKHO JOCTUUDL JJIsI CJIydas ILJIa3MOHHOI Ha-
HOYACTUILLI, TTOAAEPKUBAIOIIEI JIOKAJIN30BAHHDBIN ITOBEPXHOCTHDBIN TIJIa3MOHHDBIA
pesonaic (JIIIIIP) ¢ 3apamnnoii masMennoit 4acToToit Wy, I1e Yrad <K YOhmic- 11PN
JITITIP pajualuonuble HOTePH Yoad NPUOIU3UTEHHO PABHBI A2 Wi /wﬁ(wD JA)3.
DTOT aHAJIM3 MPUBOJUT K TOMY, 9TO PaUAINOHHBIE TOTEPU “Yyad OTHOCUTETHHO
HEBEJIMKHU 110 CPABHEHUIO ¢ wy u3-3a cooTHotenust (D /\)3.

[eficTBUTENIBHO, 3T TEOPeTUYecKue IpeIcKa3aHusl U OIEHKN II0ITBEp-
JKJIEHBI aHAJIMTUIECKN, U UX MOXKHO yBujerb Ha Puc. 1(b), rie B ciaydae o1-
HOCHTEbHO HeGoJIbINX HanodacTutl (A/D = 10) pe3oHAHCHBIIT ONITHYECK T Ha-
rpeB HabJIIOIAeTCsT TOJIBKO B 00JIaCTH ¢ OTPUIIATEIBLHO JeficTBUTE/IbHOI 9aCThIO
JI9JIEKTPUYIeCKOil poHntiaeMocT Re(€), a MakcnMaibHOE 3HAUEHUE TeMIIepa-
TYPbI JIOCTUTAETCS IIPU OTHOCUTEIHLHO HEOOIbININX 3HAUEHUAX MHUMOIT 9acTu -
9JIeKTpUUecKoil nporuriaeMoctu Im(g), rie Kak pas BBIIOJHSAETCS COOTHOIIEHIE
OajlaHca U3JIy4aTeJIbHBIX U OMUYECKUX IOTEPb YOhmic < Yrad- OOpaTHast Kap-
TrHa HabJitomaeTcss jsi 0ojiee KPYIIHBIX HAHOYACTHI], 9TO MOYKHO YBUJIIETh Ha
Puc. 1(c). Hamuane ropstaux To9ek jijist ONTUIECKOTO HATDEBa B TOJIOKUTEb-
HOM JIara3ote AeCTBUTEIbLHON YacT! JTNIJICKTPUYCCKON ITPOHUIIAEMOCT O3Ha-

Ta€T, 9TO IIOJIYIIPOBOAHUKOBBIE HAHOY9aCTHUIbI MOT'YT OY€HDL S(i)(beKTI/IBHO OIITH-
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YecKN HarpeBaTbesd. Hampumep, Vyaq I IUTOTBHBIX MOJT IOBOJIBHO BBICOKA, &
MaKCHMaJIbHasI TeMIIeparypa JOCTUrAeTCs HPHU OOILIINX OMUYECKUX IMOTEPSIX.
C pyroit cTOPOHBI, €C/IN paccMaTpuBaTh PE30HAHCHI 00JIee BHICOKOI'O IOPSIJIKA,
HAIIPUMep MarHUTHBII KBaJIPYIIOJIbHBIH, TO cjiejyeT 0:KHIJIaTh MeHBIIero 3Ha-
YeHUSA Yyad, U, CJACIOBATE/IBHO, ONTUMAJILHBIM JIA3€PHBIM HAIPEBOM OKarKyTCs
00J1e€ HUBKME 3HAYCHUS YOhmic. 110CaeIHEe MOXKHO YBUIETh JJIs 00Jiee BHICOKIX
Re(e) na Puc. 1(c).

Bausanue appexmusrozo obsema modv. pyroit haxTop, KOTOPBIl BHO-
cUT OOJIBITION BKJIaJI B 00IIee MOrJIONIeHNe CBeTa, HAHOYACTHIIECH U, CJie/IOBATE/ b
HO, CIIOCOOCTBYET HarpeBy, - 3T0 3(pHeKTUBHBII 00beM PE30HAHCHOM OIITHYIeCKOi
MOJIbI HaHOpe3oHaTopa Vog. B obiieMm ciydae, yem 6oJibiie pazMep HAaHOYACTUIIBI,
TeM OoJibie onTudecKuit Harpes. OHAKO CIEJyeT OTMETUTh, 9TO Vg MOXKET Cy-
IIIECTBEHHO U3MEHUTH TaKoe Mpe/ioioxKenne. Ecym paccmMaTpuBarh M1a3MOHHY O
HAHOYACTHUILY, IJIe JefiCTBUTeIbHAs YaCTh JUIJIEKTPUIECKO IPOHUIIAEMOCTH OT-
puriaresibia (Re(e)< 0), riyOnHa CKUH-CI0s1 HATHHACT OIPEIE/ISITh 3D (HEKTHB-
HBIIT 00beM MOBI. A MMEHHO, TUINYHAS TOJIINHA CKUH-CJIO0SI, PACCTOSTHIE, Ha
KOTOPOM CBET PACIpPOCTPAHSIETCSI BHYTPH MaTepHuaJia IPU YMEHbIIIEHUN BeJINIn-
HBI [T0JISI B € pa3, JJIsl IJIa3MOHHBIX MAaTEPHAJIOB €/1Ba Ji IpeBbiiaeT § &~ 20 HM B
BujinMoM Jinanazone. CregoBare/bHO, Vg JIJId 11J1A3MOHHOM HAHOYACTHUIIBI OlIpe-
JeJIsleTCsl TUIYOMHON CKIUH-CJIOS CJIELYIONM obpaszoM: Vg ~ mD?§. B otimune
OT IJIA3MOHHBIX MaTepPHUaJIOB U HAHOYACTUIL, JUIJIEKTPHUUIECKUE U IOJIYIIPOBO/I-
HUKOBBIE MaTepuaJibl B OCHOBHOM IIPO3pavHbl JIJIsI CBeTa B BUIMMOIl obsacTu
CIIEKTPA, 1O09TOMY 3(MPPEKTUBHBIIT 00beM MOJIbI OOBIYHO TOPsijiKa (PU3UIECKOIO
obbeMa HAHOYACTUIILI. UTOOBI OBITH OOJIee TOYHBIM, JIJIsd pe3oHaHca Tuna Mun
3 DEKTUBHBII 06'bEM MO MOYKHO OIPEJIeIHTD, KaK Veg A2 D3 /6.

HermocpeicTBeHHbIil BBIBOJI, KOTOPBIN cjielyeT u3 aHam3a 3P HeKTIBHOTO
o0 beMa MOJIbI, 3aKTI0UAETCS B TOM, 9TO JIJIsT JUIJICKTPUICCKIX U IOy TPOBO/THU-
KOBBIX HAHOPE30HATOPOB — yBeJIMYEHIE pa3Mepa HAHOPE30HATOPa YBEJIUINBaAET
TEeMITepaTypPy ONTUYECKOro Harpena. ToT »Ke MOJIXOJ JIJId MJIA3MOHHBIX ropas;io
MeHee 3 PEKTUBEH.

OO1mmit BeIBOJL JJIs aHAJIM3a TAKOIO OINTUYECKOIO HaIrpeBa, MOJIYIIPOBO/I-

HUKOBBLIX 1 JUIJIEKTPUYICCKUX HAHOCTPYKTYP MO2KHO OITKUCAaTh CJE€AYIOININM o6pa—
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30M: 5 (PEKTUBHBII ONTUYIECKUIT HAIPEB B PE30HAHCHBIX IOJIYIIPOBOJIHUKOBBIX 1
JINDJIEKTPUYECKUX HAHOYACTUIIAX MOXKET OBITH JIOCTUTHYT HPHU COOJIIOIeHnN Oa-
JIAHCA TOTEPh — PaUAlINOHHBIX I oMuYuecKuX. [1ocKo/IbKY 110 cBOeit cyTn oMute-
CKHe MOTepPU B JINIJIEKTPUKAX HUBKHUE, CJIeJIyeT paccMaTpuBaTh 0oJjiee KpPyIHbIE
JaCTUIIbI, KOTOPBIE OAAEPKUBAIOT Y3KIE ONTHIECKIE MOJIbI BBICOKOTO IOPSIIKA
C BBICOKOIT JJOOPOTHOCTBIO, KOTOPbIE Tak:Ke 00JIaal0T HU3KUM PaIHallliOHHbIM
KaHAJIOM T0Tephb. HampoTus, mia3MOHHBIE YACTHIILI JIEMOHCTPUPYIOT JIyUIIYIO
3 HEKTUBHOCTE, KOTIa pasMepbl HAHOYACTHIL JIOBOJIBHO MaJibl [19)].
Onmuueckuti nazpes ¢ memnepamyproti 06pamot c6a3v10. OCHOBHBIM
[IPEUMYIIIECTBOM KPUCTAINIECKUX TIOIYIIPOBOIHIUKOB II€Pe/l IIJIA3MOHHBIMI Ma-
TeprajiaMi SIBJISIETCsl HAJIM4Ine cOOCTBEHHOI'0 KOMOMHAIIMOHHOTO PACCesTHUSI, KO-
TOpOe MOXKHO 3(Pp(DEKTUBHO HCIOJH30BaTh B KaveCcTBe TEILJIOBOrO 30H[1a. BoJee
TOTO, PE30HAHCHDBIE KPUCTAJJINIECKHE HAHOYACTUIIBI, IOJJIEPKUBAIOIIIE MOJIBI
Mu, MOryT OCTpO yCcmJIMBaTh MHTEHCHBHOCTH KOMOWHAIIMOHHOI'O PACCETHUSA Ha
JBa nopsijika [17], 9o BriocsieicTBIN MOYKET 00ECIIeUnTh IIPAMYIO TEPMOMETPHIO
Ha OCHOBE paMaHOBCKOI'O ¢jBura. B camowm jese, onTHYeCKUil HAI'PeB OJMHOY-
HOI'O HaHOPE30HATOPA MOXKHO YBHUJIETb U3 CIEKTPOB KOMOMHAIIMOHHOI'O pacce-
SIHUSI B BHJI€ CHHErO CJBHUTa CIEKTpa IPHu 00Jiee BBICOKHX TeMIlepaTypax, Kak
nokasano Ha Puc. 2a. Bojiee Toro, kak TeopeTnydecku, Tak U SKCIEPUMEHTATHLHO
Ob110 XOpotio u3ydeno M. Bajakuckum u dp. [22], aro u3-3a aHrapMOHUYIECKIX
9P deKTOB B KOJIEOAHUSIX PEIIeTKHU I0JI0YKeHNe CIeKTPaJIbHONI JIMHIN KOMOUHA~
IIMOHHOI'O PACCEsIHUS SIBJIsIeTCS] TEPMOYYBCTBUTEIbHBIM. JleficTBUTEIbHO, YaCcTO-
Ta JIMHUN ONTHYIEeCKOro (hOHOHA, OTBETCTBEHHON 38 KOMOMHAIIMOHHOE PaCCesTHIe

cBeta (§2), onpejiesisieTcs: TeMIIEPATY POl CJIeIYIOIINIM 00Pa30M:

2 3 3
Q(T):Qg—f—A 1+6I——1 + B 1+€y—1+(6y—1)2 , (4)

rie Qy = 528 em', A = 296 ecm', B = -0174 emt, =
/2T,y = hQy/3kT nis KpuCTaIndeckoro KpeMuus [22].

[IpsaMoe coOOTBETCTBIE MEZKJLy CIIEKTPAJILHLIM IIOJIOXKEHIEeM KOMOMHAI-
OHHOT'O PACCESIHUST CBETa U TEMIIEPATYPOil OTKPBLIBACT IPEKPACHBIE BOZMOMKHOCTH
st PAMAHOBCKOfT HaHoTepMomeTpun |23).

Puc. 2a nzobOpakaeT cHeKTpaJbHBIN CJABUT CHEKTPOB KOMOMHAIMOHHO-
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Pucynok 2 — Onruyecknii HarpeB u PamaHoBckasi TepmomMeTpust
KPHUCTALTIMIECKNX KPEMHUEBbIX HAHOYACTHIIL. &) DKCIEePUMEHTAIbHBIE CIIEKTPHI
KOMOMHAIIMOHHOTO PACCeSTHUSI CBeTa, JIId chepuIecKuX HAHOIACTHIL ¢-Si nuamerpom 350 HM
Ha CTEKJISTHHOIN TOJJIOXKKe. b) DKermepuMeHTaIbHbI (KpacHble KPYKKHU) U YUCTEHHO
pacCYMTAHHBIN (KpacHbIE CIJIONIHBIE JIMHUK) ONTHIECKUil HATPEB C(hePUIEeCKUX HAHOUACTHIL
c-Si. CuHune JIMHUM COOTBETCTBYIOT ONTUYECKOMY HArpeBy chepriecKux HAHOUACTHUIL 30JI0Ta.
PaccmaTpuBaemast JIIMHA BOJIHBL A = 633 HM U MHTEHCUBHOCTDL cBeTa Iy = 2 MBT/MKM.

Bssro u3 [21]

I'o paccesdHrs PN YBeJINIeHNN WHTEHCUBHOCTH T lafolero jasepa. V3 ypasne-
HUST 8 MOXKHO OIPEJICIUTb, UYTO CHEKTPAJILHBII CIBUI OT HAYAJILHBIX YCJIOBUI
10 509 cm ! coorsercrByer ontmueckomy narpesy AT ~ 600 K. Bosee Toro,
METOJI, OCHOBAHHBIN Ha paMAHOBCKOI HAHOTEPMOMETPUU U ONTHICCKOM Harpe-
Be, MTO3BOJISIET ¢ TOYHOCTDIO JIO CYyOMUKPOHHOTO Pa3pelienns: KapTorpapupoBaTh
pacripejieJicHie TeMIepaTypbl HAHOOOBEKTOB € IMOMOIIBIO TOYHOTO MO3UITMOHU-
poBaHus 1be30-1puBoj oM. CTOUT OTMETUTH, YTO B XOJE IKCIECPUMEHTAJIHHBIX
NCCJIeJIOBaHIIT He OBbLIO 0OHAPYKEHO HEOOPATUMBIX M3MeHeHUi (as3bl, (POpPMbI
UM pa3Mepa HaHOYACTHIL.

OnuncaHHbIN B 9TOM pasjiesie MeTo/l, OCHOBaHHBII Ha TEePMOUYBCTBUTE b
HOM KOMOWHAITMOHHOM PACCESHUH CBETA, MO3BOJISIET MCCIEOBATH TEMIIEPATYPY
HAHOYACTHUIL, CAEJTAHHBIX U3 PA3JINYHBIX TMOJTYITPOBOIHUKOBLIX MATEPUAJIOB, MIPU
ITPOU3BOJILHOM JIa3epHOM BO30YZKJIEHUN, PN Pa3JIMIHBIX JIPYTUX CBOMCTBAX M,
qTO OoJiee BaXKHO, B OYEHb IMUPOKOM Jjranasone temmeparyp g0 1000 K, kax
nokazano Ha Puc. 2(b). Onrudecknii HArpeB U HAHOTEPMOMETPUST KOMOMHAIIH-
OHHOT'O PACCETHIA XOPOIIO COTJIACYIOTCS € TEOPETUUECKUMU PacueTaMu, W pe-

3yJIbTaTbl BOCIIPOU3BOAMMEI. Crour OTMETHUTD, 9YTO 3KCIIEpUMEHTaJIbHbIE JJaHHbIC



22

OBLIM XOPOIIO OIKCAHbI 06€3 ydueTa TePMOOITUYECKUX HeJMHEeHHBIX 3(PEeKTOB B
MaTeprasax HaAaHOPe30HATOpa, KOTOpble Ha CaMOM Jiejie MOTYT CYIIECTBEHHO U3~
MEHUTH I0Ka3aTesb MPEJIOMJICHHS, TEIJIOIPOBOJHOCTL HAIPETHIX MaTepHaJioB,
cJIeI0BaTe/IbHO, ONTHYECKUE PE3OHAHCHI U XapaKTEPUCTUKN ONTHIECKOro Harpe-
Ba [24].

TeopeTnyeckn 1 9KCIEPUMEHTAJIbHO JOKA3aHO, UTO ONTHYECKUIl Harpes
HAHOYACTUIL KPUCTAJJINIECKOTO KPEMHNS OUeHb YYBCTBUTEIEH K YCJIOBUAM PE30-
HaHCa, M09TOMY ONTUYECKHIT HAIPEB CUJILHO 3aBUCUT OT JiMaMeTpa HaHOCQEPHI,
kak BujiHO u3 Puc. 2(b). Obias KOHIENIs 3aK/II09aeTCst B TOM, 94TO YeM TOUHee
MOXKHO HACTPOUTH pa3Mep HAHOYACTHUIIBI 110]I Pe30HAHCHbIE YC/IOBUsA, TeM DoJiee
SIBHO OyJIeT HaOJIOJAThCs CIEKTPAJIbHBIN CABUT KOMOMHAIIMOHHOI'O DPaCCesTHHSsI
cBeTa, 1, CJeJ0BaTEIbHO, TEM CUIbHee OYJIeT JOCTUTHYTHIN ONTUYIEeCKN HarpeB.
Puc. 2(b) nemoHCTpUpYeT sIpKO BBIDAYKEHHOE PE30HAHCHOE IOBEJIeHNe, U3 KO-
TOPOrO MOYKHO CJIJIATh BBIBOJ], YTO ONTHYECKUE MOJbI HU3KOTO Hopsaka (/1)
HE TI0/IJIEP>KUBAIOT BICOKOI(D(MEKTUBHBII ONTUIECKUIT HATPEB (HpMMeprlﬁ ana-
metp 160 HM), ogHako mpu guamerpe 230 HM HAHOYACTHIA KPUCTAJITIECKOTO
kpeMuang obsragaer MK ontudecknm pesonancom. Mobr 0oiee BBICOKOTO TOPSII-
Ka, TMOSBJISIONINECS B HAHOYACTHUIAX OOJIBIIErO pa3Mepa, HeJ0CTaTOYHO YJIyd-
MTAI0T XapaKTePUCTUKU ONTUIECKOTro Harpena. TakuM odpa3oM, MOYKHO CJie/IaTh
BBIBO/I, UTO JIJIsI CJIydast ONTHUYECKOIo HarpeBa HaHOCQEPhl MOHOKPUCTAJLINIE-
ckoro Kpemuusi HerpepbiBHbIM HeNe 632,8 HM Jrazepom HanboJiee ONTHMAJIbLHBIM
YCJIOBUEM SIBJISIETCST BO3OYK/I€HNE MArHUTHOM KBaJIPYIIOJILHONW MOJIBI.

Ipumenenue onmuvecko2o Hazpesa 0an cucmem JoCmasku AEKAPCME.
Kax yzke yloMuHaJI0Ch paHee, TECHBIN «COI03» MeK/Iy HaHO(MOTOHUKON 1 Grome-
JIMIIIHO HPUBEJI K IMIUPOKOMY CIIEKTPY OecIperieeHTHbIX TPUMEHEHU onTne-
CKUX KOHIIEIINI B peaIbHbIX IIPUJIOyKEHNsIX. B mociegamne necsaTuieTust HAaHO(O-
TOHUKA W OMOPOTOHNKA B OCHOBHOM aCCOIUUPOBAIUCH C IJIA3MOHHBIMU CTPYK-
TypaMi U HaHOYACTHIIAMHU — KaK 3a UX SIPKUE CBOHCTBa MPeodpa30oBaHUsT CBETA,
B Terio [26], Tak m 3a BBICOKYIO JIOKAIM3AIMIO SJIEKTPOMAIHUTHOIO 1oJist [27).
OnHako B IOCJIEIHIE HECKOJILKO JIeT BCe 0OJIbIe 1 0O0JIbIe OMO-IPUIOKEHN
HAHO(OTOHUKHI PEAJM3YIOTC Ha OCHOBE JIUIJIEKTPUUIECKUX MaTepuasioB U OIl-

TUYECKUX OTKJIMKOB MOJTyIPOBOJHUKOBBIX cTPYKTYP [28-30]. TToaxom K ucoib-
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30BAHUIO TIOJIYIIPOBOJHUKOBON HAHOMOTOHUKN /I OMOMEIUIIMHCKUX TPUJIOZKE-
HUIl B OCHOBHOM OCHOBaH Ha BO30YZKJEHUU OJIMHOYHBIX ONTHYECKUX MOJ| THIIA
Mu mim ux KOMOMHAIMI 1 KOJIIEKTUBHBIX Pe30HAHCOB. OJIHUM 13 BO3ZMOKHBIX
MPEUMYIIECTB JUJIEKTPUIECKUX CTPYKTYD JiJis OHOMEIUIIMHCKIX [TPUIOZKEeHHIT
SIBJISIETCST BOBMOZKHOCTb U3MEPEHUs TeMIIEPATYPhI ¢ [OMOIIbI0 KOMOUHAI[OHHO-
ro paccesHusi CBeTa WM CUTHAJTa (POTOJIOMUHECHEeHIN. B 9ToM pasfesie Mbl
IpeJiIaraeM UCIO/Ib30BATD TI0JIYITPOBOHUKOBbIE HAHOUACTHIIB! JIJIT OIITUIECKH-
VH/TYIIUPOBAHHOTO BBICBOOOKJICHNUS JICKAPCTB B CHCTEMAaX MUKDPOHOCHTEJICH J1Tst
aJIPeCHOil JIOCTaBKU JIEKAPCTB.

[Tpumenenne a-FeyO3 puBesio K MpsiMoOMy H3MEPEHIIO TeMIIEPATYPbI Bbl-
CBODOZKJICHNS JIEKAPCTBA U3 KAIICYJTbI. VI3Mepenne ¢ moMoIbio paMaHOBCKOl Tep-
MOMETPUH TTOKA3bIBAET, YTO CPeJIHee 3HAUEHIE TeMIIEPATYPhl PA3PbIBa KAIICYJIbI
cocrasiister ipumepro 170° (Puc. 3 (¢)). Crour orMernTh, 9T0 Ha PACCTOSHUNI
5 MKM OT HAHOYACTHUIIBI TeMIIepaTypa CHIzKaeTcsi Ha nmopsiyiok (B 10 pas).

B kauecTBe j10Ka3aTe/IbCTBA KOHIENIIN OBbLITH [TPOIEMOHCTPUPOBAHBI J[0-
CTaBKa 1 OMTUYIECKHUIT PA3PBIB MOJUMEPHOTO HOCUTEJISI-KAIICYJTBI i MOCJIeYIOTIee
BBICBOOOZK JIEHIE TIPOTUBOOITYXOJIEBOTO JIEKAPCTBEHHOI'O IIperapaTa BUHKPUCTHH
(VCR) ¢ nomormipio sazepa 6immkaero VK-ananasona ¢ unrencuBrocThio 4,0
x10% Br/cm?, seficTByiomero B OKHe HPO3PAYHOCTH GMOJOMMYECKNX TKaHeil, ¢
IOMOIIIBI0 9(h(HEKTUBHOTO ONTUIECKOTO HAIPEBA U HAHOTEPMOMETPUE HaHOYA-
crur, a-Fe;O3. Brosormaeckue TecThbl MPOBOIIINCH HA JIBYX OCHOBHBIX THUIAX
KJIETOK: (1) KJIETKH KapIMHOMBI, KaK MPUMEp 3JI0KadeCcTBeHHON omyxosn, u (ii)
CTBOJIOBBIE KJIETKHI YeJ0BEeKa, KaK MOJIEb 370poBbix KieTok (Puc. 3(e, f)).

Hasee sra KoHiemniyst Oblia 9KCIEPUMEHTAJBLHO JOKA3aHA HA KJIeT-
Kax KapruHoMmbl. Karcysia, 3alojiHeHHasi TPOTHBOOILYXO/IEBbIM JIEKAPCTBEHHBIM
cpeacrBom VCR, yermentio BbIcBOGO/ A JIEKAPCTBEHHOE CPEJICTBO MOCIIE JIa3ep-
HOrO OOJTy9eHUsl U MOC/IE/IYIONEero TepMUIeckoro pas3pbiBa Karcy/bl (Puc. 3(e,
f)). Bosiee Toro, MHTEHCUBHOCTD JIA3EPHOIO M3JIyYeHUs ObLIA JIOBOJHHO YMEPEH-
HOI, TAK 4TO KOHTPOJIbHbIE (CTBOJIOBbIE) KJIETKU He TTOCTpaIa. Buosornaeckast
gacTh pabOTHI ObLIa MpojesiaHa H.c. MuxamioMm 3103WHBIM U H.C. AJIeKCaHIPOM
TuMuHbIM, 1 ee MOKHO HaiiTi B [31].

B 3ak/iouenue ri1aBbl, ObLIO ITOKA3aHO, YTO OT/Ie/IbHAs TOJTYIIPOBOIHIKO-
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a-Fe;03. (a) Cxema KOHIENINE CUCTEM JIOCTABKE JIEKAPCTB HAa OCHOBE MUKPOKAIICYJI C
HanougacturamMu a-FeoOz, BCTDOEHHBIME B CTEHKY /It (DOTOTEPMUTECKON aKTHBAIIIN
nporiecca BeicBOOOXK eHnst Jekapersa. (b) I'mcrorpamma Kosmaecra Hanodactur a-FegOg,
YCIIEITHO 3aXBaveHHBIX B MMOJIMMEpHON Hecyteit crenke. Beraska: COM nzobpazkenus
TUINUYHBIX U3MOTOBJIEHHBIX Karcyl. Macimrabuas mkasa - 2 MrM. (¢) ['nerorpamma
HAOJTI0/IAEMOTO PA3pbIBa KAIICYJIbI O/, JEHCTBUEM JIA3€PHOTO M3y YeHUs. SHAUCHWS
TeMIIepaTypbl ObLIN MOJIYYEHbI ¢ TIOMOIILI0 paMaHOBCKOil Tepmomerpun. (d) CeersionosibHbIe
MUKPOCKOITIIECKIE N300payKeHNsT KAIICYIbI JI0 U MOCJIe Ja3epHOro obiryderus. (e)
Bricsobox iennast konrenTpanus sunkpuctuaa (VCR) kak dbyHKIMs BpeMeHH ¢ JIa3epHBIM
obsryaenuem (Kpacublit) u 6e3 (cunmit). (f) 2Knsnecrocobnocts kiaerok kapiHomsl (CC)
[10CJIe SKCIIEPUMEHTOB TI0 JOCTABKe C JIa3ePHO-UHIYIIMPOBAHHON aKTUBAIHe
BBICBOOOXK IeHUsI JieKapcTBa. KpacHbie ¢To 0161 coorBeTcTBYI0T CC, PO30BBIE CTOJIOIBI
COOTBETCTBYIOT CTBOJIOBBIM KJIeTKaM (KOHTDPOJIb). PasHble cTOIOIBI COOTBETCTBYIOT PA3HOM

MCXOJ/THOM KOHIICHTPAIIUU MOJTUMEPHBIX Kallcysl. Basro u3 [31].

Basi HAHOYACTHIIA, TIOJJIePyKUBaloIast pe30HaHChl M1, MOXKeT CJIy?KUTh ITPOCTO
1 YHUBEPCAJTBHON HAHOIIAT(OPMOIT (HArpEBATEIb-TEPMOMETD), KOTOpasi I0/I-
JlepkuBaeT 3pdeKTuBHOE TpeodpazoBaHne CBeTa B TEIJIOBYIO SHEPIUIO U M-
POKUil Jgualia30H U3MepeHusi TeMilepaTypbl. B dacTHOCTH, TaKas HaHOCHCTEMA,

IIPOJIEMOHCTPUPOBAJIa CBOIO d(P(MEKTUBHOCTD JIJIsI OMOMEIMIIMHCKUAX TTPUJIOZKE-
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HUii, TpeOyIoux (POTOTEPMIIECKOIO BO3ICHCTBUSI.

B Tpetbeii riiaBe onuckiBaeTcs peansals KOMOMHAIIMOHHOI'O paccesi-
HUsI CBETA JIJIsT UCCJICJIOBAHIS U CTUMYJINPOBAHUS (DOTOTEPMUIECKOTO (Pa30BOI0
nepexo/ia B OJJMHOYHBIX HAHOPE30HATOpPAaX. DBIIO MoKa3aHO, Y4TO OJIHOBPEMEH-
HbIl OITUYECKNUII HAI'PEB U HAHOTEPMOMETPUs, pea/in30BaHHasl 3a CUeT TepPMO-
YyBCTBUTEJIBHOI'O KOMOMHAIIMOHHOI'O PACCesiHUsl CBETa OT PE30HAHCHBIX II0JIY-
IIPOBOJIHUKOBBIX HAHOYACTHUIL, MOT'YT HPUMEHSITbCS JIJIA Psjia MPUJIOXKEHUN Ha-
HO(DOTOHUKU, CBA3AHHBIX C¢ (POTOTEPMUYCCKUMHU IpolieccaMi. B jaHHOl TiaBe
u3ydaJscs MPoIecc KPUCTAIU3AIUN ONTUYECKN PE30HAHCHBIX HAHOIUCKOB W3
aMOpdHOTO KpeMHNEeBOit (a3bl, BEI3BAHHBIN JIOKAJIBHBIM OITHIECKIM HAIPEBOM.
Daz30Bblii HIEPexo] HADIIOIAJICS U KOHTPOJIb TeMIIepaTypbl IPOBOIIIICS IIPU I10-
MOIIIN CIIEKTPOB KOMOMHAIIMOHHOTO paccesinus ceeta. [loyrydueHo, 4To Temiepary-
pa HadaJjia (as30BOro Iepexojia u3 aMOp@HOr0 B MOJUKPUCTAINIECKOE COCTO-
siHUEe JIJIsl OJJMHOYHOI'O KPeMHMEeBOro HaHojucKa coctapisier okoso 900°C. [a-
Jiee, yxKe HMOJIMKPUCTAINISCKI HAHOMUCK HPOJEMOHCTPUPOBAJ BO3MOXKHOCTD
K MHOI'OKPaTHOMY OOPATHMOMY OIITHYIECKOMY HAIPEBY B JUAlIa30HE TeMIIepaTyp
3001000 K.

[Ipornecc dazoporo mnepexojga u3 aMopgHON B KpUCTAJINYECKYIO0 a3y
JJIst KDEMHIEBOTIO HaHO TCKa 1oka3aH Ha Puc. 4(a). [lns obecriedenust 1 KOHTPO-
Jist az0BOro 1epexojia B OJMHOYHOM HAHOJMCKE, ClepBa ObLI MOJYYeH CIIEKTP
KOMOMHAIMOHHOI'O PACCesiHUs B TaK HA3BIBAEMOM «XOJIOJIHOM» PEXKIMe, [IPH MH-
TencupHocTd Hakadku 0,06 MBt/cM? Taxoit, 4To TemiepaTypa I[UCcKa IpaKTHye-
CKHU HE M3MEHSIJIACh. 3aTeM 3TOT JIUCK I0JIBepraJics 0ojiee HHTEHCUBHOMY 00JIy-
denuto rejimii-neonosbiM Jazepom (0,39 MBr/cm?), uto unynuposaso gpasobblii
nepexos. IIpu Temneparypax okoso 600800 °C HAHOINCK HAYMHAJ IEPEXOINTD
3 aMopHOIT B MOJUKPUCTAINIECKYIO (ha3y, KaK BUJIHO U3 PUCYHKA. SHAUEHU
TeMIlepaTypbl KPUCTALTH3AIN COBIAIAIOT ¢ U3BeCTHBIME [33], & TeMieparypa
HarpeBa COIOCTaBUMa C paHee JOCTUIHYTHIME IPU aHAJOIMYHON MOIIHOCTH Ha-
KauKI, HO Jyist chepruidecknx HanodacTui [21].

Ha Puc. 4(b) noxasana mupsiMast TemiieparypHas 3aBHCHMOCTH CIICK-
TPaJILHOI'O TIOJIOYKEHIS KOMOMHAIIMOHHOI'O PACCedHIsT KPUCTALINIECKOIO KPeM-

HUA IIPU PA3JIMYHBIX TEMIIEPpATypPax. CHGKprI KOM6I/IHaLLI/IOHHOFO paccedanud 110-
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Pucynok 4 — @oToTepMUYECKUil OTKUT KPEMHUEBOTO HaHOAUCKA. (a) CrnekTphl
KOMOMHAIIMOHHOTO PACCestHUsI HAHOJMCKA JI0 U 10C/Ie JlasepHoro BozjeiicTus (b)
Teopernyeckas 3aBUCHOMCTD CIHEKTPAILHOTO CABUTa (DOHOHHON JTMHUU KPUCTAJLIMICCKOTO
KpeMHUs OT TeMiieparypbl (cM. ypasaerue 8). (¢) CroekTpbl KOMOUHAIIMOHHOIO PACCesTHUS
OJMHOYHOIO IIOJIMKPUCTAJLINIECKOIO HAHOAMCKA, IIPU PA3IMYHLIX 3HAYCHUAX MHTCHCUBHOCTH
nakauku. (d) IIpocTpancTBeHHOE pacHpeieieHe TeMIIEPATYPhI OIITUIECKOI0 HAIPEBA B
3aBUCHMOCTH OT IIOJIO?KE€HUA MCTOYHHUKaA OTHOCHUTEJIbHO OJMHOYHOI'O HaHOJAMCKA. B3HTO

u3 [32].

cJie OTKHTa COOTBETCTBYIOT TOJMKPHUCTAJLIIIECKOMY KPEMHIIO TaK Kak [33]: Bo-
[epPBBIX, 00J1a1al0T aCUMMETPHell OTHOCHTE/IBHO IIEHTPAJILHOIO CIHEKTPAILHOIO
HOJIOZKEHIS, KOTOPast 3aMETHO IIPOABJIsieTCsl IpU 00J1ee BLICOKUX TEMIIEPATYPax
HArpeBa JAMCKa; BO-BTOPDIX, XapaKTePHbIe CIIEKTPaJIbHbIE IIIPUHBI PAMAHOBCKUX
IIMKOB Ha MOJTy-BbICOTE TIpeBbImaloT 10 cM ™! maske mpn MajIbIX HHTEHCHBHOCTAX,
B TO BpeMsl Kak JIJIsi MOHOKPHCTAJLINYECKOIO KPEMHIS 9Ta BeJUINHA HE [PEBbI-
maer 5 cm L

Ha Puc. 4(d) npencrasien nmpumMep JBYMEPHOIO KapTUPOBAHUS PACIIPE-

JeJICHUA OIITUYECKOI'O Har'peBa OAWMHOYHOI'O HAHOOOBLEKTa B 3aBUCUMOCTU OT II0-
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JIO?KEeHUs NCTOYHMKA 1 obJiacTu cobopa.

JlaHHBIIT MeTO/T 1T03BOJIAET OBICTPO U YJIAJEHHO JIOKAJIBHO NHLYIIUPOBATH
dazoBble TIepexo/Ibl B aMOPGHBIX MOJIYITPOBOJIHUKAX MTPU TOMOITH ONTHIECKOTO
HarpeBa U KOHTPOJIA CTENEHH KPUCTAJIMYHOCTH U TEMIIEPATYPBI 38 CUET KOM-
OMHAIIMOHHOTO PaCcCesiHusI cBeTa. Takoil 1oIX0[d 0co00 110Je3eH JIjIsi NeHepalllii
BTOpOit rapmornkn [10] u mupokonosocHoii doromomutectiennnn [34].

B 3ak/iouenne, B 9Toil riiaBe ObLIO TTOKA3aHO, YTO KOMOMHAIIMOHHOE Pac-
cesiHIe CBeTa MOXKET OBITH 3(PPEKTUBHBIM KaK JIjIs TEPMOMETPUN, TaK U JIJIs NC-
CJIeJIOBaHUST CTEINEeHN KPUCTAJIMYHOCTU OJMHOYHON HAHOYACTHIILI. B KadecTBe
HOITBEPZK ICHNsT KOHIEIITNN OBLIO ITOKA3aHO, YTO METAIIOBEPXHOCTD, COCTOAIIAS
13 OT/IE/IbHBIX KPEMHUEBBIX HAHOCTOJIONKOB, MOXKET OBITH MOJIUMUITTPOBAHA ITy-
TeM 3(PEKTUBHOIO ONTUIECKOTO Harpena. V3-3a TemmepaTypHoil JTOKaM3aIlnn
B BEpIINHE HAHOCTOJIONKA, KOTOPas JIoKa3aHa TeOPETUIECKH, MJIaBIeHNEe MOXKET
IIPOUCXOJIUTD € DOJIBINOI TPOCTPAHCTBEHHON TOYHOCTBIO Oe3 MouduKamum 0J11-
JKAMIIX coceJleil.

B geTBepToii ry1aBe pacckasbiBaeTCsA O CIIOCOOHOCTH KOMOMHAIIMOHHOTO
paccestHusl CBeTa MPEJICTaBISATh CTPYKTYPY pacipejie/ieHnst OJIMKHEro 3JIeKTPO-
MArHUTHOTO TOJIsI ONTHYECKIX COCTOSHUIN TOJIYTTPOBOIHUKOBBIX HAHOCTPYKTYP.

[Toyn cTpykKTypoii pacupejeenns OJUZKHErO 3JIEKTPOMArHUTHOTO IOJIs
OyIeT mojapasyMeBaThcss OOHaApyzKeHHe OOIINX OCOOEHHOCTEH ONTUYECKHX MOJ
HAHOCTPYKTYPBI 0€3 KaKIX-T100 KOJTMIECTBEHHBIX OleHOK. Kak y»Ke Ob1/10 MoKa-
3aHO paHee, pe30HAHCHbBIE JINIJIEKTPUIECKNE U TTOJIYITPOBOIHIKOBbIE HAHOCTPYK-
TYpbl ABJSIOTCS MOITHBIM MHCTPYMEHTOM JIJIsl JIOKAJU3AIUNA OJIMZKHErO TOJIsd
CHAPYKU U BHYTPH HAHOPE30HATOPOB, & TaKKe JIJIs YCUJICHUs] U3JIyYCHUS U3
Hux. HejgaBHO ObLIN 1IpeJIOzKeHbl pa3IndHble KOHCTPYKIINKA CBETOU3JIY JaOIIIX
HAHOAHTEHH U METAIIOBEPXHOCTEN C MepecTpanBaeMbIMI UarpaMMaMi HAIlPaB-
JIECHHOCTH B JlaJibHEl 30He. 3/1eCh JIeMOHCTPUPYETCs TIepeKJIIoueHne pacipeieie-
HUS OJTVKHETO M0JI B KPEMHUEBOM OJTUTOMEPE ITyTeM W3MEHEHUs IO/ PUBAIIAN
aJIAI0IIEro CBeTa, KOTOPOe JECTEKTUPYETCA 3a CUET JIBYMEPHOTO KapTUPOBAHMS
pacipejie/ieHnsT THTeHCHBHOCTH KOMOMHAIIMOHHOI'O PACCesiHUsT CBETa IOJIYIIPO-
BOJIHIKOBOI HAHOCTPYKTYPbI. KpeMHueBble HAHOIUCKH B TIPeIaracMbIX CTPYK-

Typax IIOJAEP2KUBAIOT AUIIOJIbHBIE MOJIbI THUIIA MI/I, CBfA3aHHBIE I10-Pa3HOMY B
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3aBUCUMOCTH OT TOJAPU3AINN Tajafoniero nsaydenns. [TockoabKy majaromast
MOJIAPU3AINA T03BOJIsIET KOHTPOJIUPOBATL CBA3L MEYK/Y Pa3JIUIHBIMU IapamMiu
HAHO/INCKOB, IPOCTPAHCTBEHHOE PAacIpejie/ieHe KOMOMHAIMOHHOIO PacCesiHUs
cBeTa CHJILHO 3aBHUCHT OT (haKTopa YCUJIEHHs JIOKAJLHOrO 1oJisi. IIpemosiara-
eTCsl, 9TO TAKOM I0JX0J] OTKPOET IIyTh K YIPOIIEHNIO KaK BO30YXKIEHU, TaK U
JIETEKTUPOBAHNIO Pa3/IMIHBIX ONTUYECKNX COCTOSHUIA.

B macrosimeii pabore mpejiaraeTcss METOJ, ONTUYECKOT'O 30HINPOBAHMS
«TOPSIUNX TOYEK» paclipejie/ieHnst OJIMKHEro 3JIEKTPOMArHUTHOT'O 110JIsl ONITHYe-
CKUX COCTOSIHMIT UX JaJibHell 30HbI, OCHOBAHHDIN Ha CIIEKTPOCKOIINH KOMOMHAIIN-
OHHOT'O paccesiHUsl cBeTa. PaHee OBLIO IIOKAa3aHO, UYTO KOMOMHAIIMOHHOE pPacce-
sIHIE€ CBEeTa MOXKeT ObITh MCIIOJIb30BAHO JIJI OOHAPYKEHUsT OIITUYECKUX COCTOSI-
Huil, Kak Hemsaydaromux [35,36], Tak u "cBeribix" (M3/1y9AIONIIX ) MO PAZHOTO
nopsiyika [17,21]. 31ech MoKa3aHO TEOPETHIECKN U HKCIIEPUMEHTAJIBHO, 9TO K-
paJibHble (DOTOHHBIE CTPYKTYPHI [37,38], criocobHbIe MOjIIepKUBATH TOMOIOTHYe-
CKHe KpaeBble cocTosHust [39], MOryT ObITH HCC/IEI0BAHBI ¢ TOMOIIBIO JIMHEHHOTO
HEYIIPYTI'Oro paccesiHusi Ha, ONTHYeCKNX (POHOHAX - KOMOMHAIIMOHHOTO PACCesIHIA
cBeta. llpennonaraercs, 4To JaHHBINA IOIX0J MOXKeT OBITH B JaJIbHEHIIeM pac-
IIAPEH Ha JIPyT'ue TOIoJIOrnYecKre TpUuBUaJIbHbIE 1 HETPUBUAJbHBIE CTPYKTYPbI
C UCIIOJIL30BAHUEM MeTO/la KapTUPOBaHUsI KOMOMHAIIMOHHOIO PACCEsIHUs CBETa,
KOTOPBIII ITO3BOJISIET OJHOBPEMEHHO ONTUYECKN HAI'PEBATh U U3MEPSITH TeMIlepa-
TYPY B peajbHOM BPEMEHH 110 CIIEeKTPaJIbHOMY CJIBUTY CTOKCOBOII KOMITOHEHTDI
KOMOMHAITMOHHOTO paccesiHusi cBeTa [22|, TakumM 06pa3oM, MOXKET UMEThb MeCTO
TEPMUYECKH HeJIMHEiHOe MepeK/IIoUeHne ONTHIecKoro coctosuus [40].

DKCIIepUMEHTAJILHOe HCC/IeI0BaHNe IIPEJICKA3aHHON I10/IsIpU3aI[nOHHO-
3aBUCUMOIT JIOKaIM3alIln THTEHCUBHOCTU KOMOMHAIIMOHHOI'O PACCesIHIS Ha 3UT-
3ar000PA3HOIT OJIMrOMEPHOIT 1en 13 3 JUCKOB IoKa3aHo Ha Puc. 5. Pe3yibrars
pacyera B IOJIAPU3AINUSIX X U Y TaKUe »Ke, KaK U B 9KcrepuMmenTe Ha Puc. 5. LBe-
TOBag IIKaJIa 110J00paHa Tak, YTOObI OITHYECKOE IIepEeKIUYeHne ObLIO HalJIs/I-
Hee. JIoka/mzalust paMaHOBCKOIO OTKJIMKA CMeIeHa JInOo B TY, JIMOO B JIPYIYIO
CTOPOHY, aHAJIOTMYHO pacdyeTy U U3MEPEHHOMY 3KCIEePUMEHTAJIbHOMY paclipejie-
JIEHUIO OJIMZKHETO I10JIsI C IIOMOIIbIO CKAHUPYIOIIEi OJIMKHEIOJIbHON OITHYeCKOil

mukpockorn (CBOM). Takum ob6pasoM, BliepBble TOKA3aHO 30HJINPOBAHIE 13
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Pucynok 5 — BpIi3BaHHOE moJssipu3anueil epeKJIIoYeHe «ropsaInX TOYeK»

pacnpejiejieHns GJIMXKHEro II0Jisl, UCCJIEJOBAHHOrO C MOMOIIbI0 KAPTUPOBAHUS

KOMOMHANMOHHBIM paccesinueM. (a, b) Dxcnepumentanbaoe u (¢, d) Teopernueckoe
pacipe/iesieHre KOMOMHAIIMOHHOTO PACCESHUsI CBETa OT OJIUIOMEpa, Jjisi TOPU30HTAJIbHO (a,
¢) u BeprukasbHoil (b, d) monsipusarmit B1osb oBepxHOoCTH 06pasia. [lyHKTupHast JTuHs

COOTBETCTBYET IIOJIOZKEHHIO OJIMT'OMEDa, COCTOAIICI'O U3 OTAC/IbHBIX HaAHOJIMUCKOB.

JlaJIbHell 30HbI paciipeiesieHns OJIMKHEro 3JIEKTPOMAIHITHOT'O TOJISI O THYECKIX
COCTOSIHHII TIOCPEJICTBOM KOMOMHAITMOHHOT'O PACCESTHUsI CBETA.

B sakJtouenne, B 1yiaBe ObLIO IIOKa3aHO, YTO KOMOMHAIIMOHHOE paccesi-
HUE CBeTa MOXKET CJIYKUTh WHCTPYMEHTOM 30HIUPOBaHUS OINTHUYECKUX COCTOSI-
HUIl PE30HAHCHBIX HAHOCTPYKTYP. [Ipesaraembrii MeTOJI MOYKET ITPEJOCTaBUTh
nH(GOPMAIINIO O IJIOTHOCTH MOIIHOCTU CBETa, IIOIVIOIIEHHON HAHOCTPYKTYPOIi, a
TaKKe JIaTh Ka9eCTBEHHYIO NHMOPMAIINIO O MPOCTPAHCTBEHHOM pacIpe/ie/IeHun
OJIMKHETO 9JIEKTPOMarHUTHOIO 110JIsI B HAHOCTPYKTYPeE.

IIarag riaBa mocBsaeTcss AeMOHCTPAIIMN BIEPBbIE JIOCTHUIHYTOrO Ha,
OJINHOYHOM CYOMUKPOHHOM HAHOIMJIMH/PE I1epexo/ia OT CIIOHTAHHOI'0 KOMOWHa~
IIMOHHOI'O PacCedHnsl CBETa K PEXKUMY BBIHY2KJIECHHOI'O H3JIydeHus. Pe3onamc-

HbIE OUIJICKTPUYICCKUEC CTPYKTYDPLI HOABUJIIMCH HEAABHO KaK HOBad H.HaT(bOpMa
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JIJIsT CyOBOJTHOBO# HEIJIa3MOHHOM (DOTOHUKHU. BBIIO BRICKA3AHO TTPEIIOI0KEHIE
U IIPOJIEMOHCTPUPOBAHO, UTO MArHUTHBIN U 9JIEKTPUUIECKUil pesoHancbl Mu Mo-
I'yT CYIIECTBEHHO YCUJINTh MHOTHE 3(pPEeKThl Ha HaHOMAcIITabe, BKJI0Yasi CIIOH-
TAHHOE KOMOMHAIIMOHHOE PACCesTHIE CBETA. 3JIeCh JIEMOHCTPUPYETCs BhIHY K 1€H-
Hoe KoMOmHarmontoe paccesune ceeta (BKP) misg nzommpoBaHHbIX HAHOUACTHIT
KPHUCTAJUITIECKOT0 KpeMHns (¢-Si) 1 9KCIepuMeHTATBLHO HAOJIIOIACTCS ePexo/l
OT CIIOHTAHHOT'O K BBIHYKJICHHOMY PaCCEesIHUIO, MPOSIBJIAIONINNACS B HEJIMHEITHOM
pocTe MHTEHCUBHOCTH CHUTHAJIA BBIIE ONPEJIeJIEHHOr0 Mopora HaKadkn. B pe3o-
Harnce Mu cBeT orpanndnBaeTCs MaJbIM 00bLEMOM PE30HAHCHOI MOJIbI C YCUJIEH-
HBIMU 3JIEKTPOMArHUTHBIMI MTOJISIMU BHYTPU HAHOYACTHIIBI C-Si 13-38 €€ BhICOKO-
o MoKazaTe/is MPeJTOMJICHIST, YTO TPUBOJINUT K 00IeMy cuibHOMY curiaasy BKP
[IpU HU3KUX WHTEHCUBHOCTSX HaKadkh. J[aHHOE OTKPBLITHE IMO3BOJIsieh CJIe/1aTh
mar K paspadborke 3pOEKTUBHBIX PAMAHOBCKIX HAHOJIA3€POB JI/Isi MHOIO(YHK-

IIOHAJIbHBIX (DOTOHHBIX METayCTPOICTB.
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Pucynok 6 — DKcrepuMeHTaJIbHOE BBIHY>K/I€HHOE KOMOMHAIIMOHHOE pacCesiHue

cBera Ha HaHOo4YacTUHax c-Si. (a) Cxemarnveckoe M300pazkeHe HAHOYACTHIHI KPEMHUS,
BO30Y K 1aeMOil Jia3epHbIM cBeTOM. (b) DKcrepuMeHTaIbHble HHTEHCUBHOCTI
KOMOMHAIIMOHHOI'O PACCeAHUs CBETa NPU Pa3JIMIHbIX HAKauKaXx JiJIs PEe30HAHCHOI
HaHOYACTUIBI 475 HM (KpacHble KPY’KKU) U HEPE30HAHCHON HAaHOYACTHILI 445 HM (cuHue
KBaJpaThl). KpacHas JinHUsI COOTBETCTBYET SKCIOHEHIUAIBHON 3aBHCHMOCTH. (C)
DKcIepuMeHTaIbHbIE CIIEKTPhI KOMOMHAIIMOHHOIO paccesnus csera. CTpeska MoKa3biBaeT

6oJ1ee BBICOKOE 3HAUEHNEe MHTEHCHBHOCTH OT CIIEKTpa K CIeKTpy. Basto u3 [41].

Ha Puc. 6(b) nmokazanbl THIIMYHBIC SKCIEPUMEHTAJBHBIC 3aBHCHMOCTH
CHUTHaJIa KOMOMHAIIMOHHOTO pacCesiHUsI OT MHTEHCUBHOCTH HakadKu. [Ipn Huskmx

WHTECHCUBHOCTAX JOMHWHHUPYET CIIOHTaHHOE KOM6I/IHaU‘I/IOHHOe paccedaHue CBeTa,
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KOTOPOE XapaKTepu3yeTcd JIMHEHHON 3aBUCUMOCTBIO OT I1a/IAIOIeil MOIHOCTH,
Kak OBLIO MPOJIEMOHCTPUPOBAHO paHee ¢ HaHodacturamu c¢-Si [17,21]. Ograxo
1pu GoJiee BBICOKUX nHTeHcHBHOCTsAX (Gosee 0,3 MBtr/cm?) nabmonaercs nesu-
HEHBI POCT curHajia KOMOMHAIIMOHHOIO PacCesdnnsl CBeTa, JI/Is HAHOIUINHIPA
JuamMeTpom 475 HM, KOTOPbIN He HAOJIIOMaeTCs JIJIs JIPYTUX HAHOIUINH/IPOB JTia-
metpom 250--800 HM, cM. IyHKTUPHYIO CHHIO JuHIo Ha Puc. 6 (b). 9o peskoe
OTJIMYNE XapaKTepu3yeT pPekKuM mepexol K pexxknmy BKP.

B sakiodenune, B 3TOil rjiaBe coODIAeTCs O IEPBOM HAOJIIOICHUN Bbl-
HY2KJIeHHOI'0 KOMOMHAI[MOHHOI'O paccesiiis CBeTa Ha CyOBOJIHOBOI HAHOYACTHIIE
KPUCTAJJINIECKOIO KPEeMHUSsI, JIOCTUIHYTOrO 3a CUeT BO30YK/IEeHUsI Pe30HAHCOB
tuna Mu. BeisiBiena BayKHOCTb KPUTHUIECKON ONTUMU3AINN JOOPOTHOCTEH BO3-
Oy?KJIAeMbBIX ONTHYECKUX MOJ[ B HAHOYACTHUIE M TEIJIOIPOBOIHOCTH IOJJIOMKKN
JUIST JIOCTUZKEHUST CUJIBHOTO ONTHYECKOIO OTKJINKA U 1PEJIOTBPAIICHUsT TIeperpe-
Ba Ipu O0JIee BHICOKMX MHTEHCUBHOCTAX HAKauKu. [IpejicraBiieHHbIe Pe3yIbTaThl
OyJLyT IOJIE3HBI JIJI HEPCIeKTUBHBIX MPUJIOXKEHNN PE30HAHCHO JUIIeKTpuie-
CKO¥1 HAHODOTOHUKHY J1J1sT HAHOPA3MEPHOI TeEPMOMETPUN 1 OMOCEHCHHTa, & TaKzKe
[peJIIo/iaraeTcs JajbHeilinee ucejieJoBaHie BhIHYZKIEHHOTO KOMOMHAIIMOHHOTO

paccestHUsI CBeTa B PA3/JIMIHBbIX HAHO(OTOHHBIX CTpyKTypax [7,11,42].

Juccepralys MocBIeHa co3aHui0 U NCCIEIOBAHIIO a/IbTEPHATUBHOTO K
ILJIA3MOHHOMY HOJAXO0LY JI/Isi 9 (DEKTUBHOIO OIITHYECKOI0 HarpeBa, TePMOMETPUN
1 yCcuJaeHus KOMOMHAIMOHHOTO Paccesiins CBeTa Ha OCHOBE JTUIJIEKTPUIECKUX
1 TIOJTYITPOBOTHUKOBBIX PE30HAHCHBIX HAHOCTPYKTYp. [uccepranmsa oxBaTbiBaeT
aHaJIn3 Pas/JIMIHbIX (DOPM U TeOMeTpHuil HAaHOCTPYKTYp. BbL1 paccMoTpen psijt
YCTOMYUBBIX K OINTUYECKOMY HArpeBy M TE€PMOMETPUU MaTepuaJioB, pa3/indyHble
MaTepHuaJIbl JJIs MOAJIOXKEK W Pa3JInIHble OKpYyzKaloline cpeanl. JlemoncTpupyer-
cd ycuJieHne NHTEHCUBHOCTU CUTHAJIa KOMOMHAIIMOHHOTO PACCeAHNS CBETa OT Ha-
HOCTPYKTYP 3a CUeT OINTUYECKUX PE30HAHCOB, MO0 3a CUET 11epexojia K PerKUMYy
BBIHY2KJIEHHOTO U3JIydeHus. Takyke UCCIeyeTcss BO3MOYKHOCTD 30HIMPOBAHUSA
ONTUYECKNX COCTOSTHWUIT W pacipejie/ieHusi OJIMKHEro 3JeKTPOMarHUTHOTO TI0JIs
CcOOCTBEHHBIX MOJ[ HAHOCTPYKTY]P 3a cueT KOMOMHAIIMOHHOI'O PACCesiHUs CBeTa.

BpiBobI 110 OCHOBHBIM pe3yJbTaTaM ANCCEPTAINN:
1. Ilokazano, 4To cdepuyeckre HAHOYACTUILI M3 KPUCTAINIECKOIO KPEeM-
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Hust guamerpom ot 100 jgo 400 uM, obisanaromue Mu-pesonancamu B BU-
JINMOI 00JIACTH CHEKTPA, CIIOCOOHBI MOAEPKUBATH dPMEKTUBHBIN ONTH-

JecKnil HarpeB Ha JiytuHe BOJHBI HempepbiBHOTO HeNe stazepa 632.8 mM.

ITokazano, 4To ucno/ib3oBanne Mu-pe3oHaHCHBIX Oy IIPOBOIHIKOBBIX Ha-
HouacTull a-FeoOs, mMoaep:KuBaionnxX oNTHIECKNA HarpeB U HAHOTEPMO-
METPHIO IIOCPEJICTBOM KOMOMHAIIMOHHOI'O PACCesiHUsl CBeTa, B 3ajade a/l-
PECHOIl JOCTaBKHU JIEKAPCTBEHHBIX CPEJICTB, CIIOCOOCTBYET 3HAUUTETLHOMY
HOHIKEHHIO IIOPOI'OBOIl MHTEHCUBHOCTH HAKAYKH JIJIg (POTOMHIYIMPOBAH-
HOI'O pas3pyIIeHusl MOJUMEPHOI0 HOCUTE s JeKapCTBEHHOTO IIperapara n
IOC/IE Y FOIIEr0 BBI3BOJICHISI IPOTUBOOITYX0JIEBOTO CPEJCTBA BHYTPD KJIeT-
Ku KapiumHombl. Hanouactunbl a-FeoOg ncrosib3oBajiuch B Ka4ecTBe MU-
IIeHW I JIa3epHOro Bo30y:KjieHust B OmxkHeMm WMK-auanazone juist sgd-
deKTUBHOrO IIpeodbpa3oBaHns CBETa B TEIIO B CTEHKAX IMOJUMEPHBIX HO-
cuTeJIell JIEKAPCTB U B KadecTBe IIPIMOIO OINTUYECKOIO JATUNKA TeMIIe-
paTypbl 3a CYeT TEPMOIYBCTBUTEIHLHOIO PamManoBckoro paccesinusi. B ka-
YecTBe JI0Ka3aTeIbCTBa IPUMEHEeHNUsI JTaHHO KOHIIeIINN ObLIa IIPOIEMOH-
CTPUPOBaHA N Vilro yCIElHasd JOCTaBKa W ONTUYECKU-WHTY IMPOBAHHbII
Pa3pbIB IOJIMMEPHOI'O HOCHUTEJIsI IIOCPEJICTBOM JIA3€PHOI'0 HarpeBa, HaHO-
gacTull a-FeoO3 ¢ moc/ienyonmumM BrICBOOOXK IEHIEM ITPOTHUBOOILY XOJIEBOTO
JIEKAPCTBEHHOI'O CpeJIcTBa BUHKpHUCcTHHA. [Ipeniokennas cucrema pabora-

Jla IPU YMEPEHHOM 3HadeHnHn Ja3epHoil nurencusnoct 4.0x10* Br-em™2.

[Tokazamno, 9T0 OAMHOYHbIE HAHOMMCKH 13 aMOPMHOTO THIPOreHU3HPOBaH-
Horo kpemuus ¢ quamerpamu oT 300 10 450 1M, BeIpallieHHbIe TUTOrpadu-
JeCKIMHU MEeTO/IaMI Ha, CTEKJISTHHON TO/I0YKKe, MOTYT IpeTepreBarh ho-
TOUH/TYITTPOBaHHbIE (DA30BbIE TIEPEXO/LY B MOJUKPUCTALINIECKYIO hasy 3a
cyeT 3 MEKTUBHOIO ONTUYECKOTO HarpeBa. B To ke Bpewms, Takoil dazo-
BBLIl TTepexoj] JeTeKTHPYETCS MOCPEICTBOM KOMOMHAIIMOHHOTO PACCETHIIA
cBeTa, a popMa HAHOYACTUIILI TPU KOHTPOJMPYEMOM Harpese n (hazoBOM
1epexojie He U3MEHsIeTCst, 9To 1oATBep:xKieHo0 COM nzobparkeHusiMu J10

ImocJjie OT>KHura.

[Tokazarno, 9To AByMepHOEe KapTHUPOBaHNE pacipeie/leNnd NHTeHCUBHOCTH

KOM6I/IHaHI/IOHHOFO paccedHud cB€Ta OT aCUMMETPHUYIHOI'O OJIMI'OMEpPa, CO-
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CTOSIIEr0 U3 TPEX OJMHAKOBBIX KPEMHHUEBBIX HAHO/IMCKOB, ITO3BOJISIET I10-
JIydaTh CTPYKTYPY PaclpelesieHIs] «TOPSInX TOYEK» OJIMMKHEr0 3JIeKTPO-
MArHUTHOT'O ITOJISI ONTHYECKNX MOJI TaKHX HAHOCTPYKTYP. A m3MeHeHue
JIMHENHO ToJisipu3aliun Hakadku Ha 90 rpajycoB, MPUBOIUT K OIITHYECKO-
MY IIEPEKJII0UYEHNIO PacIIpeeeHns OJIMKHEro 0J1sI MOJbI, KOTOPOE TaKKe
JIETEKTUPYETCs B JIaJIbHEM 30HE IIOCPEJICTBOM KOMOMHAIIMOHHOI'O Paccesi-
HIS CBeTA.

5. TlokazaHo, YTO OJUHOYHBII KPEeMHUEBbII HAHOUMINHID BhicoToil 600 HM 1
JraMeTpoB 475 HM, pacloJIOXKeHHbBII Ha carupoBOil M0JIJIOXKKE, TTOIEP-
JKUBaET Iepexol OT PEXKUMa CIIOHTAHHOI'O KOMOMHAIMOHHOI'O pPacCesHUs
cBeTa K PEKNMY BBIHYZKJIEHHOIO M3JIyYeHUs NPU HEIPEPLIBHOI HaKadKe
HeNe nazepom na gjune Bosnbl 632.8 HM U MHTEHCHBHOCTBHIO HaKAUKH
Iy = 0.4 MBr/cM? 32 cueT onTUMU3HPOBAHHBIX JJ0OPOTHOCTEH COOCTBEH-
HBIX MOJI, BO30Y2K/IaeMbIX Ha JIJIMHE BOJIHBI HAKAYKHU U W31y IeHUs CTOKCO-
BOII KOMITIOHEHTBI, & TaK»Ke 3a CUeT yBeJNYeHHOIO TEIJIOOTBO/IA B MOTOXK-

Ky 3a cYeT BbIOOpa MaTepHuasia ¢ BHICOKON TEIJIOMPOBOHOCTDHIO.
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BaaromapaocTu. B 3ak/odenune Xo4uy BbIPa3UTh OIPOMHYIO HMCKPEH-
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JIEPYKKY U TIOMOIIb B MOUX HUCCJIEOBAHUSAX, 38 OOCYXKIeHUe Pe3yabTaToB, Ha-
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1X TIOMOIIb B 3aBEPIICHUN JIUCCEPTAINN, & TaKzKe MOUX JPYy3eil 1 ceMblo 3a UX

TepIEHNE U MOJJIEPKKY.
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Synopsis
THESIS OVERVIEW

Background and motivation. The possibility for remote and non-invasive
study of inherent properties of the objects and structures at micro- and
nanoscale has been of great interest for researchers in the last half-century.
The idea of creating sensors that would give precise and comprehensive in-
formation on the objects they were attached to was a guiding star for many
years.

One of the possible solutions was proposed in 1973 by Martin Fleis-
chmann, Patrick J. Hendra, and A. James McQuillan, when the authors ob-
served a sufficient increase of the Raman scattering signal by placing pyridine
on a roughened silver substrate - this effect was later named SERS (surface-
enhanced Raman scattering) [1]. Initially, Raman scattering is a very weak
optical effect occurring in semiconductors or molecules due to inelastic scat-
tering either on lattice vibrations or chemical bonds vibrations, providing a
footprint spectrum for any given molecule or composition, but it could be
increased by a several orders of magnitude due to electromagnetic near-field
enhancement (2, 3] allowing for detection of traces of single molecules. Thus,
the plasmonic nanoparticles for SERS sensing attracted great interest [4]. The
goal of sensing applications lied not only in finding presence of any substance,
but also in detecting thermal data. The temperature measurement at the
nanoscale and the ability of local manipulation of the temperature with a si-
multaneous possibility of distinguishing the compositions by means of Raman
scattering was a fruitful topic for the research [5].

Recently, it was demonstrated that single plasmonic nanoparticles can
support nanothermometry, efficient optical heating, and serve as a SERS sen-
sor at once [6]. However, the Prof. Michel Orrit group faced a major drawback
due to the very long acquisition time of the signal, several minutes, therefore
limiting plasmonic nanorod applicability. Another limiting factor for plas-

monic nanostructures as a thermal sensor is the lack of inherent Raman signal,
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which requires additional fabrication or manipulations for acquiring the data.

On the other hand, in recent years dielectric nanophotonics gained
high interest due to the ability of concentrating light inside nanoscale res-
onators by means of Mie resonances or other high-quality factor states, in
contrast with plasmonic nanoantennas, allowing creation of subwavelength
nanolasers [7,8], empowered nonlinear light generation [9-11], enhanced pho-
toluminescence [12,13], near-field hot-spots [14,15], and many other applica-
tions [16]. Due to the excitation of different optical resonant modes inside
semiconductor nanostructures upon laser irradiation, considerable field en-
hancement can be observed. Moreover, these structures turn out to be highly
efficient for optical heating and thermometry at moderate intensities. Based
on the inherent Raman scattering of semiconductor and dielectric nanostruc-
tures, whose intensity can be drastically improved by matching resonant con-
ditions [17, 18], one can achieve efficient optical heating, nanothermometry,
and near-field enhancement, allowing the detection of molecular events at the
nanoscale.

The thesis is devoted to the creation and the study the sensing plat-
form alternative to plasmonics for efficient optical heating, thermometry and
enhancement of the Raman scattering based on all-dielectric and semiconduc-
tor resonant nanostructures. The thesis covers the analysis of different shapes
and geometries of nanostructures, a number of materials robust to optical
heating and thermometry, different substrate materials and various surround-
ing media, the enhancement of the Raman scattering from the nanoparticles
improved either by resonant conditions or by means of stimulated emission,
the optical states probing and near-field distributions study.

The main goals of this work are

e Development of the approach for simultaneous optical heating and ther-
mometry based on resonantly enhanced Raman scattering from dielectric
and semiconductor nanostructures.

e Demonstration of the optically induced amorphous to polycrystalline
phase transition in semiconductor nanostructures with the possibility

for in situ phase state detection via Raman scattering.
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Probing the optical states of the semiconductor nanostructures by means
of resonantly enhanced Raman scattering from the far-field region.

Demonstration and realization of the transition from spontaneous to
stimulated Raman scattering regimes from isolated single nanoparticle

empowered by Mie resonances.

The scientific statements presented for the defence:

Resonant optical excitation of Mie modes in a semiconductor nanopar-
ticle with balanced radiation and non-radiation losses provides the most
effective optical heating in comparison with other loss ratios for the given

optical mode.

Optical heating by a continuous wave laser source of a semiconductor
Mie resonant nanostructure induces a phase transition from an amor-
phous to a polycrystalline state and enables in situ tracing of such a

transition by means of Raman scattering.

Two-dimensional Raman scattering intensity mapping of a resonant
semiconductor nanostructure allows the probing of the excited optical
modes in it from the electromagnetic far-field region and provides the
near field ”hot-spots” spatial distribution pattern of the eigenmode at

the pump wavelength.

The transition from spontaneous Raman scattering to stimulated scat-
tering regime occurs upon excitation of high-(Q) optical resonant modes,
both at the pump wavelength and at the Stokes Raman scattering wave-
length, with optimized mode coupling efficiencies and their spatial over-
lapping at the pump the radiation wavelengths in a single crystalline

silicon nanocylinder with optimized heat sink to the substrate.

Key novelty of this work includes but is not limited by the following points:

1.

The first experimental demonstration of simultaneous continuous wave
HeNe (632.8 nm) laser-induced optical heating and nanoscale thermom-

etry by resonant Raman-active semiconductor nanostructures.
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2. The first demonstration of the Mie resonant semiconductor nanoparticle
optical heating and nanothermometry via Raman scattering for drug
delivery applications. The a-Fe;O3 nanoparticles were used as the target
for near-IR laser excitation for efficient conversion of light to heat in the
walls of polymer drug agents and as the direct optical temperature probe
via thermally-sensitive Raman scattering. As the proof of concept, the
successful in vitro delivery and remote optically-induced thermal rupture
of the polymer carrier was shown by means of laser heating of the target
a-FeoO3 nanoparticles with subsequent release of the antitumour drug
agent vincristine. The proposed system worked at the moderate laser
intensity value as low as 4.0x10* W cm™2.

3. The first demonstration of in situ local controllable optically-induced
phase transition from amorphous to polycrystalline state of silicon nan-
odisks on a glass substrate with temperature and phase optical feedback
via Raman scattering.

4. The first demonstration of the qualitative probing of electromagnetic
near-field hot spots distribution of optical modes in resonant semicon-
ductor nanostructures by means of two-dimensional Raman scattering
intensity spatial and spectral mapping.

5. The first experimental observation of the transition from spontaneous
to stimulated Raman scattering regime from isolated single crystalline

silicon nanocylinder.

Scientific and practical importance of the work lies in the fact is that the
author proposed a novel approach for optical heating and thermometry with
nanoscale spatial resolution by means of single Raman-active resonant semi-
conductor nanoparticle. The proposed platform on ‘all-in-one’ nanoparticle
that serves both as a temperature probe and a nanoheater does not require
any additional functionalizations or fabrication steps, it uses single excitation
source both for enhanced optical heating and Raman scattering, it is robust
and supports repeated cycles of usage. Such approach demonstrated its ap-
plicability in advanced bio-medical application, for drug delivery systems for

cancer treatment with remote all-optical thermal release trigger.
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Such a thermometry approach based on the spectral shift of the Raman
scattering signal of nanostrucutres upon intense laser irradiation with subse-
quent optical heating found a very promising application for in situ crystalline-
state modification of the nanostructures. The Raman scattering serves both
as a thermal probe and a crystallinity state probe, thus, the sufficient optical
heating of an amorphous silicon nanodisk on a glass substrate can result in
phase transition from amorphous to polycrystalline state. The fabrication of
crystalline nanostructures on glass SiOy remains quite challenging, therefore,
the approach of steady precise optical heating of amorphous silicon nanodisks
on a glass substrate with in situ probe of the temperature and the crystal
state can solve the fabricational difficulty for some cases and applications.

As it was mentioned above, the Raman scattering is an efficient prob-
ing approach for temperature measurements and crystal-state evaluation, but
the intensity of the Raman scattering can also serve as a probe for the electro-
magnetic power density stored in the nanostructures. The spatial mapping of
the Raman scattering intensity of a zig-zag oligomer consisting of three nan-
odisks of the same size show the switching of the ‘hot-spot’ distribution upon
changing the polarization of the incident excitation. The essential benefit of
this approach is that it does not require any tip-assisted techniques, uses only
a single laser for the excitation of Raman scattering and detects the signal in
the far-field domain. Such fast and proper quality information on the elec-
tromagnetic ‘hot-spots’ distribution along the nanostructure surface might be
useful for rapid analysis of the nanostructure’s optical states or can serve as
a platform for selective excitation of the biological or polymers in the gaps of
the zig-zag oligomer.

Finally, the Raman scattering is a rather weak process, but it can
be significantly improved by matching resonant conditions. Moreover, the
Raman scattering intensity can be additionally increased by the transition
from spontaneous to stimulated Raman scattering regime. Such transition
observed in sub-micron (in all three dimensions), subwavelength nanodisk can

pave the way for highly effective Raman-based nanosensors.
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Reliability and validity of the obtained results is ensured by modern re-
search methods and on the reproducibility of the measurement results, and
is also confirmed by the good agreement between the experimental data, the

numerical modeling and analytical results.

Implementation of the obtained results. The author of the thesis owns
the patent of the Russian Federation registry Ne.177658 for the utility model
“nonlinear dielectric nanoantenna’”, registered on 05.03.2018, the concept of
which is based on the principles and results obtained within the framework of
the thesis. Moreover, the concept of the semiconductor—based optical heating

and thermometry demonstrated its applicability for real drug delivery systems.

Approbation. The main results of the work were presented and dis-
cussed at Russian and International conferences, such as: Ioffe Institute
Winter School on semiconductor physics 2016, Zelenogorsk, Russia (poster);
International School and Conference ‘Saint-Petersburg Open 2016, 2017,
2019’, Saint-Petersburg, Russia (poster); International conference ‘Days on
Diffraction’ 2016 (poster), 2017 (oral), 2018 (oral), Saint-Petersburg, Russia;
METANANO International Conference 2016, Anapa, Russia (poster); Rus-
sian congress “Science of the future — science of the young” 2016, Kazan, Rus-
sia (poster); METANANO International conference 2017, Vladivostok, Rus-
sia (oral); International conference NANOP 2017, Barcelona, Spain (oral);
METANANO International Conference 2018, Sochi, Russia (oral); Interna-
tional summer school 'Nicolas Cabrera’ on ‘advanced light manipulation at
nanoscale’ 2018, Miraflores de la Sierra, Madrid, Spain (poster); International
conference ICMAT 2019, Singapore (poster); METANANO International con-
ference 2019, Saint-Petersburg, Russia (oral); METANANO International con-
ference 2020 (online, oral); OSA Advanced Photonics Congress 2020 (online,
oral); as well as at the scientific seminars at [TMO University, North Ossetian

State University, Zhejiang University, Queensland University of Technology.

Publications. The main results of the thesis are described in 10 scientific pa-
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pers included in the list of the Higher Attestation Commission of the Russian
Federation, including 7 articles in scientific journals indexed by the scientific
databases Scopus and Web of Science, and 3 peer-reviewed conference pro-

ceedings indexed by the scientific databases Scopus and Web of Science.

Author contribution. The contribution of the author consists of measure-
ments and processing of experimental results (dark-field scattering spectra,
Raman scattering spectra), an essential part of the numerical simulation of
optical properties of the investigated nanostructures, the implementation of
a numerical model of the optical heating of a semiconductor nanostructure,
participation in the formulation of research objectives, and the writing of sci-

entific papers.

The structure and scope of the thesis. The thesis consists of an intro-
duction, five chapters, conclusion, and a list of references. The total volume of
the thesis is 112 pages, including bibliography with 158 references. The work
contains 36 figures and 1 table, placed inside the chapters.

MAIN CONTENTS OF THE WORK

First chapter presents a brief overview of the proposed and used in
the research experimental and theoretical approaches; describes the necessity
of every particular method and describes their applicability for different cases;
proves the relevance of the method for the conducted research.

Second chapter of the thesis discusses the optimal conditions for the
optical heating of the resonant spherical semiconductor nanoparticles.

The optimization of Mie resonances with material parameters can result
in highly laser heating of all-dielectric nanoparticles.

The basic principle of light heating and absorption for a single spheri-
cal nanoparticle in homogeneous surrounding environment was developed and
tested before [19,20].

All-dielectric nanoparticles can support strong resonant responses in

the visible range, therefore, their light absorption can vary dramatically. In
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this regard, the analytical solution for the continuous-wave laser heating of
a single spherical NP can take into account the resonant nature of the NP.
As a result, the exact solution for the temperature increase of the spherical
NP with diameter D in a steady-state heat diffusion equation, infinite exter-
nal boundary conditions and a pre-defined plane-wave source with incident
intensity (/), the NP absorption cross-section (Cgs) defined by Mie theory,
the known thermal conductivity of the surrounding medium ks, in case the
thermal conductivity of the NP is much greater than that of the environment,
can be found as follows:

1C,s
0TNp ’

B 27T/€2D.

Raman
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Figure 1 — Optical heating of spherical NPs. (a) Schematic of the optical heating and
thermometry concept. Calculation results for theoretical optical heating in homogeneous
aerial environment for single spherical NPs with fixed wavelength/diameter ratios A/D as a
function of various real and imaginary parts of the permittivity: (b) A/D = 10; (c)
A/D = 2.8. The green arrowed lines in b) and ¢) correspond to values of Re(e) and Im(e)

for specific real material dispersions. The direction of the arrows corresponds to increase of

the wavelength. The numbers indicate the wavelength region in microns. Adopted from [21].

The results of the optical heating calculations can be found in the
colormaps depicted in Fig. 1(b,c). The optical heating temperature for spher-
ical nanoparticle in aerial media of different real (from -10 to 30) and imag-
inary (from 0 to 5) parts of permittivity in case of small nanospheres (wave-
length/diameter ration = 10) are shown in Fig. 1(b), and the same calcula-
tions, but for the larger NPs, where the wavelength-to-diameter ratio is 2.8, are
shown in Fig. 1(c). While the size of the NP is still too small to support Mie

resonances, only nanospheres with negative real part of permittivity (metals)
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support optical heating, which one can clearly see from Fig. 1(b). However,
upon increasing the diameter of the NPs until wavelength-to-diameter ratios
reaches A/D = 2.8 (Fig. 1(c)), the hot sopts appear in the region of positive
real part of the permittivity, which correspond to the dielectric and semicon-
ductor materials. This happens due to excitation of different Mie modes in the
nanosphere. What is more fascinating about this results is that the increase
of the imaginary part of the permittivity does not necessarily lead to the total
increase of the optical heating temperature.

For deeper understanding of the underlying physics and the explanation
of the origin for efficient optical heating of materials that are considered to be
lossless, i.e. all-dielectrics and semiconductors, upon resonant laser excitation
of Mie modes, one should start the consideration from the classical general

expression for the absorbed electromagnetic power P:

1 %
P = Re /V 3 (x)B(r)dV (6)

where J(r) stands for the current density, E(r) is the electric field inside the
object, and the integration is performed over the volume of the considered
nanoobject V. The expression in Eq. 6 gives understanding that the higher
electromagnetic field inside the nanoobject and higher the current density is,
the greater the total absorbed power is. Moreover, one should keep in the
mind that J = ¢E and 0 = ggwlm(e), where g( is the vacuum permittivity, w
is the incident light frequency and o is the electric conductivity.

The integration of Eq. 6 over an arbitrary NP volume supporting Mie
modes allows to modify the Eq. 6 in terms of an effective mode volume Vg
and spatially-averaged field enhancement factor F=< |E|*> >/|Ey|?, which
gives information on the amount of energy that can be stored inside the NP
and where |Fy| is the incident electric field magnitude. Therefore, one can

modify Eq. 6 for the total absorbed power as follows:
P~ cF?* V. (7)

The total absorbed power now has 3 different independent contribution

factors o, F? and V,g, which all have significant influence on total optical
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heating temperature 67yp. The following subsections will consider all the
factors separately.

The nonradiative losses factor. As it was shown by the expression
in the Eq. (7), the increased Ohmic losses do not necessary raise the total
absorption of light by the NP, the same goes for the total optical heating. If
we consider the increase of the imaginary part of the permittivity, that would
necessary lead to increase of the electric conductivity; however it would also
significantly affect the resonance quality factor Q by reducing it, therefore
lowering the o F? factor. Thereby it should be examined in more details.

The optical resonances can be described by the 'toy model’ of the os-
cillator with friction, with some assumptions. Therefore, near the optical
resonance frequency wy, the field enhancement factor F' can be expressed as
F~1/ (wg —w? — iwv), where ~ stands the total optical losses of the system.
If one looks more closely, the total optical losses have two general contribu-
tions: ¥ = Yraq + VYohmic, radiative and nonradiative (or Ohmic) losses. The
nonradiative part is proportional to Im(e), thus oF? factor at the resonant
frequency wy is proportional to ~ Youmic/ (Yohmic + Vrad)?, thereby, one can see
that very high Ohmic losses lead the total absorbed power to zero.

The direct and pretty simple assumptions lead to following: at the
certain value of 7,4, the maximum value that the factor (o F 2)max can reach ~
1/(4%aq). The maximum value is achieved when the Yonmic & Yad- Radiation
losses Vaq can be minimized by taking a resonant nanoparticle whose size
is much smaller than the wavelength A. This can be obtained in case of
plasmonic NP supporting localized surface plasmon resonance (LSPR) with
a given plasma frequency wy, where Yraq << Yohmic- At the LSPR, the v,q is
equal to ~ wj/w2(mD/X)?. This analysis leads to the fact that vy, is relatively
small compared to wy due to the ratio (D/))3.

Indeed, these predictions and estimation are proven analytically and
can be seen in Fig. 1(b), where in case of relatively small NPs (A\/D = 10) the
resonance occurs only in the region of negative real part of the permittivity
Re(e), and highest temperature value is achieved at relatively small values of

imaginary part of the permittivity Im(e), where Yonmic & Vrad-
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The opposite scenario appears for bigger NPs, which can be seen in
the Fig. 1(c). The presence of the hot spots for optical heating in positive
range of real part of the permittivity means that semiconductor NPs can be
optically heated very efficiently. For example, radiation losses 7;,q for dipole
modes is rather high, and highest temperature is achieved at bigger Ohmic
losses. On the other hand, if one considers higher-order resonances, e.g. MQ),
one should expect smaller 7,4, and, therefore, the optimal laser heating would
appear lower values of yonmic. The latter one can bee seen for higher Re(e) in
Figs. 1(b,c).

Effective mode volume factor. Another factor that contributes greatly
to the total absorption of light by the NP and, therefore, contributes to the
heating, is the effective resonant optical mode volume inside the nanoresonator
Veg. In the general case, the larger the nanoparticle size is - the greater the
optical heating. However, one should note that Vg can significantly vary such
an assumption. If one considers a plasmonic nanoparticle, where the real part
of the permittivity is negative (Re(g)<0), the skin-layer depth starts to govern
the effective mode volume. Namely, the typical skin depth, i.e. the distance
where the light propagates inside the material with decrease in field magnitude
by e times, for plasmonic materials is hardly greater than ¢ ~ 20 nm in the
visible range. Therefore, the V.4 for plasmonic nanoparticle is defined by the
skin depth as follows: V. ~ 7wD?§. In contrast to the plasmonic materials
and NPs, the dielectric and semiconductor ones are mostly transparent to the
light in the visible range, therefore the effective mode volume is ususally of
the order of the physical volume of the NP. To be more precise, for Mie type
resonance, the effective mode volumes can be defined as Vog ~ D3 /6.

The straightforward conclusion that comes from the effective mode
analysis is that for dielectric and semiconductor nanoresonators, the increase
of the size of the nanoresonator increases the optical heating temperature.
The same approach for the plasmonic ones is much less effective.

The general conclusion for such an analysis of optical heating of semi-
conductor and all-dielectric nanostructures can be described as follows: the

efficient optical heating in resonant semiconductor and all-dielectric nanopar-
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ticles can be achieved when the balance of the losses is obeyed, i.e. radiative
and Ohmic losses are equal. Since the inherent Ohmic losses in all-dielectric
materials are low, one should consider bigger particles that support high-order,
high-Q, narrow optical modes that also possess low radiative loss channel. In
contrast, the plasmonic ones are showing the best performance when the sizes
of the NPs are rather small [19].

Optical heating with temperature feedback. The major advantage of
the crystalline semiconductors over the plasmonic materials is the presence
of the Raman scattering, which can be efficiently used as a thermal probe.
Moreover, resonant crystalline NPs supporting Mie modes can dramatically
increase the Raman scattering intensity by two orders of magnitude [17], which
subsequently can provide direct Raman-shift based thermometry. Indeed, the
optical heating of a single nanoresonator can be seen from the Raman scat-
tering spectra as a spectral blue-shift upon higher temperatures, as shown in
Fig. 2(a). Moreover, it was well studied both theoretically and experimentally
by M. Balaknski et al. [22] that due to anharmonic effects in lattice vibrations,
spectral line position of Raman scattering is known to be thermally sensitive.
Indeed, the frequency of optical phonon line responsible for Raman scattering

(2) is governed by the temperature as follows:

am=nra(ie 2 ) en(ie e En)

where Qy = 528 ecm™!, A = -296 cm!, B = -0.174 cm™!,
x = hQy/2kT,y = hQy/3kT for crystalline silicon [22].

The straightforward correspondence between the Raman scattering
spectral position and the temperature provides great opportunity for Raman
nanothermometry [23].

Fig. 2(a) depicts the spectral shift of the Raman spectra upon increased
incident laser intensity. One can determine from the Eq. 8 that the spectral

1 corresponds to the optical

blue-shift from ambient conditions to 509 cm™
heating by AT ~ 600 K. Moreover, the method based on Raman nanother-
mometry and optical heating allows for precise sub-um resolution 2D mapping

of the temperature distribution of the nanoobjects by means of fine positioning
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Figure 2 — Laser heating and Raman thermometry of c-Si NPs. a) Experimental
Raman scattering spectra for a 350 nm diameter spherical c-Si NP on a glass substrate. b)
Experimental (red circles) and numerically calculated (red solid lines) optical heating of
spherical ¢-Si NPs. Blue lines corresponds to spherical gold NPs optical heating. The
considered wavelength A = 633 nm and light intensity Iy = 2 mW /um?. Adopted from [21].

with piezo-stage. It is worth noticing, that during the experimental studies,
no irreversible changes of phase, shape or size of the NPs were oberved.

The method described in this section, based on thermally sensitive Ra-
man scattering, allows one to examine the temperature of the NP made of
various semiconductor materials, under arbitrary laser excitation, for various
values of other properties, and, what’s more important, in a very broad tem-
perature range of up to 1000 K, as shown in Fig. 2(b). The optical heating
and Raman nanothermometry are in great agreement with the theoretical
calculations and the results are reproducable. It should be notec, that the
experimental data was well described without taking into account thermo-
optical nonlinear effects in the nanoresonator materials, which actually might
sufficiently change the refractive index, thermal conductivity of the heated
materials and, therefore, the optical resonances and optical heating perfor-
mance [24].

It was shown theoretically and proven experimentally that the optical
heating of the c-Si NPs is very sensitive to the resonant conditions, therefore
the optical heating is strongly dependent on the diameter of the nanospheres,
as one can see from Fig. 2(b). The general concept is that the more precise

one can tune the NPs size to the resonant condition, the stronger Raman shift
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will be observed in the experiment, therefore, the stronger optical heating
is achieved. The Fig. 2(b) shows pronounced resonant behavior from which
one can conclude that low-order optical modes (ED) do not support highly
efficient optical heating (roughly 160 nm in diameter), however at 230 nm
diameter, the c-Si nanoparticle possesses M(Q optical resonance. The higher-
order modes appearing in larger NPs do not sufficiently improve the optical
heating performance. Thereby, one can conclude that for the case of optical
heating of single crystalline silicon nanosphere by HeNe CW-632.8 nm laser,
the most optimal condition is the M(@Q mode.

Application of the optical heating for drug delivery systems. As it
was already mentioned before, the tight 'union’ between nanophotonics and
biomedicine resulted in a wide range of unprecedented applications of optical
concepts in real life. In recent decades, nanophotonics and biophotonics were
mostly associated with plasmonic structures and nanoparticles - either due
to their outstanding light-to-heat conversion properties [26] or electromag-
netic field localization [27]. However, in the past few years, more and more
bio-applications of nanophotonics are taking place basing on all-dielectric ma-
terials and optical responses [28-30]. The approach on using all-dielectric
nanophotonics for biomedical applications is mostly based on excitation of sin-
gle optical Mie modes or their combinations and collective resonances. One of
the possible advantages of all-dielectric structures for biomedical applications
is the ability for temperature probing via Raman scattering or PL signal. In
this section we suggest using all-dielectric nanoparticles for optical thermal
trigger for drug release in microcarrier systems for targeted medicine delivery.

The implementation of a-Fe;O3 resulted in the direct temperature mea-
surement of the drug release from the capsule. The measurement by means
of Raman thermometry showed that the mean value of the capsule rupture
is roughly 170° (Fig. 3(c)). Worth noticing, that on a scale of 5um distance
from the nanoparticle, the temperature decreases by one order of magnitude.

As a proof of concept, the delivery and optical rupture of the polymer
drug carrier and subsequent release of anticancer drug vincristine (VCR) with

lowered near-IR laser of of 4.0x10* W /cm? intensity, operating in biological
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Figure 3 — Polymer drug carriers with embedded a-Fe;O3; nanoparticles. (a)
Schematic of the concept for drug delivery systems based on microcapsules with a-FesOg
NPs embedded into the wall for photothermal activation of the drug release process. (b)
Histogram of the quantity of a-Fe;O3 nanoparticles successfully trapped in the polymer
carrier wall. Inset: Typical SEM images of the fabricated capsules. Scale bar is 2 um. (c)
Histogram of the observed capsule rupture upon laser radiation. The temperature values
were obtained via Raman thermometry. (d) Bright-field microscopy images of the capsule
before and after laser irradiation. (e) Released VCR concentration as the function of time
with laser irradiation (red) and without (blue). (f) CC viability after the target-delivery
experiments with laser-induced activation of the drug release. Red columns correspond to
CC, pink columns correspond to the stem cells (control). Different columns correspond to

different initial polymer capsules concentration. Adopted from [31].

tissue transparency window, by means of efficient optical heating and nanoth-
ermometry of a-FesO3 NPs, was shown. The biological tests are performed
on two primary cell types: (i) carcinoma cells, as an example of malignant
tumor, and (ii) human stem cells, as a model of healthy cells (Fig. 3(e,f)).
Further, this concept was proven experimentally for carcinoma cells.
The capsule loaded with anti-tumour drug VCR successfully released the drug
agent upon laser irradiation and subsequent thermally-induced rupture of the

capsule (Fig. 3(e,f)). Moreover, the laser intensities were rather moderate, so
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that the control cells (stem cells) were relatively unaffected. The biological
part of the work was done by Dr. Mikhail Zyuzin and Dr. Alexander Timin
and can be found in [31].

In conclusion to the chapter, it was shown that a single Mie resonant
semiconductor nanoparticle can serve as a simple and “all-in-one” (heater-
thermometer) nanoplatform which supports effective ligh-to-heat energy con-
version and broad-range temperature sensing. In particular, such a nanosys-
tem demonstrated its efficiency for biomedical applications requiring pho-
tothermal interaction.

The third chapter describes the implementation of Raman scattering
of light for investigating and stimulating the photothermal phase transition in
single nanocavities.

It was shown that simultaneous laser heating of nanothermometry using
thermosensitive Raman scattering from resonant semiconductor nanoparticles
can be applicable for a number of nanophotonics applications associated with
photothermal processes. In this chapter, crystallization of optically resonant
nanodisks from amorphous silicon caused by local optical heating was studied.
The phase transition and temperature control were performed using Raman
scattering. It was found that the temperature of the onset of the phase transi-
tion from the amorphous to the crystalline state for a single silicon nanodisk is
about 900°C. Further, the polycrystalline nanodisk has already demonstrated
the possibility of multiple reversible optical heating in the temperature range
3001000 K.

The process of phase transition from amorphous to crystalline phase
for a silicon nanodisk is shown in Fig. 4(a). To ensure and control the phase
transition in a single nanodisk, first, a Raman spectrum was obtained in the
so-called ”cold” mode, at a pumping intensity of 0.06 MW /em?, such that the
disk temperature visually did not change. Then this disk was subjected to
more intense irradiation with a helium-neon laser (0.39 MW /cm?), which in-
duced a phase transition. At temperatures of about 600800 °C, the nanodisk
began to change from the amorphous to the polycrystalline phase, as can be

seen from the figure. The crystallization temperature values coincide with the
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Figure 4 — Photothermal annealing of a silicon nanodisk. (a) Raman spectra of a
nanodisk before and after laser exposure. (b) Theoretical temperature dependence of the
spectral shift of the phonon line of crystalline silicon (see equation 8). (¢) Raman spectra of
a single polycrystalline nanodisk at various pump intensities. (d) Spatial distribution of the
optical heating temperature depending on the position of the source relative to a single

nanodisk. Taken from [32].

known ones [33], and the heating temperature is comparable to those previ-
ously achieved at a similar pump power, but for spherical nanoparticles [21].

Fig. 4(b) shows the direct temperature dependence of the spectral
position of the Raman scattering of crystalline silicon at different temper-
atures. The Raman spectra after annealing resemble polycrystalline silicon
because [33]: first, they exhibit asymmetry with respect to the spectral po-
sition, which is noticeably manifested at higher disk heating temperatures;
second, the characteristic spectral FWHMs of Raman peaks exceed 10 cm™!

even at low intensities, while for single-crystal silicon this value does not ex-

ceed 5 cm™1.

Fig. 4 (d) shows an example of two-dimensional mapping of the distri-
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bution of optical heating of a single nanoobject, depending on the position of
the laser source and the collection area.

This method allows fast and non-invasive local induction of phase tran-
sitions in amorphous materials using optical heating and control of the degree
of crystallinity and temperature by means of Raman scattering. This ap-
proach is especially useful for second-harmonic generation [10] and broadband
photoluminescence [34].

In conclusion to this chapter, it was shown that Raman scattering can
be efficient both for thermometry and crystalline phase probe. As a proof of
concept, it was shown that the silicon metasurface made of individual nanopil-
lars can be modified via efficient optical heating. Due to the temperature
localization in the tip of the nanopillar, which is proven theoretically, the
melting can occur with great spatial precision and without modification of
the closest neighbours.

Chapter four covers the ability of Raman scattering to qualitatively
probe optical states of semiconductor nanostructures from the far-field.

By ’'qualitative’ we understand the detection of the general features and
pattern of the near-field distribution of the optical modes of the nanostructure
without any quantitative estimations.

As it was already shown before, resonant all-dielectric and semicon-
ductor nanostructures are a powerful tool for near-field localization outside
and inside the nanoresonators, as well as enhancement of the emission from
them. Recently, various designs of light-emitting nanoantennas and metasur-
faces with controllable intensity and far-field patterns were proposed. Here
we demonstrate switching of near-field distribution in a silicon oligomer by
changing polarization of the incident light generating Raman photons. Silicon
nanodisks in the proposed designs support dipolar Mie resonances, coupled
differently depending on the incident polarization. Since the incident polar-
ization allows for control of the coupling between different pairs of nanodisks,
the spatial distribution of Raman scattering is strongly dependent on the local
field enhancement factor. We believe that such approach will pave the way

for simplification both of excitation and detection of optical states.
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Here we propose a method for optical far-field probing of optical states
near-field hot spots based on Raman spectrometry. It was previously shown
that Raman scattering can be used for detecting optical states, either non-
radiating [35,36] or bright modes (radiating) of the different order [17,21].
We show theoretically and prove experimentally that chiral [37,38] photonic
designs that support topological edge states [39] can be probed via linear
inelastic scattering on optical phonons - Raman scattering. We believe that
the revealed approach can be further extended on other topologically trivial
and non-trivial designs, and would benefit from the Raman technique that
allow one to simultaneously optically heat and measure the temperature in
real-time by the spectral shift of the Stokes signal [22]; thus, the thermally

non-linear photonic state switching [40] might take place.
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Figure 5 — Polarization-induced hot-spot switching of the near-field distribution
probed by Raman scattering mapping. (a,b) Experimental and (c,d) theoretical
distribution of Raman scattering from an oligomer for (a,c) horizontal and (b,d) vertical
polarizations along the surface of the sample. Dashed line correspond to the location of

oligomer consisting of separate nanodisks.

The experimental study of the predicted polarization-dependent local-
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ization of Raman intensity on a zigzag oligomer chain of 3 disks is shown in
Fig. 5. The calculation results in the polarizations x and y are the same as
in the experiment in Fig. 5. The color map is selected so that the optical
switching is the easier to notice. The Raman patterns are in full agreement
with the predicted ones. The localization of the Raman response is shifted
either to one or another edge, similar to the calculation and the measured
experimental near-field distribution by means of scanning near-field optical
microscopy (SNOM). Thus, we believe that for the first time we showed the
probing from the far field of the optical states through the Raman scattering.

In conclusion to the chapter, it was shown that Raman scattering can
serve as an optical states probing tool for resonant nanostructures. The pro-
posed method can provide information regarding the light power absorbed by
the nanoresonator, as well as give the qualitative information of the electro-
magnetic spatial distribution within the nanostructure.

Chapter five is devoted to the first demonstration of the transi-
tion from spontaneous Raman scattering to the stimulated emission regime
achieved on a single submicron nanocylinder.

Resonant dielectric structures have emerged recently as a new platform
for subwavelength non-plasmonic photonics. It was suggested and demon-
strated that magnetic and electric Mie resonances can substantially enhance
many effects at the nanoscale, including spontaneous Raman scattering. Here
we demonstrate stimulated Raman scattering (SRS) for isolated crystalline sil-
icon (c-Si) nanoparticles and observe experimentally a transition from sponta-
neous to stimulated scattering manifested in a nonlinear growth of the signal
intensity above a certain pump threshold. At the Mie resonance, the light
gets confined within a small volume of the resonant mode with electromag-
netic fields enhanced inside the c-Si nanoparticle due to its high refractive
index, which leads to an overall strong SRS signal at low pump intensities.
Our finding paves the way to the development of efficient Raman nanolasers
for multifunctional photonic metadevices.

Figure 6(b) shows typical experimental dependencies of Raman scat-

tering signal on pump intensity. At low intensities, spontaneous Raman scat-
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Figure 6 — Experimental stimulated Raman scattering from c-Si nanoparticles.
(a) Schematic view of a Si nanoparticle excited with a laser light. (b) Experimental Raman
scattering intensities at different pumps for the resonant 475-nm nanoparticle (red circles)

and nonresonant 445-nm nanoparticle (blue dashed line). The red line corresponds to an
exponential fitting.(c) Experimental Raman scattering spectra. The arrow demonstrates the

higher intensity value from spectrum to spectrum. Adopted from [41].

tering dominates, being characterized by a linear dependence on the incident
power, as was demonstrated earlier with ¢-Si nanoparticles [17,21]. However,
at higher intensities (higher than 0.3 MW /cm?), we observe a nonlinear growth
of the Raman scattering signal for the nanodisk with diameter 475 nm, which
is not observed for other nanodisks with diameters 250800 nm, see a dashed
blue line in Fig. 6(b). This sharp difference characterizes the SRS regime.

In conclusion to this chapter, the first observation was reported of the
stimulated Raman scattering from subwavelength crystalline silicon nanopar-
ticles enhanced by Mie-type resonances. The importance of critical optimiza-
tion of the () factors of nanoparticles, and thermal conductivity of a substrate
to achieve a strong optical response and avoid overheating at higher intensi-
ties was revealed. It is believed that the provided finding will be useful for
advanced applications of resonant dielectric nanophotonics for nanoscale ther-
mometry and biosensing, and we envision further studies of the stimulated

Raman scattering in various nanophotonic designs [7,11,42].

The thesis is devoted to the creation and the study of the alternative
to the plasmonics sensing platform for efficient optical heating, thermometry

and enhancement of the Raman scattering based on all-dielectric and semi-
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conductor resonant nanostructures. The thesis covers the analysis of different
shapes and geometries of the nanostructures, a number of materials robust
to optical heating and thermometry, different substrate materials and various
surrounding media were considered, the enhancement of the Raman scattering
from the nanoparticles improved either by resonant conditions or by means of
stimulated emission, and the optical states probing and near-field distributions
study.

Summary of the main results:

1. It has been shown that spherical crystalline silicon nanoparticles with
diameters from 100 to 400 nm, possessing Mie resonances in the visible
range, are able to support effective optical heating and thermometry via

Raman scattering at a wavelength of a CW HeNe laser of 632.8 nm.

2. It has been shown that the use of Mie resonant semiconductor a-
Fe,O3 nanoparticles supporting optical heating and nanothermometry
by means of Raman scattering in the targeted drug delivery systems
contributes to a significant decrease in the threshold of pump inten-
sity for photoinduced rupture of polymer carrier of the drug and subse-
quent release of the anticancer agent into carcinoma cells. The a-Fe;O3
nanoparticles were used as the target for near-IR laser excitation for
efficient conversion of light to heat in the walls of polymer drug agents
and as the direct optical temperature probe via thermally sensitive Ra-
man scattering. As the proof of concept, the successful in vitro delivery
and remote optically induced thermal rupture of the polymer carrier by
means of laser heating of the target a-Fe;O3 nanoparticles with subse-
quent release of the antitumour drug agent vincristine was shown. The

proposed system worked at the moderate laser intensity value as low as
4.0x10* W cm™2.

3. It was shown that single amorphous hydrogenated silicon nanodisks with
diameters from 300 to 450 nm, fabricated by lithographic methods on
a glass substrate, can undergo a photoinduced phase transition to the
polycrystalline phase due to efficient optical heating. At the same time,

such a phase transition can be controlled and detected by means of
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Raman scattering, and the shape of the nanoparticle does not change
under controlled heating and phase transition, which is confirmed by

SEM images before and after annealing.

4. Tt was shown that two-dimensional mapping of the intensity distribution
of Raman scattering from an asymmetric oligomer, consisting of three
identical silicon nanodisks, makes it possible to obtain the structure of
the distribution of electromagnetic near-fiel hot spots of optical modes
in such nanostructures. A change in the linear polarization of the pump
by 90 degrees leads to optical switching of the near field distribution of
the mode, which is also detected from the far-field by means of Raman

scattering.

5. It was shown that a single silicon nanocylinder 600 nm in height and 475
nm in diameter placed on a sapphire substrate supports the transition
from spontaneous Raman scattering mode to stimulated emission regime
under continuous pumping of a HeNe laser at a wavelength of 632.8
nm and a pump intensity Iy = 0.4 MW /cm? due to the optimized Q-
factors of the eigenmodes excited at the pump and emission of the Stokes
Raman scattering wavelengths, as well as due to increased heat sink to

the substrate with high thermal conductivity.
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INTRODUCTION

Background and motivation. The possibility for remote and non-invasive
study of inherent properties of the objects and structures at micro- and
nanoscale has been of great interest for researchers in the last half-century.
The idea of creating sensors that would give precise and comprehensive in-
formation on the objects they were attached to was a guiding star for many
years.

One of the possible solutions was proposed in 1973 by Martin Fleis-
chmann, Patrick J. Hendra, and A. James McQuillan, when the authors ob-
served a sufficient increase of the Raman scattering signal by placing pyridine
on a roughened silver substrate - this effect was later named SERS (surface-
enhanced Raman scattering) [1]. Initially, Raman scattering is a very weak
optical effect occurring in semiconductors or molecules due to inelastic scat-
tering either on lattice vibrations or chemical bonds vibrations, providing a
footprint spectrum for any given molecule or composition, but it could be
increased by a several orders of magnitude due to electromagnetic near-field
enhancement |2, 3] allowing for detection of traces of single molecules. Thus,
the plasmonic nanoparticles for SERS sensing attracted great interest [4]. The
goal of sensing applications lied not only in finding presence of any substance,
but also in detecting thermal data. The temperature measurement at the
nanoscale and the ability of local manipulation of the temperature with a si-
multaneous possibility of distinguishing the compositions by means of Raman
scattering was a fruitful topic for the research [5].

Recently, it was demonstrated that single plasmonic nanoparticles can
support nanothermometry, efficient optical heating, and serve as a SERS sen-
sor at once [6]. However, the Prof. Michel Orrit group faced a major drawback
due to the very long acquisition time of the signal, several minutes, therefore
limiting plasmonic nanorod applicability. Another limiting factor for plas-
monic nanostructures as a thermal sensor is the lack of inherent Raman signal,

which requires additional fabrication or manipulations for acquiring the data.
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On the other hand, in recent years dielectric nanophotonics gained
high interest due to the ability of concentrating light inside nanoscale res-
onators by means of Mie resonances or other high-quality factor states, in
contrast with plasmonic nanoantennas, allowing creation of subwavelength
nanolasers [7,8|, empowered nonlinear light generation [9-11], enhanced pho-
toluminescence [12,13], near-field hot-spots [14,15], and many other applica-
tions [16]. Due to the excitation of different optical resonant modes inside
semiconductor nanostructures upon laser irradiation, considerable field en-
hancement can be observed. Moreover, these structures turn out to be highly
efficient for optical heating and thermometry at moderate intensities. Based
on the inherent Raman scattering of semiconductor and dielectric nanostruc-
tures, whose intensity can be drastically improved by matching resonant con-
ditions [17, 18], one can achieve efficient optical heating, nanothermometry,
and near-field enhancement, allowing the detection of molecular events at the
nanoscale.

The thesis is devoted to the creation and the study the sensing plat-
form alternative to plasmonics for efficient optical heating, thermometry and
enhancement of the Raman scattering based on all-dielectric and semiconduc-
tor resonant nanostructures. The thesis covers the analysis of different shapes
and geometries of nanostructures, a number of materials robust to optical
heating and thermometry, different substrate materials and various surround-
ing media, the enhancement of the Raman scattering from the nanoparticles
improved either by resonant conditions or by means of stimulated emission,
the optical states probing and near-field distributions study.

The main goals of this work are
e Development of the approach for simultaneous optical heating and ther-

mometry based on resonantly enhanced Raman scattering from dielectric
and semiconductor nanostructures.

e Demonstration of the optically induced amorphous to polycrystalline
phase transition in semiconductor nanostructures with the possibility
for wn situ phase state detection via Raman scattering.

e Probing the optical states of the semiconductor nanostructures by means

of resonantly enhanced Raman scattering from the far-field region.
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Demonstration and realization of the transition from spontaneous to
stimulated Raman scattering regimes from isolated single nanoparticle

empowered by Mie resonances.

The scientific statements presented for the defence

Resonant optical excitation of Mie modes in a semiconductor nanopar-
ticle with balanced radiation and non-radiation losses provides the most
effective optical heating in comparison with other loss ratios for the given

optical mode.

Optical heating by a continuous wave laser source of a semiconductor
Mie resonant nanostructure induces a phase transition from an amor-
phous to a polycrystalline state and enables in situ tracing of such a

transition by means of Raman scattering.

Two-dimensional Raman scattering intensity mapping of a resonant
semiconductor nanostructure allows the probing of the excited optical
modes in it from the electromagnetic far-field region and provides the
near field "hot-spots” spatial distribution pattern of the eigenmode at

the pump wavelength.

The transition from spontaneous Raman scattering to stimulated scat-
tering regime occurs upon excitation of high-(Q optical resonant modes,
both at the pump wavelength and at the Stokes Raman scattering wave-
length, with optimized mode coupling efficiencies and their spatial over-
lapping at the pump the radiation wavelengths in a single crystalline

silicon nanocylinder with optimized heat sink to the substrate.

Key novelty of this work includes but is not limited by the following points:

1.

The first experimental demonstration of simultaneous continuous wave
HeNe (632.8 nm) laser-induced optical heating and nanoscale thermom-
etry by resonant Raman-active semiconductor nanostructures.

The first demonstration of the Mie resonant semiconductor nanoparticle
optical heating and nanothermometry via Raman scattering for drug

delivery applications. The a-Fe;O3 nanoparticles were used as the target
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for near-IR laser excitation for efficient conversion of light to heat in the
walls of polymer drug agents and as the direct optical temperature probe
via thermally-sensitive Raman scattering. As the proof of concept, the
successful in vitro delivery and remote optically-induced thermal rupture
of the polymer carrier was shown by means of laser heating of the target
a-FeoO3 nanoparticles with subsequent release of the antitumour drug
agent vincristine. The proposed system worked at the moderate laser

intensity value as low as 4.0x10* W cm™2.

3. The first demonstration of in situ local controllable optically-induced
phase transition from amorphous to polycrystalline state of silicon nan-
odisks on a glass substrate with temperature and phase optical feedback

via Raman scattering.

4. The first demonstration of the qualitative probing of electromagnetic
near-field hot spots distribution of optical modes in resonant semicon-
ductor nanostructures by means of two-dimensional Raman scattering

intensity spatial and spectral mapping.

5. The first experimental observation of the transition from spontaneous
to stimulated Raman scattering regime from isolated single crystalline

silicon nanocylinder.

Scientific and practical importance of the work lies in the fact is that the
author proposed a novel approach for optical heating and thermometry with
nanoscale spatial resolution by means of single Raman-active resonant semi-
conductor nanoparticle. The proposed platform on ‘all-in-one’ nanoparticle
that serves both as a temperature probe and a nanoheater does not require
any additional functionalizations or fabrication steps, it uses single excitation
source both for enhanced optical heating and Raman scattering, it is robust
and supports repeated cycles of usage. Such approach demonstrated its ap-
plicability in advanced bio-medical application, for drug delivery systems for
cancer treatment with remote all-optical thermal release trigger.

Such a thermometry approach based on the spectral shift of the Raman

scattering signal of nanostrucutres upon intense laser irradiation with subse-
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quent optical heating found a very promising application for in situ crystalline-
state modification of the nanostructures. The Raman scattering serves both
as a thermal probe and a crystallinity state probe, thus, the sufficient optical
heating of an amorphous silicon nanodisk on a glass substrate can result in
phase transition from amorphous to polycrystalline state. The fabrication of
crystalline nanostructures on glass SiOs remains quite challenging, therefore,
the approach of steady precise optical heating of amorphous silicon nanodisks
on a glass substrate with in situ probe of the temperature and the crystal
state can solve the fabricational difficulty for some cases and applications.

As it was mentioned above, the Raman scattering is an efficient prob-
ing approach for temperature measurements and crystal-state evaluation, but
the intensity of the Raman scattering can also serve as a probe for the electro-
magnetic power density stored in the nanostructures. The spatial mapping of
the Raman scattering intensity of a zig-zag oligomer consisting of three nan-
odisks of the same size show the switching of the ‘hot-spot’ distribution upon
changing the polarization of the incident excitation. The essential benefit of
this approach is that it does not require any tip-assisted techniques, uses only
a single laser for the excitation of Raman scattering and detects the signal in
the far-field domain. Such fast and proper quality information on the elec-
tromagnetic ‘hot-spots’ distribution along the nanostructure surface might be
useful for rapid analysis of the nanostructure’s optical states or can serve as
a platform for selective excitation of the biological or polymers in the gaps of
the zig-zag oligomer.

Finally, the Raman scattering is a rather weak process, but it can
be significantly improved by matching resonant conditions. Moreover, the
Raman scattering intensity can be additionally increased by the transition
from spontaneous to stimulated Raman scattering regime. Such transition
observed in sub-micron (in all three dimensions), subwavelength nanodisk can

pave the way for highly effective Raman-based nanosensors.

Reliability and validity of the obtained results is ensured by modern re-

search methods and on the reproducibility of the measurement results, and
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is also confirmed by the good agreement between the experimental data, the

numerical modeling and analytical results.

Implementation of the obtained results. The author of the thesis owns
the patent of the Russian Federation registry Ne.177658 for the utility model
“nonlinear dielectric nanoantenna’”, registered on 05.03.2018, the concept of
which is based on the principles and results obtained within the framework of
the thesis. Moreover, the concept of the semiconductor—based optical heating

and thermometry demonstrated its applicability for real drug delivery systems.

Approbation. The main results of the work were presented and dis-
cussed at Russian and International conferences, such as: Ioffe Institute
Winter School on semiconductor physics 2016, Zelenogorsk, Russia (poster);
International School and Conference ‘Saint-Petersburg Open 2016, 2017,
2019’, Saint-Petersburg, Russia (poster); International conference ‘Days on
Diffraction’ 2016 (poster), 2017 (oral), 2018 (oral), Saint-Petersburg, Russia;
METANANO International Conference 2016, Anapa, Russia (poster); Rus-
sian congress “Science of the future — science of the young” 2016, Kazan, Rus-
sia (poster); METANANO International conference 2017, Vladivostok, Rus-
sia (oral); International conference NANOP 2017, Barcelona, Spain (oral);
METANANO International Conference 2018, Sochi, Russia (oral); Interna-
tional summer school 'Nicolas Cabrera’ on ‘advanced light manipulation at
nanoscale’ 2018, Miraflores de la Sierra, Madrid, Spain (poster); International
conference ICMAT 2019, Singapore (poster); METANANO International con-
ference 2019, Saint-Petersburg, Russia (oral); METANANO International con-
ference 2020 (online, oral); OSA Advanced Photonics Congress 2020 (online,
oral); as well as at the scientific seminars at [TMO University, North Ossetian

State University, Zhejiang University, Queensland University of Technology.

Publications. The main results of the thesis are described in 10 scientific pa-
pers included in the list of the Higher Attestation Commission of the Russian

Federation, including 7 articles in scientific journals indexed by the scientific



67

databases Scopus and Web of Science, and 3 peer-reviewed conference pro-

ceedings indexed by the scientific databases Scopus and Web of Science.

Author contribution. The contribution of the author consists of measure-
ments and processing of experimental results (dark-field scattering spectra,
Raman scattering spectra), an essential part of the numerical simulation of
optical properties of the investigated nanostructures, the implementation of
a numerical model of the optical heating of a semiconductor nanostructure,
participation in the formulation of research objectives, and the writing of sci-

entific papers.

The structure and scope of the thesis. The thesis consists of an intro-
duction, five chapters, conclusion, and a list of references. The total volume of
the thesis is 112 pages, including bibliography with 158 references. The work
contains 36 figures and 1 table, placed inside the chapters.



68

CHAPTER 1. EXPERIMENTAL AND
THEORETICAL METHODS

This chapter is devoted to the main experimental and theoretical ap-
proaches used in the research. Sections on the three main methods are dis-
tinguished: (i) theoretical, (ii) experimental, (iii) fabrication and character-
ization. All the methods were already invented and described. The author
adopted the approaches for particular tasks and problems. The theoretical
models are created by the author, experiments were conducted personally,
and the fabrication with characterization were done together with the collab-

orators (for details, see section acknowledgments).

1.1 Theoretical studies
1.1.1 Mie theory

The spherical geometry is the simplest yet one of the most popular
shapes in nanophotonics since the first demonstration of Mie resonance in sin-
gle silicon nanospheres [43,44]. For this case, one should consider Mie theory

in order to study electromagnetic resonant properties of the nanosphere.

Maxwell equations Ordinary light scattering problem [45,46] is
devoted to calculating the scattering cross-section of a defined particle (with
a given size, shape, optical properties). To be precise, we are going to solve
problems with plane harmonic incident waves, which is not actually a general
solution, but we can represent every single field with its Fourier image, which

is a combination of plane waves (thanks to linearity of Maxwell equations).

Considering (Eq;H;) - field inside the particle; (E9;Hs) - surrounding
particle field, which can be described as a combination of incident (E;;H;) and
scattered (Eg;H,) fields.

E,=E, +E, H, = H, + H, (1.1)
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where,
E; = Egexp(ik - x — iwt) H, = Hyexp(ik - x — iwt) (1.2)

k is the wave vector, defined by environment.

Maxwell equations for this case will slightly transform : % — —iWw
V-E=0 V-H=0 (1.3)
VxE=iopyH VxH=—i"cE (1.4)
c c

(D and B are replaced by D = ¢ E and B = 1 H) By applying curl
operator to Eq. 1.4 we get :

w w?
Vx(VXE)=i—puV xH=—pucE (1.5)
c c

w?
Vx(VxH)= g,usH (1.6)

By definition, double cross product of V with a vector A equals to (using
B-A-C—-C-A:B rule):

Vx(VxA)=V-(V-A)-V?A (1.7)

The first term in brackets in Eq.1.7 is exactly divergence of a vector.
It means that upon applying this expansion to the pair of E and H it will
turn to zero; also remembering Eq. 1.3, 1.5, 1.6 and knowing that ey = n? the

squared refractive index and wave vector k = n - %, one can get:

VZE+KFE=0 V*H+IFH=0 (1.8)

Now that the equations are obtained, it is necessary to define the boundary
conditions. Tangential components of the electromagnetic field in every single

point of surface of the particle should be continuous. This leads to:

[EQ—El]XfIIO [Hg—Hl]XflIO (19)

Vector n is the outer normal vector to the surface S of the particle.
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Eigenfunctions of scalar wave equation for a spherical particle
Plane-wave scattering by a single spherical particle was rigorously solved as
shown below.

Let’s introduce a vector function M through some constant vector c

and scalar potential ¢ :

M =V x (cp) (1.10)

Recalling that divergence of a curl equals zero:

V-M=0 (1.11)

and :

VM + k*M = V x [c(VZp + k)] (1.12)

M is a solution to vector wave equation only when ¢ is a solution to a

scalar wave equation:

Vi + kp =0 (1.13)

Function N is introduced as well:

M
N o VX (1.14)
k
It also satisfies the wave equation:
VAN + k*N = 0 (1.15)

The pair of functions N and M is called wave harmonics, which have the
same properties as electromagnetic field. So the problem is now ”simplified”
to calculation of scalar potential (.

Let’s start considering this problem with defining a scalar wave equa-

tion for the scalar potential in spherical coordinates.

2
Lo o0py L 0000 1 Py

-9 9 Y g2,
r2 Or (r or + r2sinf 80( 00 r2sin’6 O¢? +k9=0 (1.16)
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One can search for a solution in this particular form:

» = R(r)0(0)®(¢) (1.17)

By inserting Eq. 1.17 into Eq. 1.16, three separate equations will be

obtained:

82

W+m2<b—0 (118)
1 0 00 m2
g0 gg) + [t ) = el =0 (1.19)
0 ,OR
87“( a) + [k*r* = n(n+ 1)]R =0 (1.20)

Constants n and m are expansion indices and they should be defined through

initial conditions on ¢. Solution for Eq. 1.18 is :

Dppen = cOSMO ®,qq = sinmao (1.21)
Solution for © in Eq. 1.19 are Legendre functions (orthogonal func-

tions) :
© = P"(cosh) (1.22)

In Eq. 1.20 solution for p = kr :

Jn(p) = \/%Jm-lﬂ(p) (1.23)
(o) = \/gmmm (1.24)

Jn(p) and Y, (p) are Bessel functions of first and second order (NN, is often
used instead of Y},). So these solutions are spherical Bessel functions. Linear
combination of Bessel functions is also a solution. Often it’s very convenient

to use Hankel spherical functions (third-order spherical Bessel).

hg) - ]n(p> + Zyn(p) hv(zQ) - ]n(p) - Zgn(ﬂ) (1'25)



72

Now, the scalar function is defined as following;:

Pemn = cosmep P (cosh) z, (kr) (1.26)

Comn = sinmao P (cosh)z, (kr) (1.27)

Where z, is any of the spherical Bessel functions. Now, using following

relations, let’s define M and N wave harmonics through ¢ :

My =V X (C@emn) Momn =V X (C@omn) (1.28)
Memn Momn
Nemn - VXT Nomn = VXT (129)

Expansion of the incident wave in wave harmonics series
Without loss of generality, one can consider the problem of an x-polarized
plane wave scattering on a spherical particle. In spherical coordinates, a plane

wave 1s written as:

E; = Eo 7Y, (1.30)

where

€, = sind cos¢ €, + cosl cosp &g — sing €, (1.31)

Rather obvious but bulky steps for series representation are left out:

E, = F, (NG V/ (SR N (S 1.32
Onzz n(n+1)( oln v eln) ( )

By calculating curl of Eq. 1.32, magnetic field series expansion can be

obtained:

oln

—k > o 2n+1 (1) ~r(1)
H,=—F " (M N 1.33
wii Onz_:lz n(n+1)( eln—i_Z ) ( )

Remembering boundary conditions in Eq. 1.9:
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It is also possible to expand into series the scattered light and light

inside the particle:

E, = ZE ) id, N H, = o ZE (d, MY +ic, Ny (1.35)

Where E, = Eyi" Q(Zﬁ) and p is the permeability of the sphere. For

scattered light, we have the following expansion:

[ee] k [ee]
E; = E :En(mnNélZz b I”Igl)n) H, = E :En(ibnhlﬁzz + anIJS?FL) (1-36)
w
n=1 _

Top index (1) stands for j,, i.e. the spherical Bessel function and index
(3) is for the first-order Hankel s (third-order spherical Bessel).

Defining scattering coefficients For every given n there are four
coefficients that should be defined: a,, b,, ¢,, d,. Let’s define them through

the boundary conditions :

Eip + Es = E1g Eiy + Egy = Eng (1.37)

H,p+ Hyy = Hyp Hi¢+Hs¢=H1¢ (1.38)

For the following coefficients x is the diffraction parameter and m is the relative

refractive index

m= M (1.39)

solutions for the field inside the particle :

o @l @) = b () g (2)] (1.40)

pngn(ma)fwh) (@) — phi? (2)[maj, (ma))

pam(2)[zh (@) — pmbl) (@) [, (2))

d, = 1 1 .
pm?j, (mz)[ehi (2)) — b (@) [maj, (ma))

(1.41)
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for scattered light :

a, = um2]n(mx)[a§]n(:€)]’ — ,uljn(mx)[x]n(mx)]/ (142)
pm2j, (ma) [z (2)) — pih) (&) [ma g, (ma)]

b, = M1771jn($)[$]n(:€)]/ — :u]n(x)[mx]n(mx)]/

pagn(ma)[zhi ()] — phi () [maj, (ma))

Scattering coefficients can be slightly simplified with Riccati-Bessel

(1.43)

functions :

Un(p) = pin(p) &a(p) = phiD(p) (1.44)

and assuming that permeability of the particle is equal to that of the environ-

ment:
b (ma) (@) — () (ma)
T ()L () — En(@) i, (ma) (1-45)
. ) () — mi () ) o

- Wa(ma)g (x) — méa(z)y] (ma)

Cross-sections Summing up all the above, the calculation of scat-
tering and extinction cross-sections can be done through the following (W is

the power flux, I; is the incident light intensity) :

Wi 27 —

S o+ 1 2 2 1.4
Clca T TR nZI( n+ 1) (lan]” + [bn]”) (1.47)
Wext . 27T >
Cost = IR ;(271 + 1)Re(a, + by,) (1.48)
Cabs — Cext - CSCCH (149)

where a,, are the electric modes and b,, are the magnetic ones.

Case of layered spheres (core-shells) The problem of light scat-
tering on single concentric spheres (sphere with a homogeneous layer), the
core-shell particles, also has an exact solution in Mie theory. However, the

scattering coefficients have some modifications as follows:



75

o Yaly) [7, (may) = Anxiy (may)] = matn(y) [n (may) = Anxn (may)]

Y &) [ (may) — Anxd, (may)] — magl () [n (May) — Anxa (May)]

b — M2tu(y) [¥n (may) — Buxy, (may)] — ¢ (y) [Ya (may) — Baxn (may)]

" me&(y) [0 (may) — Baxl, (may)] — €4(y) [thn (may) — Buxa (may)]
(1.50)

where:
4 Mt (max) 1y, (Myz) — matp;, (max) 1y (M)

" max (M) ¥, (maz) — max, (mez) ¥y, (max) (1.51)

B — men (mlx) w;l (mQI‘) — ml’@bn (mgx) '@D;L (mlx)
MmaX), (Max) Yy (M1x) — My, (max) X, (Max) .

and 1, (p), xn(p), &.(p) are the Riccati-Bessel functions, a is the core

radius, b is the shell radius, m; and my are the relative refractive indices of a
sphere and a shell, x = ka, y = kb.

Therefore, the following steps in defining the total scattering, absorp-
tion and extinction cross-sections remain the same as for conventional sphere.
The same solution steps should be also taken for optical heating in homoge-

neous media, as will be discussed further.

1.1.2 Optical heating of nanospheres in homogeneous media with

continuous wave source

Important question of physics of light scattering is ’how strong does
the incident light heat the particle?’ It is obvious that not only mechanical,
but optical properties are linked with with the NPs temperature as well.

Absorption cross-section for spherical NP can be derived through Mie-
theory, whereas temperature increase should be derived through heat diffusion
equations. Heat power absorbed by NP can be described through its absorp-

tion cross-section C,s and light source intensity I:

Q = Cabsl (152)

Cups for spherical NPs is shown above. In case of more complex shapes, it is
reasonable to calculate heat generation inside the NP through the integral of

power density ¢(r):
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Qz/vq(r)d?’r, (1.53)

where:

a(r) = 5 Tmfe(w)leo| E(r)P (1.54)

Next step is to define temperature distributions 7'(r) inside and outside

the NP. For this case we need to solve the heat diffusion equation:

V- [ki1(r)VTi(r)] = —q(r) inside NP (1.55)
V - [ko(r)VTy(r)] =0 outside NP (1.56)

Where ¢ in our case is % = %, k1 and ko are thermal conductivities

of the particle and the medium, respectively. Let’s assume that x; and k9 are
homogeneous in space. It means that Eq.1.55 in case of spherical symmetry

and stationary problem transforms into:

10 0T g

25 B = e inside NP (1.57)
1

1 0 ,0T

ﬁayﬁﬁ_::o outside NP (1.58)

Owing to high thermal conductivity x; of the nanoparticle material, the distri-
bution of the heating power inside the nanoparticle is highly homogeneous and
can be set as a constant ¢(r) = ¢. This simplifies Eq. 1.57, where temperature
inside the nanoparticle is a function of only radius (7).

After some straightforward calculations the following is achieved:

2 C
T=-—2 =214 inside NP (1.59)
6K r
Gy / :
Ty = ——+C,; outside NP (1.60)
r

General solutions are shown above; after applying to them the bound-
ary conditions, considering the case with a perfect thermal contact, the results

are:



7

T1|r:a — TQ‘r:a
O on
1 87' r=a 2 87“ r=a

There are some physical limitations:

Dolrsoe = Ty = Cy =Ty

T1‘7«:0<OO:>01:0

Hence:

2
a C
—q— ‘|— Ci - ——2 —|‘ T()
6K a
qa Caka
3 a?
Thus, we obtain:
3
qa
Cy=———
2 3/62
2 2
qa qa
Cl=—+—+T
1 3/432 6/%1 0

So, the temperature distributions are the following:

2 2 2
qa r qa o
Th=—0——=)+—+1T de NP
! 6/@1( a2) * 3Ka o nside
qa’ .
15 + 1y outside NP

3KaT

Taking into account Eq.1.53 leads to:

Q r’ Q .
T, = 1—— T d NP
! 87r/£1a( a2) + dkoa + 1o Inside
T = ¢ + Ty outside NP
4T Kor

Solutions for these equations for a NP with radius a are:

(1.65)

(1.66)

(1.67)

(1.68)

(1.69)

(1.70)

(1.71)

(1.72)
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0r(r) = (5TNpg r>a (1.73)
0 (r)~dlyp r<a (1.74)

0Tnp - temperature increase in NP. For spherical NP, temperature

increase is related to the absorbed heat, so:

Cabs[
ATkoa

STy p = (1.75)

In case of other non-spherical, but preserving the axial symmetry, struc-
tures for optical heating, the formula for temperature estimation was proposed
by Prof. de Abajo, Prof. Quidant and Prof. Baffou [20]. The method is
based on calculation of the volume of a disk, spheroid, rod, thorus or ellipsoid
nanoparticle and the derivation of the radius of the nanosphere of equivalent
value. The method is in a great agreement with exact numerical calculations,

and it requires considerably less time.

1.1.3 Numerical calculations for inhomogeneous media

In case of non-spherical nanoparticles in non-homogeneous surrounding
media under excitation more complicated than a linearly polarized plane-wave,
the numerical commercial software was used. The COMSOL Multiphysics
packages for electromagnetic full-wave modeling and heat transfer in solid-
state physics were used to determine elastic scattering of the light from finite-
size nanoobjects on different substrates, electromagnetic field enhancement
inside and outside the nanostructures and temperature distribution.

The numerical calculations of light interaction with complicated struc-
tures for elastic scattering and optical heating were carried out by means of
full-wave 3D modelling. Depending on the geometry and the symmetry of
the problem, i.e. a cylindrical nanoparticle with vertical incidence and linear
polarization of light, the dimension of the problem could be reduced down to
2D without losing the quality and precision of the solution, but improving the

calculation speed, thus reducing the time.
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A standard model for elastic light scattering and linear absorption
consisted of a computational domain presented by a sphere with a radius
5 times greater than the wavelength considered in the calculation. The walls
of the computational domain were extended by 1/10 of the radius by PM-
layer (perfectly-matched layer) in order to reduce non-physical reflections of
light with non-normal incidence with respect to the computational domain
wall. The lower hemisphere is playing the role of a substrate made of different
materials (glass, quartz, metal etc.), on top of which the nanostructures are
placed. The upper half of the computational domain is aerial medium. The
background excitation, i.e. an electromagnetic wave propagating from the up-
per half on to the substrate, was chosen to be either a linearly polarized plane
wave or a GGaussian beam with a variable focal spot and beam waist. The
standard physics toolbox is chosen to be electromagnetic waves - frequency
domain (ewfd). Scattering boundary conditions are selected for all the outer
boundaries.

In case of optical heating, the multiphysics toolbox was used alongside
with heat transfer in solid-state physics package. In these circumstances, the
frequency-stationary study steps are selected. After the calculation of electro-
magnetic wave absorption by a nanostructure, the power density absorbed by
the nanostructure is used as a heat source for the second step of the solution
- stationary heat diffusion problem in solids.

The 2D method of heat diffusion in solids and light scattering was
adopted from [48] and realized with assistance of Daniil Ryabov, Kirill
Koshelev and Dr. Andrey Bogdanov. The 3D method was proposed by the
author of the thesis.

1.2 Optical experiments

The proposed theoretical methods reflect what was measured during
the research, therefore, the theoretical methods are reproducing the conditions
of the experiments. There were two main experimental setups and techniques

for the investigation.
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1.2.1 Elastic dark-field scattering
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Figure 1.1 — Schematic of the experimental dark-field optical spectroscopy setup.

The experimental elastic light scattering spectra were obtained by
means of the confocal setup for dark-field scattering spectroscopy. The
schematic of the setup is shown in Fig. 1.1. The broadband white light source
(halogen lamp HIL-2000), coupled through the optical fiber, illuminates the
sample through the x10 NA 0.26 lens (Mitutoyo Plan Apo NIR) with oblique
incidence angle from 65 to 67 degrees with respect to the normal of the sur-
face. The light enters the setup through the collimator with a Glan prism,
which rotates the linear polarization of light from s-pol to p-pol. Further, the
scattered light is collected through the upper lens x50 NA 0.42 (Mitutoyo Plan
Apo NIR). The benefit of such scheme is that the geometrically reflected light
is not being collected by the lens, only the light that has interacted with the
nanoresonator is scattered in the upper direction. Further, the collected signal
is analyzed by Horiba LabRAM spectrometer with a grating of 150 g/mm for
fast detection; for higher spectral precision, 1800 g/mm was used. The posi-

tioning and the visualization of the sample was controlled via CCD camera
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Canon 400D. For precise positioning micrometer screw stage was used.

1.2.2 Stokes Raman scattering
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Figure 1.2 — Schematic of the experimental Raman scattering setup.

The experimental setup for Raman scattering and optical heating in
nanoresonators is schematically shown in Fig. 1.2. The optical scheme of
the setup is similar to the one for dark-field scattering, but the excitation
and the collection comes from the upper channel. The HeNe (Melles Griot)
linearly polarized laser system with a central wavelength of 632.8 nm and a
very sharp peak (beam spectral width less than 0.01 nm) was used.. The
excitation goes through the set of neutral optical density filters (ODF) to
vary the outgoing laser intensity and then propagates throught the band-pass
filter (BP633) which cut any but the 632.8 nm wavelengthns and filters all the
possible alterations in the wavelengths. Subsequently, the beam goes from
the flipping semi-transparent mirror both to the CCD camera Canon 400D to
control the laser-sample position and to the sample through the x100 NA 0.9
(Mitutoyo Plan Apo HR) lens. After hitting the sample, the laser beam reflects
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back to the lens in the upper direction without changing its wavelength, and
also excites the shifted signal - Raman scattering, which is also collected by
the same lens. Further, the mixture of the laser and the Raman scattering
reaches the notch-filter (NF633) that permits every wavelength but the 632.8
nm through, therefore only the shifted wavelengths reach the Horiba LabRAM
spectrometer for further analysis. The collected signal is further directed on
to the 150 g/mm grating for quick analysis, and for deep analysis with high

spectral resolution, the 1800 g/mm grating is used.

1.2.3 Raman thermometry
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Figure 1.3 — Theoretical correspondence between the Raman spectral shift with reference

values - the spectral position at room temperature and the temperature of the nanoobject.

The Raman scattering from the nanoobject can serve for the detec-
tion of the local temperature. The presence of the active optical phonons in
semiconductors like silicon, allow a pronounced and strong Raman signal at
various ambient conditions. Moreover, the presence of the Mie-resonances can
significantly increase the signal up to several orders of magnitude [17], there-
fore being a potential platform for direct nanoscale temperature measurement,
since the spectral position of the Raman scattering is highly sensitive to the

temperature of the material due to anharmonic effects in lattice vibrations [22].
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Fig. 1.3 depicts the correspondence between the temperature and the relative
spectral shift of the Raman line for crystalline silicon. Theoretically such

relation was obtained by M. Balkanski et al. [22] as follows:

2 3 3
Q(T)Q°+A<1+el‘1>+B<1+ey1+(ey1)2>’ (1.76)

where Qy = 528 em™', A = -296 cm!, B = -0174 cm ',
r = h/2kT,y = h8y/3kT for crystalline silicon [22]. This function
is plotted in Fig. 1.3.

The difference of the Raman Stokes shift between low-power pump and
high-power pump can be converted to the difference of the temperatures (see
Fig. 1.3).

1.3 Fabrication and characterization

Of course, the plethora of geometrical shapes of the nanostructures is
limited only the researchers’ imagination, thus, the shapes proposed in this
thesis were mostly quasi-spherical and quasi-cylindrical, as they are the most
well-studied and relatively easy to fabricate. ”Quasi” refers to the fact that
the actual shapes of the nanosctructures obtained from the scanning elec-
tron microscopy (SEM) images are neither perfectly spherical nor cylidrical,
however, the theoretical calculations of the optical responses or the occuring

effects is well described with nanospheres and nanodisks.

1.3.1 Scanning electron microscopy

The morphology, shapes and sizes of the fabricated nanostrucutres were
studied by a standard scanning electron microscopy (SEM) system with an
electron microscope (Crossbeam 1540 XB, Carl Zeiss).

Most of the SEM images were obtained by Dr. Filipp Komissarenko.

1.3.2 Femtosecond laser ablation fabrication

The spherically-shaped single silicon polycrystalline nanoparticles can

be fabricated by means of femtosecond laser ablation [50]. The sphere-like
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Substrate

Figure 1.4 — Schematic image of laser-induced forward transfer of silicon crystalline

nanoparticles [49].

single polycrystalline silicon nanoparticles were fabricated by means of the
so called ’laser-induced forward transfer’ method. The basic principle of the
method is following [21,49]: there are two substrates - the donor one, which
‘produces’ the nanospheres upon intense femtosecond laser irradiation, and
the acceptor one, which ’catches’ those nanoparticles. Both substrates are
Menzel glass coverslips, and the donor one has a deposited homogeneous 100
nm thick amorphous hydrogenized silicon layer. The layer is prepared via
plasma-enhanced chemical vapor deposition (PECVD) method from a pre-
cursor gas SiHjz, resulting in about 10% of initial concentration of hydrogen.
The aerial gap between the substrates can be varied, but usually is about 10
pm. The retraction from the surface and ultrafast boiling (ablation) of the
amorphous silicon layer was carried out by commercial Avesta Project TeMa-
150 Yb-doped solid-state femtosecond laser with operating central wavelength
A = 1050 nm, whose repetition rate is 80 MHz and pulse duration is 150 fs.
The laser was working in the quasi-single pulse regime, which was provided
by a commercial pulse picker system Avesta Project and focused by a 10x lens
with NA 0.28 (Mitutoyo Plan Apo) on a a-Si layer with a focal spot diameter

of 4-5 pm. As a result of fs-laser interaction with the donor substrate film,
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the polycrystalline sphere-like nanoparticles were 'catched’ by the acceptor

substrate with the size range of 100+400 nm in diameter.

1.3.3 Lithographical fabrication

In case of cylindrical shapes of the nanoparticles and nanostructures,
different lithographical techniques already proved their efficiency. Therefore,
only the details differ: whether the substrate were sapphire or SiOs.

To fabricate the cylindrical zig-zag patterned nanostructures that were
studied in the chapter devoted to the optical states probing with Raman scat-
tering, first, an amorphous silicon film of 165 nm thickness was deposited on a
quartz substrate using the chemical vapor deposition method (Plasmalab Sys-
tem 380, Oxford Instruments). Electron beam lithography (Elionix, 100 kV)
is carried out using a resist (HSQ, Dow Corning, XR-~1541-006). The unir-
radiated portion of HSQ is removed with tetramethylammonium hydroxide
(TMAH, 25%). The sample is then etched (Plasmalab System 100, Oxford)
to create arrays of silicon nanodisks on a quartz substrate.

In case of a sapphire substrate, where nanodisks were studied for the
ability of stimulated Raman scattering another lithographical technique was
used. A set of single-crystal silicon nanoparticles (nanopillars and nanodisks)
with different diameters placed on sapphire (Al;O3) substrates are fabricated
by using a top-down technique. An epitaxial structure is grown by molecular
beam epitaxy at 600° C using the Stranski-Krastanov growth mode. A set of
isolated nanoparticle resonators with with a 10-nm step in diameters is created
on the grown epitaxial structure by applying focused gallium ion beam (FIB)
milling using a FEI Versa 3D dual beam system. Adjustment of ion current
down to 1.5 pA allows to obtain nearly vertical side walls of the nanoparticles.

The proposed lithographical fabrications were done by Dr. Viktoriia
Rutckaia, Prof. Arseniy Kuznetsov, Dr. Filipp Komissarenko and Prof. Ivan
Mukhin.
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Chapter conclusions

This chapter includes most of the fabrication steps for the nanostruc-
tures studied in the research, and the characterization techniques and exper-
imental setups for investigation of the effects proposed in the thesis. The
proposed methods allow a full study of resonant optical properties of the
nanostructures and give comprehensive information regarding their ability for

thermally sensitive enhanced Raman response.
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CHAPTER 2. MIE-RESONANT OPTICAL
HEATING AND RAMAN
NANOTHERMOMETRY

2.1 Light-matter interaction at nanoscale

Study of interaction of structured light with micro- and nanoscale solid-
state objects gave a boost for development of an alternative platform to con-
ventional electronic devices and signal processing — optical and photonic de-
vices [51]. In order to understand the underlying physics, one should start

from characteristic light-matter interaction timescales and intensity scale.
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Figure 2.1 — Schematic of different photon-matter interaction timescales. Adopted

from [52].

Fig. 2.1, adopted from [52], depicts typical timescales of laser-pulse-
excited electron and lattice processes in solid-state materials. The fastest
processes are related to electron (carriers) absorption of light and their ther-
malization. Further, carrier removal mechanisms follow, and the last are ther-
mal and structural effects, which appear of nano- and microsecond scales. In

this work, the main results and effects are obtained in stationary state, which
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means that the characteristic times are of the order of seconds and the system
is in stable condition.

Important feature shown in Fig. 2.1 is thermal and structural effects
under intense laser irradiation. They can be schematically described as given
in Fig. 2.2.
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Figure 2.2 — Schematic of different photon-matter interaction timescales. Adopted
from [53].

Laser irradiation of solid-state materials can initiate various micro-
and macroscopic processes, especially if sharply focused. In such systems,
optically-induced electromagnetic nonlinear reversible and irreversible pro-
cesses of different timescale occur. The fastest nonlinear process among the
reversible processes that allows tuning of properties, and, therefore, of op-
tical response, is optical Kerr nonlinearity, which manifests in alteration of
refractive index proportional to the square of the field and happens due to the
interaction of a high intensity electromagnetic field with the material [54]. A
relatively slower process of free carriers generation appears due to electron-
hole plasma excitation during light-stimulated band transitions [55]. Other
light-induced nonlinear processes occur due to the conversion of light energy
to thermal energy resulting in thermo-optical effect or crystalline phase tran-

sition [56], for example, the processes in GST materials.
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A different type of laser-matter interaction is reconfiguration or ir-
reversible change of structure due to high-intensity laser field applied to the
material that results in the release of thermal energy. The first example of irre-
versible light-stimulated transition is photo-thermo chemical catalysis. Laser
excitation of the structures induces some chemical reactions that alter the
chemical structure of the material, and, thus, its optical properties [57-59].
Another basic example of irreversible reconfiguration is reshaping due to melt-
ing of the material, and the last but not the least is laser ablation at high-
intensity laser illumination with ultrafast boiling of the material [60].

This section gave a basic understanding of different timescales and in-
tensities that stand for light-matter interaction. More details will be described

later for specific topics.

2.2 Resonant all-dielectric nanophotonics

The section is devoted to the milestone works of the field. Since the
main focus of the dissertation is stressed on semiconductor resonant structures
for Raman scattering, it is crucial to have general knowledge of the related re-
searches. All-dielectric nanophotonic mostly studies single optically resonant
nanostructures - nanoantennas or nanoresonators, and structures supporting
collective resonances - metasurfaces [16].

One of the main advantages of finite-size objects that support reso-
nances — nanoresonators — is the ability to localize and enhance electromag-
netic field either inside or in the near-field region, therefore substantially en-
hancing and improving performance for other light emission applications.

Fig. 2.3 depicts use of basic type of resonances - Mie-type - in different
light interactions with nanoresonators. After the first experimental observa-
tion of ED and MD Mie-resonances in elastic scattering of single all-dielectric
nanoparticles [43,44] (Fig. 2.3(a,b)), such approach was used for other optical
effects. For example, MD resonance gives a two-fold increase in Raman scat-
tering signal of single silicon nanoparticle in comparison with non-resonant
case [17] (Fig. 2.3(e)). Similar performance was observed for nonlinear gen-

eration of light, namely second- [10] and third-harmonic generation [9] from
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Figure 2.3 — Mie-resonances in nanophotonics. a) First experimental observation of
Mie-type electric and magnetic dipole resonances (ED, MD) in elastic scattering on single
silicon nanoparticle [44] b) Electromagnetic field structure and dipole moments orientation
for ED and MD [43] ¢) Enhanced second-harmonic generation from single silicon
nanoparticle supporting Mie resonances [10]. d) Mie-resonant lasing action in all-dielectric
perovskite nanocube [7]. e) Schematic of Mie-enhanced Raman scattering from single silicon
nanoparticles [17]. f) Schematic of Mie-enhanced third-harmonic generation from single

all-dielectric nanodisk [9].

a single resonant all-dielectric nanoparticle, giving significant improvement in
efficiency of the generation after reaching resonant conditions (Fig. 2.3(a,d)).
At last, it is worth mentioning, that Mie-type resonances can possess relatively
high quality factor, therefore they are a possible platform for subwavelength
nanolasers [7] (Fig. 2.3(d)).

The described examples of resonantly enhanced optical processes were
mostly obtained using the so-called bright modes, i.e. the resonant states
that emit light in the far-field, and, therefore, can be externally excited. How-
ever, several fruitful approaches have been proposed for achievement of high
electromagnetic field localization within the nanoresonator, based on destruc-
tive interference in the far-field. Such peculiar optical effects can be obtained
via anapole modes or by excitation of a quasi-bound state in the continuum
(q-BIC).

Fig. 2.4 depicts application of dark modes in nanophotonics. For ex-
ample, anapole state in a single silicon nanodisk, with near-zero scattering,

supports enhanced Raman scattering [35], or enhanced third-harmonic gener-
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Figure 2.4 — Dark modes in nanophotonics. a) Anapole-enhanced Raman scattering

from a single silicon nanodisk [35]. b) The schematic of the concept of quasi-BIC state in a
single nanoresonator [48]. ¢) The schematic of BIC-induced lasing in a single all-dielectric
nanodisk [8]. d) Enhanced second-harmonic generation from single nanodisk supporting

supercavity mode [11].

ation [61]. Another example of dark-mode is the supercavity mode, or quasi-
BIC mode supporting very high-Q resonances [48], which making them at-
tractive for nonlinear light generation, such as lasing [8] and record-efficiency
second-harmonic generation [11].

Different variations of shapes and excited optical modes in the nanores-
onators can be outstanding in performance: namely, for directional scatter-
ing [62,63], for excitation of non-radiating states [64], for extreme thermo-
optical tuning [40], enhanced photovoltaic efficiency [65] and improved photo-
luminescence [12,13].

The approaches described in this section that are based on single
nanoresonators can be extended to collective resonances - metasurfaces. How-
ever, this dissertation is mostly devoted to single nanoparticles. Thus, the
metasurfaces in nanophotonics field will not be covered.

This section covers main applications of resonant states in single

nanoparticles for different nanophotonics areas.
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. Melting Heat Thermal Thermo-optical Thermal expansion
Material Eg
(Units) Temperature Capacitance Conductivity coefficient coefficient
nits
K J/(g K) W/(m K) le-6 1/K le-6 1/K eV
. 250(>2 mkm) )
Si (c) 1687 [66] 0.713 [66] 1.56 [66] 67 2.616 [66] 1.14(i) [68]
150 (>2mkm)
-147+4851(Q633)
Si (a) 1400 [69] 21 J/mol/K [69] 0.018 [70] 2714225i(@752) [71] ~1[72] 1.14(i) [68]
+imaginary part
400(>2 mkm)
Ge 1210.4 [66] 0.3295 [66] 0.6 [66] [67] 5.75 [66] 0.67(i) [68]
400-500 (>2mkm)
GaAs 1513 [66] 0.327 [66] 0.45 [66] 250 (@1.15 mkm) [67] 6.03 [66] 1.43(d) [68]
GaP 1730 [66] 0.313 [66] 0.77 [66] 160 (@0.63 mkm) [67] 4.89 [66] 2.26(d) [68]
CdTe 1365 [66] 0.211 [66] 0.075 [66] 147(@1.15 mkm) [67] 4.7 [66] 1.49(d) [68]
PbTe 1197 0.0031 [73] 0.0198 [73] -1.4e3 (>6mkm([1]) [74] 19.8 [75] 0.32(d) [75]
a: \deltaK = (1.174-0.03)*10-5 K-1
900K 0.0019, \delta n = 3.5%1e-5 _
Ge2Sh2Te5 (a,c) [76,77) 0.212 [78] [56] 2 -7 [80] 0.95(d) [68]
(a->c ~400K) 0.0057-0.015 c: \deltaK = 1.13*1e-4
\delta n = -6.5%1e-5 (@1.55 um)
MAPbDCly 380 C [81] 0.492 [82] 0.0046 [82] 300 [82] 30 [83] 3.15 [82]
Au 1337 [5] 0.129 [5] 3.18 [5] -300 — -700 [84] 14 [85]
Ag 1235 [5] 0.24 [5] 4.29 [5] -300 — -700 [86] 18.9 [85] Metals
Al 933 [5] 0.9 [5] 2.37 [5] thermoreflectance @780nm 23.3 [85]

Table 2.1 — Properties of the common materials for thermophotonic applications.

Parameters are taken at ambient conditions if not noted elsewise.

2.3 Introduction to all-dielectric thermal nanophotonics

In recent years, dielectric nanophotonics gained high interest due to the
ability for light concentration inside the nanoscale resonators, in contrast with
plasmonic nanoantennas. Due to the excitation of different optical resonant
modes inside the semiconductor nanostructures upon laser irradiation, consid-
erable field enhancement can be possibly observed. However, these structures
turn out to be highly efficient for optical heating and thermometry at mod-
erate intensities. In this review, we cover the recent progress in the field of
newly arising all-dielectric thermal nanophotonics, which contains theoretical
approach in optimization of optical heating process, as well as experimen-
tal verification and simultaneous thermometry at the nanoscale. We believe
that such approach can serve as an effective platform for single-step opti-
cal heating-nanothermometry applications and overcome major drawbacks of
thermoplasmonics in general.

Here we discuss the main physical properties of bulk semiconductor
and dielectric materials, which have key importance in the relation to thermo-

photonics. We will consider direct and indirect semiconductors as common
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materials used in nanophotonics, and also will focus on actively developing
phase-changing GST materials and halide-perovskite materials. The list of the
discussed materials along with their parameters are summarized in Table 2.1.
We also provide the data for typical metals for future comparison with the
thermoplasmonics.

The resonant response of nanostructures is one of the main require-
ments for their utilization in nanophotonic systems. In the absence of surface
plasmon resonances, which are typical for highly conductive nanomaterials,
the non-plasmonic nanostructures possess the dielectric-type Mie resonances
defined by the geometric condition for resonant wavelength \y ~ nD, where
n is the real part of the refractive index of the nanoresonator material, and
D is the linear size of the nanostructure (for nanospheres - diameter). Thus,
the non-plasmonic materials efficient enough for nanophotonics applications
are usually selected among high-index materials [87], which provides compact
and high-Q resonators. The high refractive index is usually achieved in narrow
band-gap materials [88], which also defines their spectral operation region as
above the band edge, where the losses can be extremely high, thus suppress-
ing any optical resonances. Nevertheless, for the thermo-optical applications,
losses play a dual role: on the one hand, they destroy the resonances, and on

the other hand, they are responsible for thermal heating.

2.3.1 Tunable optical losses

The origin of optical losses in non-plasmonic materials in visible and in-
frared regions is mainly related to the mechanisms of inter-band or intra-band
electron absorption. While the former are related to valence-to-conduction
band transitions or to excitonic transitions, the latter are connected to ab-
sorption of light by free carriers present in semiconductors.

A beneficial property of non-plasmonic materials is their ability for tun-
ing the optical losses. Although the inter-band losses are normally provided
by the band structure of the solid and hardly can be varied, the excitonic
absorption can be varied in a wide range by tuning the excitonic transition

in perovskite materials [89,90]. More conventional methods of intra-band ab-
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sorption tuning require doping - intentional introduction of impurities into
an intrinsic semiconductor for the purpose of modulating its electrical, opti-
cal and structural properties, thus allowing effective alternation of the band
structure [91,92]. In Fig. 2.5 the spectral dependences of the optical absorp-
tion in c-Si and GaAs are shown for different values of the doping level. One
can see that for the short-wavelength region the interband indirect optical
transition govern the optical losses and are almost independent of the doping
level. For the photon energy below the band gap, the intra-band free carrier
absorption becomes dominant, and doping drastically increases the absorpion.
Despite that, in the whole spectral region of interest the optical losses of gold
prevail over the losses in the semiconductors. The doping of semiconductors
also results in the change of the real part of the refractive index, which stays
relatively low in the visible-NIR spectral regions. The ability to tune the losses
can be efficiently used for controlling the optical heating of the nanostructure,

which will be discussed in details below.
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Figure 2.5 — Light absorption in Au, c-Si:n, and GaAs:n. The absorption curves for
different level of doping are shown: 1+107"em™3; 2+10"¥cm=3; 3+10"¥cm ™3,
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2.3.2 Light emission as a thermometry tool

The non-metallic materials provide the intense sources of light emis-
sion. Photoluminescence and Raman scattering are of strong interest within
this section. These mechanisms are defined by the crystalline and electronic
structure of the materials and are highly sensitive to the temperature changes,
which underpins the nanoscale thermometry.

The probing of photoluminescence temperature works as following: a
direct band-gap quantum dot or nanostructure absorbs incident light with
subsequent exciton generation and further re-emits light, according to the
excitonic energy and the band gap. Different thermal conditions in the sur-
rounding media result in spectral and intensity shifts of the photoluminescence
spectrum, which can be detected and converted into the temperature [93-95].

Another example of thermally sensitive light emission from semicon-
ductor structures is Raman scattering. Generally, Raman response is inelastic
scattering of incident light on crystal lattice phonon, thus, the higher the
purity and crystallinity of a nanostructure are, the higher the quality factor
and intensity of the Raman response. The Raman scattering allows mea-
suring temperature either by the spectral shift of the Stokes signal [21,22]
or by Stokes/anti-Stokes ratio [96]. However, single resonant semiconductor
nanoparticle can significantly enhance Raman scattering by more than 100
times compared to the non-resonant case [17], thus making the detection of
temperature via comparison of Stokes and anti-Stokes scattering signals com-
plicated.

It is worth mentioning that the proposed thermally sensitive light emis-
sion processes allow temperature detection both at relatively low and high
laser pump intensities. High intensities and temperature broadens the emis-
sion spectra and lowers the Q-factor, making detection quite challenging.

There are plethora of optical techniques for thermometries at nanoscale;
however, we believe that the most applicable methods for single resonant
nanostructures are based on intrinsic Raman scattering (see Sec. 1.2.3 for more
details) and photoluminescence of the nanoresonators. First, such methods

do not require extra functionalization or fabrication steps - the generated
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Figure 2.6 — a) Resolution and precision comparison of optical thermometry techniques
adopted from [30]. B) Comparison of sensitivities for optical thermometries based on

quantum dots, up-conversion nanoparticles and nano-diamonds [97].

signal is inherent to the material. Secondly, thermometry cycles are unlimited,
contrary to the thermometries based on dye molecules. At last, a single laser
source can be used both for pumping of the optical heating and Raman or
PL generation. The spatial resolution of the thermometry based on PL or
Raman scattering is mostly governed by the sizes of the structures, whereas
the temperature resolution is limited by the spectral width of the emitted
signal and the resolution of the spectrometer. Comparative analysis for various
thermometry techniques is shown in Fig. 2.6.

Another Raman nanothermometry approach is based on the compar-
ison of Stokes and anti-Stokes signal intensities. It is known that anti-
Stokes/Stokes Raman signals ratio increases with growth of the temperature
of crystallized dielectrics (e.g. silicon [98]). Because of Boltzman distribution
of phonons population, an exponential dependence on temperature is observed
for this ratio:

— = T, (2.1)

where I4 and [g are the intensities of anti-Stokes and Stokes signals, respec-
tively, h is the reduced Planck constant, wg is optical phonon frequency of

silicon, k£ is Boltzmann constant and 7" is temperature.
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Remarkably, Raman signal can be strongly enhanced at optical res-
onances in all-dielectric designs [17,35,41,99]. However, this property can
reduce the accuracy of such an intensity-based method as Stokes/anti-Stokes
thermometry at high temperatures because of thermo-refractive effects, which
change resonant properties of dielectric nanostructures and, thus, the efficien-
cies of Raman scattering at different wavelengths in a different manner.

The last thermometry based on Raman scattering that is worth men-
tioning for single resonant nanoparticles is the combination of optical and
mechanical processes. The tweezed silicon nanorod can exhibit mechanical
rotation, and the heating temperature of the nanorod trapped by the laser
source can be extracted both via Raman scattering and analysis of the rota-
tional motion.

This section covers basic principles of light emission from all-dielectric
and semiconductor nanoparticles. The analysis and the understanding of the
connection between emission and thermal properties of the particles allows
one to extract the temperature profile of the object at the nanoscale with

sub-10 Kelvin resolution.

2.3.3 Thermo-optical effect

At the elevated temperatures, the optical constants of the solids gen-
erally cannot be considered as constant and start to depend on temperature,
which is referred to as thermo-optical effect. There are several physical mech-
anisms lying in the origin of this effect. One of the most important is related
to the dependence of the electronic band gap on the temperature [100] due to
the thermal expansion of lattice. This effect, along with the temperature-
dependent Fermi level, gives the most significant contribution in thermo-
optical effect in semiconductor materials. Another contribution is related to
the increased scattering rate of electrons in solids due to the enhanced phonon
scattering, however, this mechanism is more important in metals, where the
electron concentration stays almost constant.

Upon the alterations in the temperature, both real and imaginary parts
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of the refractive index change according to the following expression:

dn

An = I(T-Ty), T=—
n ( 0)7 dTTO

(2.2)

where I' is the complex thermooptical coefficient. A conventional semiconduc-
tor, such as crystalline silicon, possesses a relatively high I'. The value for the
real part is 4.5-107* K=! and the imaginary part is 0.1-10~* K~ [101,102]. In
comparison, other conventional semiconductor, GaAs, possesses 4 time lower
value of the thermooptical coefficient. The values of the thermo-optical co-
efficients are summarized in Table 1. One can notice that the most of the
semiconductor materials have a positive real part of I'. Thermal expansion
leads to larger interatomic distances and, thus, to weaker interaction between
the electronic states and consequent decrease in the band gap. The well-
known general law describing the temperature dependence of the band gap is

as follows:

aT?
T+p3
where a and [ are material-dependent constants. The simple reasons re-

Ey(T) = E4(0)

lated to thermal expansion provide that for the majority of materials o > 0,
which results in positive thermo-optical coefficient IV > 0. However, there is a
number of materials where the temperature dependence of the band gap has
anomalous form and, for instance, o < 0 resulting in I' < 0. One can see that
PbTe is one of such materials, with negative thermo-optical constant being
several times higher in absolute values [74,103] compared to others materials.
Recently, a high negative thermo-optical constant of lead halide perovskites
was also reported [82].

From the point of heating a resonant nanostructure, the temperature

change of the refractive index leads to thermal drift of the resonant wavelength:

A\ ldn 1dD
—~ | =+ =—= ) AT.

o <n T "D dT)
Here, the first term corresponds to thermo-optical coefficient, while the second

one is related to thermal expansion coefficient and related change in geomet-

rical size of the nanostructure. It allows, for instance, the tuning from non-
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Figure 2.7 — Thermal tuning of metaoptical devices. a) Illustration of the
temperature effect on the far-field optical properties of metasurfaces by employing the
actual scanning electron microscope (SEM) image. By cooling or heating the metasurface
sample, one can operate in either the reflection or transmission regime, respectively [104]. b)
Ultrawide spectral tuning of resonances via heating of semiconductor meta-atoms [103]. c)
Upper row: SEM images of the fabricated Yin-Yang pattern with slightly different
geometries of the two parts. Lower row: optical images of the metasurfaces obtained at 784

nm at different temperatures [105].

radiating to super-radiating states as shown in [40] on a single nanoresonator.
From Table 2.1 one can see that normally, the thermal expansion coefficient
is smaller than the thermo-optical constant, but their contributions to the
relative wavelength shift may be comparable. The recent findings show that
among other materials, perovskite structures may possess quite high value of
thermal expansion coefficient 250 - 107¢ K~ [83)].

Among the possible applications for thermo-optical effect is the tuning
of the optical resonances spectral position in an ultrawide range, as shown in
Fig. 2.7(b). At higher temperatures, the meta-atom’s optical response shows a
significant blue shift [103]. Same feature can be realized for full transparency -
full reflection switching for all-dielectric metasurfaces [104]. Similar approach
can be realized for asymmetric meta-atoms for application in visualization, as
shown for a metasurface of Yin-Yang shape [105].

This section briefly covers some of the works related to thermo-optical
tuning of light responses of nanophotonic structures, showing the potential of

such approach for efficient reversible tuning.
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2.3.4 Temperature-driven phase transition

Another advantage in comparison to the plasmonics related to the pos-
sible degree of freedom for tunable optical heating and resonant response in-
herent for semiconductors is temperature-driven phase transitions. Schemati-
cally, we will divide them into four main thermally-driven phase-transitions: i)
melting ii) crystalline-to-amorphous transition (annealing) iii) reversible phase
transitions in GST or similar materials iv) crystalline lattice phase transitions
in perovskite-like structures.

Upon intense laser irradiation materials tend to experience changes in
their properties and structure when the local temperature exceeds the thresh-
old value. Such changes in the properties upon reaching certain temperature
are called phase transition. A conventional and well-known example of a phase
transition is the melting-crystallization process. The process is reciprocal and
the material can melt and recrystallize upon heating and cooling, respectively.

However, there are also different types of phase transitions that are
not manifested by visual differences and hardly can be detected. These types
of phase transition occur between crystalline and amorphous phases of the
material. Such phase transitions in materials supporing glass-transition effect
are very prospective for designing new photonic nanostructures.

The described phase transitions were demonstrated in c-Si spherical
NPs, that were fabricated by a fs-laser forward transfer [50,106]. The transi-
tion from a-Si to c-Si is manifested optically via slight changes in the refractive
index in the visible and near-IR spectral range. The nature of the process is the
following: in the c-Si state, the electron transitions in the range from 1.1 eV to
3.4 eV are indirect, thus the radiative transition can be only phonon-assisted.
In contrast, in the a-Si state, the wave vector conservation is not supported,
thus making these transitions possible, which results in the stronger optical
response [107].

If we consider the numbers - the values for the permittivities in both
cases - crystalline and amorphous, they differ quite a bit: ¢, g = 16.5 to
£c_si = 14 in the visible range. Spectrally, such difference in permittivities

can shift the position of the Mie resonance in scattering response more than
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50 nm as shown in Fig. 2.8(a) [50]. Zywietz et al. printed an equidustant array
of the a-Si nanospheres. The fabricated nanospheres supported the same MD
Mie response in the same wavelength region. However, the subsequent laser-
induced phase transition to c-Si state in the array of these a-Si NPs resulted
in spectral shift of the Mie-resonances, therefore changing the color of its
microscopic scattering images. This behavior was also employed to modify
locally optical properties of individual a-Si nanoparticles to create a picture
“Si” as shown in Fig. 2.8(b).

Further, the approach of local thermally-induced phase switching was
applied to record various complicated colorful patterns with amorphous Si
nanoparticles prepared by nanolithography [108]. This method is quite use-
ful because it allows creating of ¢-Si nanoparticles on an arbitrary substrate
(e.g. glass) without employing silicon-on-insulator or silicon-on-sapphire tech-
nologies nor any transfer techniques. Additionally, this technique allowed for
local laser annealing of amorphous silicon nanoparticles with in situ control
of temperature and crystalline state via generated Raman signal analysis [32].

There is another example of phase transitions that should be men-
tioned. The special compound of germanium (Ge), antimony (Sb) and tel-
lurium (Te) - shortly GST - support non-volatile reversible amorphous-to-
crystalline phase transitions forth and back. Such modulations between crys-
talline and amorphous phases in GST materials attracted a great attention in
last years.

In contrast to the moderate change in optical and electrical properties
of amorphous and crystalline phases of silicon, amorphous and crystalline GST
alloys have significant differences in permittivities [109,110]. This alteration
of permittivity upon phase transition is highly attractive for nanophotonics
application. For example, the optical response can be significantly tuned spec-
trally with the crystallization process as shown in Fig. 2.8(c) [111] and can be
modulated from complete reflection to complete transmission for metasurfaces
made GST disks as shown in Fig. 2.8(d) [112].

Due to low losses for A > 1.5 pym, the GST-based nanophotonic designs

employing optical resonances can operate in the near-infrared range.
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Figure 2.8 — Phase-changing of nanoparticles. a) Experimental (blue) and theoretical
(red) scattering spectra of spherical Si nanoparticles. b) Dark-field image of the fs-laser
printed Si NPs. The nanoparticles in the ’Si’ shape figure are crystallized by another laser
pulse [50]. ¢) Numerical scattering spectra of a single GST nanodisk for different crystalline
states [111]. d) The reflection spectra for the metasurface fabricated of hybrid Si/GST
nanodisks, supporting phase transitions that are manifested by the modulation of the

reflection [112].

Recently, it was demonstrated that a metasurface working in the near-
IR region where the optical losses for GST materials are low, can support
low-order resonances [113]. The fabricated metasurface was designed so that
it supported resonant features both for transmission and reflection at A = 2um
for specific polarization, and non-resonant behavior for other linear polar-
izations. However, for shorter wavelengths, the structure did not support
scattering in non-zero diffraction orders [114], therefore acting as a metama-
terial [113].

In the work of Tian et al. [111], it was demonstrated that the structures
from GST material can support a number of different optical Mie-modes and
allow for active in situ tunability. The significant difference in dielectric per-
mittivities of the crystalline and amorphous phases resulted in a broadband
(AX/X\ ~15%) spectral shift of the resonance position (see Fig. 2.8(c)).

In order to shift from IR to visible range, a new concept in all-dielectric
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optical metasurfaces was introduced and experimentally validated based on
a hybrid combination of high-index and low-loss dielectric building blocks
with embedded subwavelength inclusions of chalcogenide phase-change mate-
rials. [112] By using this hybrid approach, the authors were able not only to
provide on-demand dynamic control of light amplitude, but also to deliver a
very high efficiency of operation over a very wide spectral range by a judicious
material choice. The authors demonstrated the flexibility and universality of
our approach by the design and development of hybrid metasurfaces for ap-
plications as switchable spectral filters in the near-infrared and dynamic color

generation in the visible spectrum.

2.4 Laser heating and Raman nanothermometry by Mie-resonant

nanostructures

This section is devoted to the main analysis of the optical heating
phenomena of all-dielectric and semiconductor nanoresonators, which were
considered as lossless and inefficient in light-to-heat conversion applications.
The optimization of Mie-resonances with material parameters can result in
highly laser heating of all-dielectric nanoparticles.

The basic principle of light heating and absorption for single spheri-
cal nanoparticle in homogeneous surrounding environment was developed and
tested before [19,20].

All-dielectric nanoparticles can support strong resonant responses in
the visible range, therefore, their light absorption can vary dramatically. In
this regard, the analytical solution for the continuous-wave laser heating of
a single spherical NP can take into account the resonant nature of the NP.
As a result, the exact solution for the temperature increase of the spherical
NP with diameter D in a steady-state heat diffusion equation, infinite exter-
nal boundary conditions and a pre-defined plane-wave source with incident
intensity (/), the NP absorption cross-section (Cgs) defined by Mie theory,
the known thermal conductivity of the surrounding medium ks, in case the
thermal conductivity of the NP is much greater than that of the environment,

can be found as follows:
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Figure 2.9 — Optical heating of spherical NPs. (a) Schematic of the optical heating and
thermometry concept. Calculation results for theoretical optical heating in homogeneous
aerial environment for single spherical NPs with fixed wavelength/diameter ratios A/D as a
function of various real and imaginary parts of the permittivity: (b) A/D = 10; (c)
A/D = 2.8. The green arrowed lines in b) and ¢) correspond to values of Re(e) and Im(e)

for specific real material dispersions. The direction of the arrows corresponds to increase of

the wavelength. The numbers indicate the wavelength region in microns. Adopted from [21].

The results of the optical heating calculations can be found in the
colormaps depicted in Fig. 2.9(b,c). The optical heating temperature for
spherical nanoparticle in aerial media of different real (from -10 to 30) and
imaginary (from 0 to 5) parts of permittivity in case of small nanospheres
(wavelength /diameter ration = 10) are shown in Fig. 2.9(b), and the same
calculations, but for the larger NPs, where the wavelength-to-diameter ra-
tio is 2.8, are shown in Fig. 2.9(c). While the size of the NP is still too
small to support Mie resonances, only nanospheres with negative real part
of permittivity (metals) support optical heating, which one can clearly see
from Fig. 2.9(b). However, upon increasing the diameter of the NPs until
wavelength-to-diameter ratios reaches A\/D = 2.8 (Fig. 2.9(c)), the hot sopts
appear in the region of positive real part of the permittivity, which correspond
to the dielectric and semiconductor materials. This happens due to excitation
of different Mie modes in the nanosphere. What is more fascinating about
this results is that the increase of the imaginary part of the permittivity does
not necessarily lead to the total increase of the optical heating temperature.

For deeper understanding of the underlying physics and the explanation
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of the origin for efficient optical heating of materials that are considered to be
lossless, i.e. all-dielectrics and semiconductors, upon resonant laser excitation
of Mie modes, one should start the consideration from the classical general

expression for the absorbed electromagnetic power P:
1
P = Re / I () E(r)dV (2.4)
1%

where J(r) stands for the current density, E(r) is the electric field inside the
object, and the integration is performed over the volume of the considered
nanoobject V. The expression in Eq. 2.4 gives understanding that the higher
electromagnetic field inside the nanoobject and higher the current density is,
the greater the total absorbed power is. Moreover, one should keep in the
mind that J = ¢E and ¢ = ggwlm(e), where ¢ is the vacuum permittivity, w
is the incident light frequency and o is the electric conductivity.

The integration of Eq. 2.4 over an arbitrary NP volume supporting
Mie modes allows to modify the Eq. 2.4 in terms of an effective mode volume
Ve and spatially-averaged field enhancement factor F=< |E|* > /| Ey|?, which
gives information on the amount of energy that can be stored inside the NP
and where |Fy| is the incident electric field magnitude. Therefore, one can

modify Eq. 2.4 for the total absorbed power as follows:
P~ oF? V. (2.5)

The total absorbed power now has 3 different independent contribution
factors o, F? and V,g, which all have significant influence on total optical
heating temperature 0Typ. The following subsections will consider all the
factors separately.

The nonradiative losses factor. As it was shown by the expression in
the Eq. (2.5), the increased Ohmic losses do not necessary raise the total
absorption of light by the NP, the same goes for the total optical heating. If
we consider the increase of the imaginary part of the permittivity, that would
necessary lead to increase of the electric conductivity; however it would also
significantly affect the resonance quality factor Q by reducing it, therefore

lowering the o F? factor. Thereby it should be examined in more details.
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The optical resonances can be described by the 'toy model’ of the os-
cillator with friction, with some assumptions. Therefore, near the optical
resonance frequency wy, the field enhancement factor F' can be expressed as
F ~ 1/ (w§ — w? — iwy), where 7 stands the total optical losses of the system.
If one looks more closely, the total optical losses have two general contribu-
tions: ¥ = Yrad + Yohmic, Tadiative and nonradiative (or Ohmic) losses. The
nonradiative part is proportional to Im(g), thus oF? factor at the resonant
frequency wy is proportional to ~ Youmic/(Yommic + Yrad)?, thereby, one can see
that very high Ohmic losses lead the total absorbed power to zero.

The direct and pretty simple assumptions lead to following: at the
certain value of 7;,4, the maximum value that the factor (o F 2)mX can reach ~
1/(4%aq). The maximum value is achieved when the Yonmic & Yaq- Radiation
losses Vraq can be minimized by taking a resonant nanoparticle whose size
is much smaller than the wavelength A. This can be obtained in case of
plasmonic NP supporting localized surface plasmon resonance (LSPR) with
a given plasma frequency w,, where a4 < Yohmic. At the LSPR, the 7yaq is
equal to & wi /wi(mD/X)?. This analysis leads to the fact that yp,q is relatively
small compared to wy due to the ratio (D/))3.

Indeed, these predictions and estimation are proven analytically and
can be seen in Fig. 2.9(b), where in case of relatively small NPs (A\/D = 10)
the resonance occurs only in the region of negative real part of the permittivity
Re(e), and highest temperature value is achieved at relatively small values of
imaginary part of the permittivity Im(e), where Yonmic & Vrad-

The opposite scenario appears for bigger NPs, which can be seen in
the Fig. 2.9(c). The presence of the hot spots for optical heating in positive
range of real part of the permittivity means that semiconductor NPs can be
optically heated very efficiently. For example, radiation losses v;,q for dipole
modes is rather high, and highest temperature is achieved at bigger Ohmic
losses. On the other hand, if one considers higher-order resonances, e.g. MQ),
one should expect smaller 7.4, and, therefore, the optimal laser heating would

appear lower values of Yonmic. The latter one can bee seen for higher Re(¢) in
Figs. 2.9(b,c).
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Figure 2.10 — Semiconductor doping. a) Schematic of a spherical nanoparticle optical
heating by plane wave irradiation in homogeneous media. Picture adopted from [31]. b)
Real (blue) and imaginary (red) parts of refractive index as a function of doped free carriers
concentration. ¢) Maximum values of scattering (red) and absorption (blue) cross-sections
in 800 to 1600 nm excitation wavelength at different doping levels for magnetic octopole
(MO) mode only. d) Optical heating temperature of single spherical nanoparticle with 315
nm radius with refractive index defined by b) and ¢) as a function of doping level. e)
Optical heating of spherical nanoparticle as a function of doping carrier concentration at a
certain optical mode - MO, MQ, EQ - magnetic octopole, magnetic quadrupole, electric

quadrupole modes, respectively.

One of the possible ways to vary the nonradiative losses of the nanores-
onator and, thus, the nonradiative losses of optical mode, is to dope the
nanoresonator material with free carriers before fabrication. Doping of a sin-
gle conventional semiconductor nanoparticle is still quite a challenging task
except for some nanostructures based on hybrid halide perovskites, where one

can achieve a drastic change in the optical and conductive properties by in-
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situ nanoparticles doping [90]. In this regard, for doping, one should consider
the films that would be subsequently reshaped by lithography techniques into
metasurfaces and nanoparticles. However, in order to show only the proof of
concept, we will consider calculation of optical heating without loss of gener-
ality of the statement. Strickly speaking, a resonant silicon nanodisk is a more
reasonable structure for consideration, but, nevertheless, the excited optical
modes in the nanodisks are similar to those that can be excited in nanospheres,
and the total optical heating can be also analytically estimated by using the
expression from [20].

To start with, it is necessary to estimate the effect of doping on optical
and conductive properties of the material, since it impacts significantly on
optical properties [115]. The free carrier contribution to the semiconductors
permittivity is described by a Drude model [116]:

2.2

e =c¢ (1 — L) (2.6)
> 14 w?r? '
2
; EccWnT
= 2.7
© w(l+w?r2)’ (27)

where the plasma frequency w, and scattering time 7 are defined as w, =
,/#:jgo and 7 = # where N is the free carrier concentration, e is the
electron charge, m.. is the conductivity effective mass and for n-type doping of
silicon m,. = 0.26 - m., m, is the electron mass, ¢y and €., are the permittivity
of free space and the high-frequency permittivity, respectively, and p is the
free carrier mobility.

The mobilities of carriers, both electrons and holes, have similar de-
pendence on the introduced doping: at relatively low values of doping con-
centrations, the mobility remains almost constant and is mostly limited by
phonon scattering. Upon reaching higher doping concentrations, the mobility
lowers due to the scattering on the ionized doping atoms. The real mobility
value also strongly depends on the type of dopant.

The mobility at a particular doping density is obtained from the fol-
lowing empiric expression:

Hmaz — Hmin

1+ (3)"

= Mmin + ) (2-8)
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where fitting parameters for phosphorous doping of silicon ji,,;, = 68.5 cm?/V -
S, Mmaz = 1414 em?/V - s, N, = 9.2-10% em™, a = 0.711.

The mobility of the carriers and concentration affects the permittivity
of the material according to the Eq. 2.6. A slight change of the real part of
permittivity affects the spectral position and quality factor of the resonance,
as one can see in Fig. 2.10(d) where temperature of the nanosphere of 315nm
radius under plane wave illumination (as schematically depicted in Fig. 2.10(a)
is shown. The imaginary part of refractive index defines the absorption in bulk
material and, therefore, optical heating. One can notice the blue shift of the
excited optical modes with increase of the doping level. This occurs due to
decrease of the refractive index as one can see from Fig. 2.10(b). On the other
hand, the increase of the free carriers with doping level increases dramatically
the imaginary part of the refractive index, thus lowering the Q-factor of the
mode, therefore spectrally broaden the resonance. However, after reaching
certain level of carriers concentration, further doping does not boost optical
heating, therefore it means that higher nonradiative losses do not necessarily
lead to enhanced absorption and optical heating.

The latter one is explicitly shown in Fig. 2.10(e) where optical heat-
ing at certain optical modes MO, MQ, EQ (magnetic octopole, magnetic
quadrupole, electric quadrupole modes, respectively) for different levels of
doping is shown. Each particular optical mode is described by its radiative
losses 7,4.¢ and non-radiative losses, which are mostly Ohmic due to Joule
heating Yonmic. The latter one is defined by the imaginary part of refractive
index, therefore by doped carriers concentration. In general, the higher the
optical mode order is the better its quality factor and lower the radiative losses
Yrad- Thus, the balance between the radiative and non-radiative losses occurs
at lower doping concentrations. Indeed, for higher order and higher Q-factor
MO mode, the optimal optical heating is being reached at lower doping lev-
els, whereas for MQ and EQ losses match at higher doping concentration.
This result is consistent with previous predictions for plasmonic [117] and all-
dielectric [118] nanoparticles described by Prof. Tribelsky and co-authors. The

so-called ultimate absorption (UA) regime is being realized, where absorption
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matches scattering, as manifested in [118], therefore, the most efficient optical
heating occurs at the same conditions. The Fig. 2.10(c) depicts the maximum
scattering cross-section and the maximum absorption cross-section of a single
spherical nanoparticle of 315 nm radius at different values of doping for MO
contribution only. Such an approach has already been successfully employed
by the author in case of nanodisk resonator optical heating [119].

Effective mode volume factor. Another factor that contributes greatly
to the total absorption of light by the NP and, therefore, contributes to the
heating, is the effective resonant optical mode volume inside the nanoresonator
Veg. In the general case, the larger the nanoparticle size is - the greater the
optical heating. However, one should note that V.g can significantly vary such
an assumption. If one considers a plasmonic nanoparticle, where the real part
of the permittivity is negative (Re(¢)<0), the skin-layer depth starts to govern
the effective mode volume. Namely, the typical skin depth, i.e. the distance
where the light propagates inside the material with decrease in field magnitude
by e times, for plasmonic materials is hardly greater than 6 ~ 20 nm in the
visible range. Therefore, the V.g for plasmonic nanoparticle is defined by the
skin depth as follows: V. ~ 7mD?§. In contrast to the plasmonic materials
and NPs, the dielectric and semiconductor ones are mostly transparent to the
light in the visible range, therefore the effective mode volume is ususally of
the order of the physical volume of the NP. To be more precise, for Mie type
resonance, the effective mode volumes can be defined as Vog ~ D3 /6.

The straightforward conclusion that comes from the effective mode
analysis is that for dielectric and semiconductor nanoresonators, the increase
of the size of the nanoresonator increases the optical heating temperature.
The same approach for the plasmonic ones is much less effective.

The general conclusion for such an analysis of optical heating of semi-
conductor and all-dielectric nanostructures can be described as follows: the
efficient optical heating in resonant semiconductor and all-dielectric nanopar-
ticles can be achieved when the balance of the losses is obeyed, i.e. radiative
and Ohmic losses are equal. Since the inherent Ohmic losses in all-dielectric

materials are low, one should consider bigger particles that support high-order,
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high-Q, narrow optical modes that also possess low radiative loss channel. In
contrast, the plasmonic ones are showing the best performance when the sizes
of the NPs are rather small [19].

Optical heating with temperature feedback. The major advantage of
the crystalline semiconductors over the plasmonic materials is the presence
of the Raman scattering, which can be efficiently used as a thermal probe.
Moreover, resonant crystalline NPs supporting Mie modes can dramatically
increase the Raman scattering intensity by two orders of magnitude [17], which
subsequently can provide direct Raman-shift based thermometry. Indeed, the
optical heating of a single nanoresonator can be seen from the Raman scat-
tering spectra as a spectral blue-shift upon higher temperatures, as shown
in Fig. 2.11(a). Moreover, it was well studied both theoretically and experi-
mentally by M. Balaknski et al. [22] that due to anharmonic effects in lattice
vibrations, spectral line position of Raman scattering is known to be thermally
sensitive. Indeed, the frequency of optical phonon line responsible for Raman

scattering (€2) is governed by the temperature as follows:

Q(T)—QO+A<1+61_21>+B<1+6y31+<6y31)2>, (2.9)

where €y = 528 em™!, A = -296 cm!, B = -0174 cm!,
r = hQ/2kT,y = hQy/3kT for crystalline silicon [22].

The straightforward correspondence between the Raman scattering

spectral position and the temperature provides great opportunity for Raman
nanothermometry [23].

Fig. 2.11(a) depicts the spectral shift of the Raman spectra upon in-
creased incident laser intensity. One can determine from the Eq. 2.9 that
the spectral blue-shift from ambient conditions to 509 cm™!

the optical heating by AT ~ 600 K. Moreover, the method based on Raman

corresponds to

nanothermometry and optical heating allows for precise sub-um resolution 2D
mapping of the temperature distribution of the nanoobjects by means of fine
positioning with piezo-stage. It is worth noticing, that during the experimen-
tal studies, no irreversible changes of phase, shape or size of the NPs were

oberved.
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Figure 2.11 — Laser heating and Raman thermometry of c-Si NPs. a) Experimental
Raman scattering spectra for a 350 nm diameter spherical ¢-Si NP on a glass substrate. b)
Experimental (red circles) and numerically calculated (red solid lines) optical heating of
spherical ¢-Si NPs. Blue lines corresponds to spherical gold NPs optical heating. The
considered wavelength A = 633 nm and light intensity Iy = 2 mW/um?. Adopted from [21].

The method described in this section, based on thermally sensitive Ra-
man scattering, allows one to examine the temperature of the NP made of
various semiconductor materials, under arbitrary laser excitation, for vari-
ous values of other properties, and, what’s more important, in a very broad
temperature range of up to 1000 K, as shown in Fig. 2.11(b). The optical
heating and Raman nanothermometry are in great agreement with the the-
oretical calculations and the results are reproducable. It should be notec,
that the experimental data was well described without taking into account
thermo-optical nonlinear effects in the nanoresonator materials, which actu-
ally might sufficiently change the refractive index, thermal conductivity of the
heated materials and, therefore, the optical resonances and optical heating
performance [24].

It was shown theoretically and proven experimentally that the optical
heating of the c-Si NPs is very sensitive to the resonant conditions, therefore
the optical heating is strongly dependent on the diameter of the nanospheres,
as one can see from Fig. 2.11(b). The general concept is that the more precise
one can tune the NPs size to the resonant condition, the stronger Raman shift
will be observed in the experiment, therefore, the stronger optical heating is

achieved. The Fig. 2.11(b) shows pronounced resonant behavior from which
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Figure 2.12 — Schematic of basic principle of the optical heating of the all-dielectric

nanoresonators.

one can conclude that low-order optical modes (ED) do not support highly
efficient optical heating (roughly 160 nm in diameter), however at 230 nm
diameter, the c-Si nanoparticle possesses MQ optical resonance. The higher-
order modes appearing in larger NPs do not sufficiently improve the optical
heating performance. Thereby, one can conclude that for the case of optical
heating of single crystalline silicon nanosphere by HeNe CW-632.8 nm laser,
the most optimal condition is the MQ mode.

Such optical heating of a single resonant all-dielectric nanoparticle
already demonstrated its applicability for coversion of solar energy into
heat [120-122]. Moreover, such laser heating might be prospective for as-
trophysics applications [123].

This section covers the main aspects of optical heating of a single reso-
nant all-dielectric nanoparticle under CW laser illumination. The basic prin-
ciple described in is shown in Fig. 2.12 , where light excites optical modes
in the nanoresonator, and reaching the balance between radiative and non-
radiative channel of losses, the most efficient optical heating is realized. The
next sections and chapters mostly follow this concept of the efficient light-to-

heat conversion in a single nanoresonator.
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2.5 Hybrid plasmonic-dielectric nanostructures for enhanced

optical heating and sensitive Raman thermometry

Single homogeneous nanoresonators made of all-dielectric materials de-
scribed in previous sections are not the only selection for simultaneous optical
heating and temperature probing via Raman response. Recently, dimer or
hybrid structures combining advantages both of plasmonic and all-dielectric
materials, with a high degree of electromagnetic field localization, attracted a

great attention among the nanophotonics researchers [124].
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Figure 2.13 — Core-shell nanoparticles in nanophotonics. a) Schematic of typical
core-shell nanoparticles, namely, spherical, hexagonal, multiple cores in a single shell,
nanomatryoshka, hollow centre of the shell with a movable core. Adopted from [126]. b)
Schematic of a core-shell nanoparticle for upconversion photoluminescence [127]. ¢)
Schematic of the optimization of light absoprtion by a single multi-layered sphere [128]. d)
Tunability of core-shell scattering with phase-changing materials from non-radiating to

super-radiating state [129].

The system consisting of two resonators, made either of the same or
different material, closely located in space, is called a dimer strucutre. Such
dimer structures already demonstrated their efficiency in nonlinear light gener-

ation [125], field localization [14] and sensing [15]. However, such systems are
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difficult for implementation in some applications that require the use without
the substrates. Thus, the simplest case of hybrid nanoantenna for advanced
light manipulation is a spherical core-shell nanoparticle consisting of a spheri-
cal core and a hollow homogeneous concentric shell made of another material.

Fig. 2.13 depicts some of the applications of core-shell structures in
nanophotonics. Some of them might not support Mie-resonances in the vis-
ible range and enhance optical effects due to material and surface proper-
ties [127](see Fig. 2.13(b)). The other type of core-shell nanoparticles, sup-
porting Mie-resonances in the visible range, allow for advanced light manip-
ulation through the intereference of the optical modes, thus realizing super-
absorption regime [128], shown in Fig. 2.13(c). Indeed, the optimization of
geometrical parameters of the nanoresonator can lead to optimized light ab-
sorption [130]. Moreover, such core-shell strcutures allow switching from su-
perscattering to non-scattering regimes due to reversible phase transition in
GST shell material [129], as briefly shown in Fig. 2.13(d) or unidirectional
scattering [131].

In this section, we focus mainly on the metal-semiconductor (gold-
silicon) hybrid core-shell nanospheres for realization of efficient optical heating.

The approach for calculation of the scattering and absorption, which
mostly governs the total optical heating, is based on the method described in
sections 1.1.1 and 1.1.2.

750 800 850 900 950 1000 750 8OO 850 200 950 800 as0 900 950 1000

wavalangth, nm wavalangth, nm wavalength, nm

Figure 2.14 — Optical heating of core-shell nanoparticles a) Total scattering
cross-section of a single silicon nanosphere with a hollow center of 15 nm radius. b) Total
scattering cross-section of a single core-shell nanoparticle of silicon shell with a core made of
15-nm radius gold nanosphere. ¢) Optical heating of a single core-shell nanoparticle of

silicon shell with a core made of 15-nm radius gold nanosphere. Adopted from [132]

Fig. 2.14 depicts theoretical study of a gold-silicon core-shell nanopar-
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Figure 2.15 — Plasmonic gap nanocavities. a) Effective mode volume versus quality
factor of the resonator and a schematic of the plasmonic nanocavity [133]. b) Plasmon

nanocavity for single molecule sensing [134].

ticle in terms of optical heating and scattering. The left colormap map shows
the total scattering cross-section of light by a single hollow silicon nanosphere
with various radii. The radius of air space inside the silicon shell is 15 nm.
This is done in order to show the contribution of golden core to the total
scattering and absorption. One can see from Fig. 2.14(b) that spectral re-
gion between 850 and 900 nm, with radii between 115 nm and 165 nm, shows
a decrease in the scattering signal for core-shell strucutre with fixed golden
core radius in comparison to the case of a hollow silicon shell. This means
that the excited optical modes inside the core and shell destructively inter-
fere in the far-field scattering domain, and this results in a better absorption
and electromagnetic field localization inside the core-shell which one can see
from the Fig. 2.14(c), where optical heating of such a core-shell structure is
shown. Strictly speaking, in order to determine such an optical state, one
should carry out the mode decomposition of the scattering response; however,
according to the section 2.2, such nanophtonics behaviour might be consid-
ered as 'anapole-like’. Therefore, core-shell nanospheres give enough degrees
of freedom for theoretical realization of anapole-enhanced resonant optical
heating [132].

Another interesting example for possible hybrid approaches for efficient
optical heating and thermometry is based on gap cavities.

Fig. 2.15 depicts plasmonic gap nanocavities, which are formed with a

plasmonic resonant nanoparticle and a plasmonic substrate (a surface). The
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substrate covered with plasmonic material acts as a reflector that strongly
enhances the field in between the surface and nanoparticle, resulting in a very
high-Q resonance. The dye molecules or other organic materials play a role of
a neutral density spacer between the substrate and the sphere, thus extremely
localizing the electromagnetic field in a very tight volume [133,134]. Other
types of plasmonic structures for enhanced sensing are dimer or trimer struc-
tures consisting of similar nanoparticles that allow enhanced fluorescence [135]
or Raman scattering [136]. Even though it was shown that gold nanoparti-
cles can support thermometry [6], the collection time and applicability in real
problems remains quite challenging. In this regard, non-plasmonic sensing
platforms based on semiconductor materials with Raman-active phonons can
provide optical efficient thermometry. First, semiconductor resonant nanos-
trucutres already demonstrated great performance in biological applications
including enhanced Raman response [15,137], molecular bar-coding [28, 29],
enhanced fluorescence of single molecules [138] and many other biosensing
examples [139].

In this section, we propose a hybrid plasmon-dielectric platform for
simultaneous optical heating and thermometry based on a nanogap cavity:
a silicon nanosphere placed on top of a golden surface with proteins on the
surface of the substrate playing the role of a spacer.

The proposed system, analyzed in the Fig. 2.16, consists of a silicon
spherical nanoparticle, supporting Mie-resonance in the visible and substrate
with a homogeneous gold layer deposited on the surface. Since the laser exci-
tation source used for excitation of Raman scattering in this work was HeNe
CW laser with a wavelength of 632.8 nm, it was necessary to calculate local
electromagnetic field enhancement and distribution within the nanogap. The
field enhancement spectrum for different sizes of the NP and the distribu-
tion shown in Fig. 2.16(a,b), demonstrate pronounced resonant peaks, which
correspond to specific optical modes excited in the silicon nanosphere. The
best performance in such systems was observed at the ED resonance. This
happens due to the polarization of the nanosphere and the fact that induced

dipole moment interacts with the gold substrate, resulting in a significant en-
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Figure 2.16 — Hybrid Si-Au nanogap cavity. a) Maximum electric and b) magnetic
field magnitude normalized over the magnitude of the incident field for excitation at a
wavelength of 633 nm. Insets depict the field distribution for different linear polarizations.
c¢) Experimental Raman scattering spectra of protein molecule inside the nanogap (red line)
and on a gold substrate without silicon nanoparticle (black line, scale factor x10*). Adopted

from [30].

hancement of the elctromagnetic field inside the nanogap. Such an excited
ED optical state demonstrates a dramatic enhancement of the Raman scat-
tering signal from the protein molecule located inside the nanogap, showing
the 4-fold improvement of the signal. Moreover, the silicon nanosphere serves
as temperature indicator of the whole system, making it possible to probe the
temperature of the protein unfolding process in situ, which was experimentally
shown in [30].

Another peculiar aspect of such a system is the optical heating perfor-
mance. The trade-off between the efficient electromagnetic field enhancement
for sensing applications and avoiding hyperthermia for proteins in the nanogap
remains a challenge. For this purpose, a theoretical analysis of optical heating

in such a system was carried out in numerical commercial software COMSOL
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Figure 2.17 — Nano-gap size impact on optical heating. a) Maximum temperature of
the NP and b) electric field magnitude in the hybrid nanogap consisting of a silicon
nanosphere and a gold layer on top of the substrate. Adopted from [140].

Multiphysics. Fig. 2.17 depicts the calculated maximum temperature of the
NP for varying distance h between the NP and the surface. The distance h
increased up to 40 nm dramatically lowers the electromagnetic field enhance-
ment since the resonant coupling appears in the near-field region between the
ED mode of the silicon sphere and the gold layer. However, this distance
increases the aerial medium that surrounds the NP and, therefore, strongly
lowers the thermal conductivity, thus resulting in higher final temperature
of the NP. On the other hand, if one decreases the gap size down to several
nanometers, the field enhancement will dramatically increase, with a sufficient
decrease of optical heating efficiency. The limit case of nanosphere in contact
with the gold layer without any spacers will result in roughly negligible optical
heating, since the gold layer will play a role of an infinite heat sink with great
thermal conductivity with respect to the silicon sphere [140].

This section was devoted to the basic and general properties of simple

hybrid metal-dielectric structures for advanced optical heating and sensing via



120
Raman scattering.

2.6 Advanced bio-medical applications

As it was already mentioned before, the tight 'union’ between nanopho-
tonics and biomedicine resulted in a wide range of unprecedented applications
of optical concepts in real life. In recent decades, nanophotonics and biopho-
tonics were mostly associated with plasmonic structures and nanoparticles -
either due to their outstanding light-to-heat conversion properties [26] or elec-
tromagnetic field localization [27]. However, in the past few years, more and
more bio-applications of nanophotonics are taking place basing on all-dielectric
materials and optical responses [28-30]. The approach on using all-dielectric
nanophotonics for biomedical applications is mostly based on excitation of sin-
gle optical Mie modes or their combinations and collective resonances. One of
the possible advantages of all-dielectric structures for biomedical applications
is the ability for temperature probing via Raman scattering or PL signal. In
this section we suggest using all-dielectric nanoparticles for optical thermal
trigger for drug release in microcarrier systems for targeted medicine delivery.

There is a number of possible prominent and prospective applications
for resonant all-dielectric nanoparticles created for optically-responsive deliv-
ery sytems [141].

Fig. 2.18 schematically depicts possible optically-responsive delivery
systems before and after interaction with laser, starting from conventional
single plasmonic nanoparticles functionalized with drug agents, which can be
activated via light-to-heat conversion by means of absorbed laser irradiation.
The same concepts is used with dielectric nanoparticles - either solid, porous
or unevenly shaped structures, they release drug agents upon photoactivation.
More complicated carrier systems, for instance, are based on polymer carri-
ers with drug agents located inside the carrier. The drug release is realized
through the the rupture of the capsule by laser radiation. The use of plas-
monic or semiconductor target nanoparticles lowers the effect on biological
tissues, since they require less light energy to achieve the sufficient tempera-

ture in order to break the capsule wall. We believe that such approach with
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Figure 2.18 — Optically-responsive carrier systems. Schematic of optically-responsive

carrier systems for targeted drug delivery. Adopted from [141].

a combination of temperature responsive resonant semiconductor NPs and
microcarrier systems might be very efficient.

In this regard, we start our analysis from the selection of non-cytotoxic
semiconductor materials that would i) support resonances in the visible range,
keeping the subwavelength size, ii) be Raman active in order to measure tem-
perature in a fully optical way and iii) have proper value of optical losses for
efficient conversion of light to thermal energy.

According to Fig. 2.9(c), crystalline silicon and iron-oxide (a-FeyOs)
nanoparticles might be promising candidates for efficient optical heating in
aqueous media. Moreover, a-Fe,O3 serve to be a great material from cytotoxic
point of view [142] because it is compatible for bio-applications. As one can
see from Fig. 2.19, a-FesO3 NPs demonstrate a great advantage compared to
gold and silicon nanospheres during optical heating in aqueous medium. It

is manifested via broader spectral region of optical heating and higher values
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Figure 2.19 — Optimization of heating parameters. Optical heating of spherical
nanoparticles with various radii in a homogeneous aqueous medium for a) gold, b) silicon
and c) a-FepO3 materials. d) Schematic of the calculation of optical heating. Comparison of
optical heating between a-Fe,O3 NPs with e) gold NPs at 530 nm and f) silicon at near-IR
790 nm. Adopted from [31].

of obtained temperature, thus making a-FesO3 NPs a perfect candidate for
optical heating and sensing in bio-applications. Another advantage of a-Fe,O3
NPs over silicon is the higher number of Raman-active phonon lines [143],
which allow a more precise temperature measurement via averaging the values
obtained from the individual Raman response line.

Further, such a-FesO3 NPs were embedded into the walls of polymer
drug agent carrier as shown in Fig. 2.20(a). The presence of the NP plays the
role of a target for laser heating and further rupture of the capsule.

The implementation of a-Fe;O3 resulted in the direct measurement
of the temperature of the drug release from the capsule. The measurement
by means of Raman thermometry showed that the mean value of the cap-
sule rupture temperature is roughly 170°. Worth noticing that on a scale of

S5pum distance from the nanoparticle, the temperature decreases by an order
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Figure 2.20 — Polymer drug carriers with embedded a-Fe,O3 nanoparticles. a)
Schematic of the concept for drug delivery systems based on microcapsules with a-FesOg
NPs embedded into the wall for photothermal activation of the drug release process. (b)
Histogram of the quantity of a-Fe;O3 nanoparticles successfully trapped in the polymer
carrier wall. Inset: Typical SEM images of the fabricated capsules. Scale bar is 2 um. (c)
Histogram of the observed capsule rupture upon laser radiation. The temperature values
were obtained via Raman thermometry. (d) Bright-field microscopy images of the capsule

before and after laser irradiation. (e) Released VCR concentration as the function of time

with laser irradiation (red) and without (blue). (f) CC viability after target delivery
experiments with laser induced activation of the drug release. Red columns correspond to

CC, pink columns correspond to the stem cells (control). Different columns correspond to

different initial polymer capsules concentration. Adopted from [31].

of magnitude.

As a proof of concept, the delivery and optical rupture of the polymer
drug carrier and subsequent release of anticancer drug vincristine (VCR) with
lowered near-IR laser of of 4.0x10* W/cm? intensity, operating in biological
tissue transparency window, by means of efficient optical heating and nanoth-
ermometry of a-Fe;O3 NPs, was shown. The biological tests are performed
on two primary cell types: (i) carcinoma cells, as an example of malignant

tumor, and (ii) human stem cells, as a model of healthy cells (Fig. 3(e,f)).
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Further, this concept was proven experimentally for carcinoma cells.
The capsule loaded with anti-tumour drug VCR successfully released the drug
agent upon laser irradiation and subsequent thermally-induced rupture of the
capsule (Fig. 3(e,f)). Moreover, the laser intensities were rather moderate, so
that the control cells (stem cells) were relatively unaffected. The biological
part of the work was done by Dr. Mikhail Zyuzin and Dr. Alexander Timin

and can be found in [31].

Chapter conclusions

In conclusion to the chapter, it was shown that a single Mie-resonant
semiconductor nanoparticle can serve as a simple and “all-in-one” (heater-
thermometer) nanoplatform which supports effective ligh-to-heat energy con-
version and broad-range of temperature sensing. In particular, such nanosys-
tem demonstrated its efficiency for bio-medical applications requiring pho-
tothermal interaction.

The scientific statement presented for the defence:

e Resonant optical excitation of Mie modes in a semiconductor nanopar-
ticle with balanced radiation and non-radiation losses provides the most
effective optical heating in comparison with other loss ratios for the given
optical mode.

Key novelty includes, but is not limited by:

e The first experimental demonstration of simultaneous continuous wave
HeNe (632.8 nm) laser-induced optical heating and nanoscale thermom-
etry by resonant Raman-active semiconductor nanostructures.

e The first demonstration of the Mie resonant semiconductor nanoparticle
optical heating and nanothermometry via Raman scattering for drug
delivery applications. The a-Fe;O3 nanoparticles were used as the target
for near-IR laser excitation for efficient conversion of light to heat in the
walls of polymer drug agents and as the direct optical temperature probe
via thermally-sensitive Raman scattering. As the proof of concept, the
successful in vitro delivery and remote optically-induced thermal rupture

of the polymer carrier was shown by means of laser heating of the target
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a-FeoO3 nanoparticles with subsequent release of the antitumour drug
agent vincristine. The proposed system worked at the moderate laser

intensity value as low as 4.0x10* W cm™2.

The main results of the chapter are published in papers [21,30,31,119,
132, 140].
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CHAPTER 3. CONTROLLABLE PHASE
TRANSITIONS STIMULATED BY LASER
HEATING AND PROBED BY RAMAN
NANOTHERMOMETRY

As it was described earlier, the material and structure properties can be
tuned laser-induced processes: glass-like transitions and melting-solidification.
In this chapter, both methods will be covered for controllable laser annealing
and melting of the nanoresonators with the Raman scattering feedback that

serves both as a thermal probe and the crystalline-phase probe.

3.1 Controllable laser-induced amorphous-to-crystalline phase

transition in single nanoresonators

It was shown that simultaneous laser heating of semiconductor nanos-
trucutre and nanothermometry using thermally-sensitive Raman scattering
can be promising for a number of nanophotonics applications associated with
photothermal processes. In this chapter, crystallization of optically resonant
nanodisks made of amorphous silicon, caused by local optical heating, was
studied. The phase transition and temperature control were performed us-
ing Raman scattering. It was found that the temperature of the onset of
the phase transition from the amorphous to the crystalline state for a sin-
gle silicon nanodisk is about 900°C. Further, the polycrystalline nanodisk has
already demonstrated the possibility of multiple reversible optical heating in
the temperature range 3001000 K.

Indeed, the substrate material plays a significant role for resonant opti-
cal heating in two ways: first, high-index substrates lower the optical contrast
with the nanoresonator material, therefore decreasing the Q-factor of the res-
onances, and second, the substrate is the dominant thermal sink for the heat
leakage from the nanoparticle upon laser heating. Therefore, a high-index
sapphire substrate with a relatively high thermal conductivity in comparison
with fused silica or glass is a much worse candidate for the efficient opti-

cal heating at moderate incident laser intensities. Moreover, if the proposed
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fs-laser fabrication of quasi-spherical NPs of different semiconductor materi-
als [12,49,50] is not sensitive to the selection of the donor substrate material,
the lithographical methods are highly sensitive to the substrate material used
for growth of the structures. Indeed, if one needs a planar nanostructure based
on high-crystalline pure semiconductor, for example, a topological chain of
nanodisks [144], it is necessary to use lithography growth techniques. In the
case of nanolithography methods, the substrate material on which fabrication
(growth) and etching of nanostructures will be realized plays a crucial role.
For instance, the growth of ¢-Si nanostructures on a glass substrate remains
a challenge. In this regard, the fabrication of the a-Si nanostructures with
subsequent laser-induced thermo-annealing is a possible attractive solution,
which already has been proven theoretically [145]. For this case, Raman scat-
tering will serve both as a thermal probe, as it was shown in the previous
section, and as a crystalline phase probe. Moreover, the proposed 2D map-
ping of the intensity distribution of the Raman scattering, along with the
temperature distribution mapping, allows for a fast analysis of the shape of
the nanoresonator, for instance, the nanodisk one.

The process of phase transition from amorphous to crystalline phase
for a silicon nanodisk is shown in Fig. 3.1(a). To ensure and control the phase
transition in a single nanodisk, first, a Raman spectrum was obtained in the
so-called ”cold” mode, at a pumping intensity of 0.06 MW /cm?, such that the
disk temperature visually did not change. Then this disk was subjected to
more intense irradiation with a helium-neon laser (0.39 MW /cm?), which in-
duced a phase transition. At temperatures of about 600--800 °C, the nanodisk
began to change from the amorphous to the polycrystalline phase, as can be
seen from the figure. The crystallization temperature values coincide with the
known ones [33], and the heating temperature is comparable to those previ-
ously achieved at a similar pump power, but for spherical nanoparticles [21].

Fig. 3.1(b) shows the direct temperature dependence of the spectral
position of the Raman scattering of crystalline silicon at different temper-
atures. The Raman spectra after annealing resemble polycrystalline silicon

because [33]: first, they exhibit asymmetry with respect to the spectral po-
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Figure 3.1 — Photothermal annealing of a silicon nanodisk. (a) Raman spectra of a

nanodisk before and after laser exposure. (b) Theoretical temperature dependence of the
spectral shift of the phonon line of crystalline silicon (see equation 8). (¢) Raman spectra of
a single polycrystalline nanodisk at various pump intensities. (d) Spatial distribution of the

optical heating temperature depending on the position of the source relative to a single

nanodisk. Taken from [32].

sition, which is noticeably manifested at higher disk heating temperatures;
second, the characteristic spectral FWHMs of Raman peaks exceed 10 cm ™!
even at low intensities, while for single-crystal silicon this value does not ex-
ceed 5 cm™ 1

Fig. 3.1(d) shows an example of two-dimensional mapping of the dis-
tribution of optical heating of a single nanoobject, depending on the position
of the laser source and the collection area.

This method allows fast and non-invasive local induction of phase tran-
sitions in amorphous materials using optical heating and control of the degree

of crystallinity and temperature by means of Raman scattering. This ap-
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proach is especially useful for second-harmonic generation [10] and broadband
photoluminescence [34].

Moreover, while the advantage of the fs-laser ablation method is the
possibility to choose an acceptor substrate fast and without complications,
the advantage of nanolithographic methods is the accuracy in specifying the
geometry and dimensions of nanostructures. Therefore it is crucial to propose
a method of annealing from a-Si state to c-Si state without any irreversible
changes of the shape of the nanostructures. The set of the test single a-Si
nanodisks underwent laser annealing with control SEM images before and

after the exposure.

Figure 3.2 — Nanodisks SEM images. SEM images of the fabricated nanodisks. The
colors from red to blue schematically correspond to the diameter, from larger to smaller.
The squares of the same color correspond to the same nanodisk before (left) and after

(right) laser annealing.

For the fabrication of cylindrical nanostructures studied in this sec-
tion, first, an amorphous silicon film of 165 nm thickness is deposited on a
quartz substrate using the method of plasma-chemical vapor deposition (Plas-
malab System 380, Oxford Instruments). Electron beam lithography (Elionix,
100 kV) was performed using resist (HSQ, Dow Corning, XR-~1541-006). The
unirradiated portion of the HSQ is removed with tetramethylammonium hy-
droxide (TMAH, 25%). The sample is then etched (Plasmalab System 100,

Oxford) to create arrays of silicon nanodisks on a quartz substrate [146].
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Figure 3.3 — Nanodisks dark-field scatering spectra. a) Experimental and b)
theoretical dark-field scattering spectra before (blue) and after (red) laser annealing. Insets

depict SEM images of the specific nanodisk. Adopted from [32].

Single nanodisks were made so that they would support optical reso-
nances in the visible region of the spectrum. In the process of local annealing
with a CW HeNe laser, the geometry of the nanoparticles did not change,
which was confirmed by the SEM results in Fig. 3.2. Thus, the proposed
method makes it possible to convert amorphous silicon nanostructures into
crystalline ones by optical heating.

This method allows fast and non-invasive local induction of phase tran-
sitions in amorphous materials using optical heating and control of the degree
of crystallinity and temperature by means of Raman scattering. This ap-
proach is especially useful for second-harmonic generation [10] and broadband

photoluminescence [34].

3.2 Controllable laser heating for local melting of the

nanostructures

The section 3.1 considered the optical heating temperature that enables
glass-like amorphous-to-crystalline phase transitions, however, upon increas-
ing the intensity and overcoming the melting threshold temperature, one can
achieve the controllable melting of the nanoresonator. Indeed, intense and
sharply focused laser excitation can lead to the thermally-induced reshaping
of the metasurfaces, therefore tuning the optical response [147].

The precise controllable melting of the material or the modification
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of the metasurfaces is a powerful tool for nanophotonics applications, which
includes the fabrication of the whispering gallery mode (WGM) persovskite
lasers [149] (see Fig. 3.4(b)), the melting of the plasmonic cap of the hybrid
nanoresonator for dense optical data storage and signal processing [148] (see
Fig. 3.4(a)), and different colouring applications for micro- and nanometer
precise image visualization [147] 3.4(c)). These effects appear due to changes
of the resonators’ shapes, and, thus, the tuning of their optical response.

However, most of such examples of surface modifications or micro- and
nanoresonators shape changes appear due to highly intense ultrafast laser
irradiation, which does not allow the in situ control of the crystalline phase
or the shape of the object. In this section, the method based on CW laser
heating of semiconductor nanoresonators with simultaneous control of the
meting process is proposed.

The case of the CW laser modification with direct temperature and
crystalline phase probe of the silicon metasurface made of single nanopillars is

shown in Fig. 3.5. One can see that upon higher laser excitation intensity, the
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Figure 3.5 — Laser melting with Raman feedback. SEM images from the a) side and
the b) top. ¢) Experimental Raman scattering spectra at elevated intensities. d) Numerical
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(orange) and maximum value (yellow). Squares correspond to experimental points at
different intensities. e) Typical temperature profile for resonant optical heating. f) Raman

scattering spectrum with three separate contributions. Adopted from [150].

Raman spectra broadens and undergoes a blue shift (see Fig. 3.5(c)). More-
over, there are two features that should be noted from the spectra. Firstly,
the presence of the right shoulder peak, which corresponds to crystalline sil-
icon at room temperature (spectral position 520 cm™!). This occurs due to
non-homogeneous temperature distribution in a single nanopillar, which can
be seen from the theoretical analysis in Fig. 3.5(d,e). Secondly, the wide left
shoulder, which can be explained via melting of the nanoresonator and, there-
fore, lowering the crystalline lattice order. Indeed, the SEM images after laser
treatment of corresponding laser intensities show irreversible shape modifica-

tion due to the overheating and subsequent melting, as shown in Fig. 3.5(a,b).

Chapter conclusions

In conclusion to this chapter, it was shown that Raman scattering can
be efficient both for thermometry and crystalline phase probe. As a proof of
concept, it was shown that the silicon metasurface made of individual nanopil-
lars can be modified via efficient optical heating. Due to the temperature

localization in the tip of the nanopillar, which is proven theoretically, the
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melting can occur with great spatial precision and without modification of
the closest neighbours.

The scientific statement presented for the defence:

e Optical heating by a continuous wave laser source of a semiconductor
Mie resonant nanostructure induces a phase transition from an amor-
phous to a polycrystalline state and enables in situ tracing of such a

transition by means of Raman scattering.
Key novelty includes, but is not limited to:

e The first demonstration of in situ local controllable optically-induced
phase transition from amorphous to polycrystalline state of silicon nan-
odisks on a glass substrate with temperature and phase optical feedback

via Raman scattering.

The main results of the chapter are presented in works [32,150].
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CHAPTER 4. RAMAN PHOTONICS
STATES PROBING

This chapter covers the ability of Raman scattering to qualitatively
probe the optical resonant states of the semiconductor nanostructures non-
invasively from the far-field region. It was shown in previous chapters that
Raman thermometry can support the regime for 2D temperature distribution
scan over the nanostructure by implementing the precise positioning piezo-
stage.

By 'qualitative’ we understand the detection of the general features and
pattern of the near-field distribution of the optical modes of the nanostructure
without any quantitative estimations.

As it was already shown before, resonant all-dielectric and semicon-
ductor nanostructures are a powerful tool for near-field localization outside
and inside the nanoresonators, as well as enhancement of the emission from
them. Recently, various designs of light-emitting nanoantennas and metasur-
faces with controllable intensity and far-field patterns were proposed. Here
we demonstrate switching of near-field distribution in a silicon oligomer by
changing polarization of the incident light generating Raman photons. Silicon
nanodisks in the proposed designs support dipolar Mie resonances, coupled
differently depending on the incident polarization. Since the incident polar-
ization allows for control of the coupling between different pairs of nanodisks,
the spatial distribution of Raman scattering is strongly dependent on the local
field enhancement factor. We believe that such approach will pave the way
for simplification both of excitation and detection of optical states.

Indeed, the Raman scattering is a powerful tool for the detection of the
non-radiating optical states - anapole ones [35].

The basic principle of the dark-modes probing is shown in Fig. 4.1(a,b).
If the nanoparticle supports elastic scattering in the far-field domain for spe-
cific conditions, the excitation wavelength or the substrate material, the mode
is called bright. However, some optical modes do not necessarily show good

coupling in the far-field scattering, therefore they are non-scattering, or, in
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Figure 4.1 — Raman probing of anapole states in single NP. (a,b) Schematic of the
bright and dark-mode scattering. (c¢) Theoretical calculation of Raman intensity response at
different wavelengths in a single NP of a 115 nm radius on a glass or gold substrate. (d)
Experimental and theoretical results of Raman scattering from single a nanosphere at 633
nm pump for various NPs radius. e) Experimental and theoretical DF scattering spectra of

single silicon NPs on glass (upper) and gold (lower) substrates. Adopted from [36].

other words, dark modes. On the other hand, the mode might not be coupled
to the far-field radiation, but still be able to be resonant. In this case, one can
probe such modes by active light-emitting signal - luminescence [13] or Raman
scattering [35,36]. Both processes are very sensitive to the power absorbed
by the resonator, therefore the emitted signal is proportional to the electro-
magnetic power inside the nanoresonator. In case of ¢-Si NPs, the Raman
scattering is a dominant emitting process. Indeed, the elastic scattering at
the Raman excitation and emitting wavelengths of 633 and 654 nm exhibits
a pronounced dip both for gold and glass substrates, shown in Fig. 4.1(e).
However, at the same time, the absorbed electromagnetic power and, there-
fore, the Raman scattering demonstrate resonant behavior as seen both from
calculation and experiment, as it is shown in Fig. 4.1(c,d).

The concept of the Raman probing can be extended from the
bright /dark modes detection to the polarization-dependent states in asym-

metric nanostructures. In this regard, the zig-zag oligomer consisting of three
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identical amorphous silicon nanodisks was considered.

Here we propose a method for optical far-field probing of near-field hot
spots of the optical states based on Raman spectroscopy. It was previously
shown that Raman scattering can be used for detecting optical states, either
non-radiating [35,36] or bright modes (radiating) of the different order [17,21].
We show theoretically and prove experimentally that chiral [37,38] photonic
designs that support topological edge states [39] can be probed via linear in-
elastic scattering on optical phonons - Raman scattering. We believe that the
proposed approach can be further extended to other topologically trivial and
non-trivial designs and would benefit from the Raman technique that allows
one to simultaneously optically heat particles and measure their temperature
in real time by the spectral shift of the Stokes signal [22], thus, thermally

non-linear photonic state switching [30] might take place.
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Figure 4.2 — a-Si oligomer Raman probing concept. a) Schematic of the

Raman-probed hot-spot switching concept. Experimental and theoretical DF scattering
spectra for b) a single nanodisk and ¢) an asymmetric oligomer consisting of the identical

nanodisks of 420 nm in diameter and 165 nm in height.

Fig. 4.2(a) depicts the proposed concept, which is based on 2D mapping

of Raman scattering intensity, that will show the dependence of the signal
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distribution on the excitation polarization. The building block for the oligomer
was chosen as a-Si nanodisk of 165 nm in height and 420 nm in diameter, which
supports optical resonance in the visible range and shows a pronounced peak
at the HeNe laser wavelength 632.8 nm, as shown in Fig. 4.2(b). The same
resonant features can be seen for the case of the zig-zag oligomer, shown in
Fig. 4.2(c).
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Figure 4.3 — Polarization-induced hot-spot switching of the near-field
distribution probed by Raman scattering mapping. (a,b) Experimental and (c,d)
theoretical distribution of Raman scattering from an oligomer for (a,c) horizontal and (b,d)
vertical polarizations along the surface of the sample. Dashed line correspond to the

location of oligomer consisting of separate nanodisks.

The experimental study of the predicted polarization-dependent local-
ization of Raman intensity on a zigzag oligomer chain of 3 disks is shown in
Fig. 4.3. The calculation results in the polarizations x and y are the same as
in the experiment in Fig. 4.3. The color map is selected so that the optical
switching is the easier to notice. The Raman patterns are in full agreement
with the predicted ones. The localization of the Raman response is shifted

either to one or another edge, similar to the calculation and the measured
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experimental near-field distribution by means of scanning near-field optical
microscopy (SNOM). Thus, we believe that for the first time we showed the
probing from the far field of the optical states through the Raman scattering.

Chapter conclusions

In conclusion to the chapter, it was shown that Raman scattering can
serve a probing tool of optical states for resonant nanostructures. The pro-
posed method can provide information regarding the light power absorbed by
the nanoresonator, and give the qualitative information about the electromag-
netic spatial distribution within the nanostructure.

The scientific statement presented for the defence:

e Two-dimensional Raman scattering intensity mapping of a resonant
semiconductor nanostructure allows the probing of the excited optical
modes in it from the electromagnetic far-field region and provides the
near field "hot-spots” spatial distribution pattern of the eigenmode at

the pump wavelength.
Key novelty includes, but is not limited to:

e The first demonstration of the qualitative probing of electromagnetic
near-field hot spots distribution of optical modes in resonant semicon-
ductor nanostructures by means of two-dimensional Raman scattering

intensity spatial and spectral mapping.

The main results of the chapter are published in the paper [36].
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CHAPTER 5. STIMULATED RAMAN
SCATTERING FROM SINGLE RESONANT
NANODISK

Chapter five is devoted to the first experimental realization and
demonstration of the transition from spontaneous Raman scattering to the
stimulated emission regime on a single sub-micron nanodisk.

Generally, stimulated Raman scattering, or SRS, is a powerful tool
for various optical and nanophotonic applications. Indeed, one of the most
popular semiconductor materials for microelectronics and photonics is silicon,
however, its indirect band gap is a serious disadvantage, because the transi-
tions with photons emitted without an additional k-vector from a phonon are
unlikely. Thus, silicon acting as an efficient emitter or light generator was con-
sidered ti be as a unicorn, that doesn’t appear in nature. Of course, there are
nonlinear light-generation processes: sum-frequency generation such as SHG,
THG or higher-harmonics generation [151]. But in case of nano- and micro-
objects, these processes are of very low probability. In this regard, the Raman
scattering appears to be a very prospective effect for the generation of new
frequencies of light for silicon or other indirect semiconductors. Generally, the
Raman scattering itself is a very low probability process, however, the optical
resonance can significantly enhance its intensity [17,18]. Moreover, one can
overcome the limitation that one excitation photon cannot excite more than
one Raman photon by stimulated Raman emission. Indeed, stimulated Raman
emission is one of the possible keys for substantial increase of the efficiency of
Raman scattering, and, therefore, its intensity.

Fig. 5.1 depicts some of the important applications of stimulated Ra-
man scattering. The stimulated Raman emission regime is an important mile-
stone between spontaneous scattering and lasing. It was already shown that
all-silicon waveguide systems support Raman lasing [152]. The Raman spectra
in the Fig. 5.1(a) shows the narrowing of the line and intensity increased by
5 orders of magnitude upon reaching the lasing regime. The same effect was

observed in optical waveguide, where silicon micro-sphere supporting high-Q
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Figure 5.1 — Stimulated Raman scattering applications. a) All silicon Raman laser
on waveguide cavity [152]. b) Ultra-low-threshold laser based on a silicon microcavity [153].
¢) The demonstration of biological cell imaging with stimulated Raman scattering [154]. c)

The stimulated Raman scattering from single nanowire [155].

modes served as a gain media. This effect resulted in lowering the lasing
threshold [153] of lasing emission, as seen from Fig. 5.1(b). Other examples of
nonlinear Raman generation include, but are not limited by label-free biolog-
ical imaging and sensing [154] (see Fig. 5.1(c)), of the transition from a spon-
taneous to a stimulated regime of Raman emission in a single nanowire with a
sub-pm cross-section and length over 10 pm length [155] (Fig. 5.1(d)). More-
over, nonlinear Raman emission allows for sub-diffractional imaging [156-158].
However, if one wants to reduce the size of the nanoobject, that supports stim-
ulated Raman scattering, they should take into account several general steps.

Stimulated Raman scattering is a threshold process that requires spe-
cific excitation pump intensity which is defined by [153] and the formula can

be observed in the red box in the Fig. 5.2. It might seem that a proper laser
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Figure 5.2 — Schematic of reaching stimulated Raman emission regime threshold.

excitation is sufficient to achieve stimulated Raman emission, but, unfortu-
nately, it is always not true. In order to realize stimulated scattering in the
single nanoresonator, one should try to lower the threshold power as much
as possible, otherwise the nanoresonator will suffer from optical heating, as
it was already shown in previous sections. Therefore, an optimized heat sink
to the substrate should be realized. In this case, highly thermal conductive
sapphire was chosen to be a substrate for the c-Si nanodisk. Second, the pump
threshold might be reduced via the excitation of high-Q modes both at pump
wavelength and at the Raman emission wavelength. One should also reduce
the effective mode volume by ensuring the tight localization of the field inside
the nanoresonator. Finally, the excitation light should be coupled as good
possible, and the pump and emission optical modes should not be orthogonal
to one another, as it is required that they should overlap as much as possible.

If the first parameter, the substrate material, is selected at the fabri-
cation step, the other three key factors for achieving stimulated Raman scat-
tering should be analyzed in more detail theoretically.

Fig. 5.3(a) depicts the theoretical calculation of the optical modes qual-
ity factor of a single crystalline silicon nanocylinder with fixed height of 600
nm. The diameters were varied in the range of 200+-500 nm, in order to keep
the sizes in all dimensions subwavelength and sub-micron. The optimized ge-
ometry was selected as the cylinder with a 475 nm diameter. It supported

the highest Q-factor resonances both at pump and emission wavelengths. It
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for a specific mode. (b) The results of modes of an optimized-size nanoresonator at pump

and emission spatial overlapping. Adopted from [41].

is also important that the the spectral overlapping of the modes was of the
value of I' = 0.784, and the mode coupling efficiency was B = 2.41. The
selected cylinder of a 475 nm diameter was further studied by means of Raman

scattering at different excitation intensities.
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Figure 5.4 — Experimental stimulated Raman scattering from c-Si nanoparticles.

(a) Schematic view of a Si nanoparticle excited with a laser light. (b) Experimental Raman
scattering intensities at different pumps for the resonant 475-nm nanoparticle (red circles)
and nonresonant 445-nm nanoparticle (blue squares). The red line corresponds to an
exponential fitting.(c) Experimental Raman scattering spectra. The arrow demonstrates the

higher intensity value from spectrum to spectrum. Adopted from [41].

Fig. 5.4(b) shows typical experimental dependencies of Raman scatter-
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ing signal vs. pump intensity. At low intensities, spontaneous Raman scat-
tering dominates, being characterized by a linear dependence on the incident
power, as was demonstrated earlier with c-Si nanoparticles [17,21]. How-
ever, at higher intensities (higher than 0.3 MW /cm?), we observe a nonlinear
growth of the Raman scattering signal for the nanodisk with diameter 475 nm,
which is not observed for other nanodisks with diameters 250800 nm, see the
dashed line with blue squares in Fig. 5.4(b). This sharp difference character-
izes the SRS regime. It is worth noticing that the optimized substrate material
(sapphire) with an increased thermal sink, along with a lowered pump thresh-
old for the stimulated regime, allowed to keep the nanocylinder at moderate
temperatures which can be seen from Fig. 5.4(c), where the explicit Raman
spectra are shown. Upon higher laser intensities, the spectral position of the
peak undergoes only a slight blue shift, which corresponds to sub-200 K optical
heating.

Chapter conclusions

In conclusion to this chapter, the first observation of the stimulated Ra-
man scattering from subwavelength crystalline silicon nanoparticles enhanced
by Mie-type resonances was reported. The importance of critical optimiza-
tion of the Q-factors of nanoparticles and thermal conductivity of a substrate
for achieving a strong optical response and avoid overheating at higher in-
tensities was revealed. It is believed that the provided finding will be useful
for advanced applications of resonant dielectric nanophotonics for nanoscale
thermometry and biosensing, and we plan further studies of the stimulated
Raman scattering in various nanophotonic designs [7,11,42].

The scientific statement presented for the defence:

e The transition from spontaneous Raman scattering to stimulated scat-
tering regime occurs upon excitation of high-Q optical resonant modes,
both at the pump wavelength and at the Stokes Raman scattering wave-
length, with optimized mode coupling efficiencies and their spatial over-
lapping at the pump the radiation wavelengths in a single crystalline

silicon nanocylinder with optimized heat sink to the substrate.
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Key novelty includes, but is not limited to:

e The first experimental observation of the transition from spontaneous
to stimulated Raman scattering regime from isolated single crystalline

silicon nanocylinder.

The main results of the chapter are published in the paper [41].
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CONCLUSION

The thesis is devoted to the creation and the study of the alternative
to the plasmonics sensing platform for efficient optical heating, thermometry
and enhancement of the Raman scattering based on all-dielectric and semi-
conductor resonant nanostructures. The thesis covers the analysis of different
shapes and geometries of the nanostructures, a number of materials robust
to optical heating and thermometry, different substrate materials and various
surrounding media were considered, the enhancement of the Raman scattering
from the nanoparticles improved either by resonant conditions or by means of
stimulated emission, and the optical states probing and near-field distributions
study.

Summary of the main results:

1. It has been shown that spherical crystalline silicon nanoparticles with
diameters from 100 to 400 nm, possessing Mie resonances in the visible
range, are able to support effective optical heating and thermometry via

Raman scattering at a wavelength of a CW HeNe laser of 632.8 nm.

2. It has been shown that the use of Mie resonant semiconductor -
Fe;O3 nanoparticles supporting optical heating and nanothermometry
by means of Raman scattering in the targeted drug delivery systems
contributes to a significant decrease in the threshold of pump inten-
sity for photoinduced rupture of polymer carrier of the drug and subse-
quent release of the anticancer agent into carcinoma cells. The a-FeyOs
nanoparticles were used as the target for near-IR laser excitation for
efficient conversion of light to heat in the walls of polymer drug agents
and as the direct optical temperature probe via thermally sensitive Ra-
man scattering. As the proof of concept, the successful in vitro delivery
and remote optically induced thermal rupture of the polymer carrier by
means of laser heating of the target a-Fe;O3 nanoparticles with subse-
quent release of the antitumour drug agent vincristine was shown. The

proposed system worked at the moderate laser intensity value as low as
4.0x10* W cm 2.
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3. It was shown that single amorphous hydrogenated silicon nanodisks with
diameters from 300 to 450 nm, fabricated by lithographic methods on
a glass substrate, can undergo a photoinduced phase transition to the
polycrystalline phase due to efficient optical heating. At the same time,
such a phase transition can be controlled and detected by means of
Raman scattering, and the shape of the nanoparticle does not change
under controlled heating and phase transition, which is confirmed by

SEM images before and after annealing.

4. Tt was shown that two-dimensional mapping of the intensity distribution
of Raman scattering from an asymmetric oligomer, consisting of three
identical silicon nanodisks, makes it possible to obtain the structure of
the distribution of electromagnetic near-fiel hot spots of optical modes
in such nanostructures. A change in the linear polarization of the pump
by 90 degrees leads to optical switching of the near field distribution of
the mode, which is also detected from the far-field by means of Raman

scattering.

5. It was shown that a single silicon nanocylinder 600 nm in height and 475
nm in diameter placed on a sapphire substrate supports the transition
from spontaneous Raman scattering mode to stimulated emission regime
under continuous pumping of a HeNe laser at a wavelength of 632.8
nm and a pump intensity Iy = 0.4 MW /cm? due to the optimized Q-
factors of the eigenmodes excited at the pump and emission of the Stokes
Raman scattering wavelengths, as well as due to increased heat sink to

the substrate with high thermal conductivity.
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ABSTRACT: We propose a novel photothermal approach based on resonant dielectric nanoparticles, which possess imaginary
part of permittivity significantly smaller as compared to metal ones. We show both experimentally and theoretically that a
spherical silicon nanoparticle with a magnetic quadrupolar Mie resonance converts light to heat up to 4 times more effectively
than similar spherical gold nanoparticle at the same heating conditions. We observe photoinduced temperature raise up to 900 K
with the silicon nanoparticle on a glass substrate at moderate intensities (<2 mW/um?) and typical laser wavelength (633 nm).
The advantage of using crystalline silicon is the simplicity of local temperature control by means of Raman spectroscopy working
in a broad range of temperatures, that is, up to the melting point of silicon (1690 K) with submicrometer spatial resolution. Our
CMOS-compatible heater—thermometer nanoplatform paves the way to novel nonplasmonic photothermal applications,
extending the temperature range and simplifying the thermoimaging procedure.

KEYWORDS: Optical heating, nanothermometry, magnetic optical resonances, silicon nanoparticle, Raman scattering

High refractive index dielectrics with the absorption
coeflicient several orders of magnitude smaller than
that of metals have become basic materials for fabrication of
advanced optical devices."” This low-loss all-dielectric approach
in nanophotonics is effective for localization of light at
nanoscale,” wavefront manipulation,s’6 perfect reflection,’
coloring,” and holograms,” owing to strong magnetic and
electric type optical resonances in visible and IR ranges. A
biosensing approach with low light-to-heat conversion
efficiency based on dielectric nanodimers, supporting high
localization and strong enhancement of electric and magnetic
fields outside the material, for example, in a nanogap,” has been
developed'’™" and applied for single molecule detection.®
However, the resonant nanoparticles made from high refractive
index dielectrics still have not been applied as nanoscale heaters
remotely controlled using light.

In this Letter, we demonstrate that the concept of all-
dielectric nanophotonics can be considered as an effective
platform for optical heating with temperature-feedback. For this
purpose, we utilize crystalline silicon nanoparticles possessing

v ACS Publications © 2017 American Chemical Society

2945

(i) high real part and relatively low imaginary part of
permittivity; (ii) a high melting threshold (>1600 K); and
(iii) enhanced Raman active phonon modes"* being suitable for
nanoscale thermometry'® due to their high thermal sensitiv-
ity.'® We demonstrate both experimentally and theoretically
that optical field localization inside the silicon nanoparticle at a
magnetic quadrupolar resonance provides efficient optical
heating, despite its imaginary part of refractive index is two
orders lower than that of metals. Moreover, the Raman
nanothermometry allows for thermoimaging with submicrom-
eter spatial resolution.

We compare this approach with thermoplasmonics
which is widely used currently for photothermal therapy,
photochemistry,” photocatalysis,”*** nanosurgery,” thermal
imaging,”® optofluidic,”” and biosensing®® owing to high Ohmic
losses in metals. In Figure 1, we schematically show that
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Figure 1. Concept. Schematic illustration of strong optical heating of
silicon nanoparticle as compared to golden one.

spherical silicon nanoparticles can be more effectively heated as
compared to spherical plasmonic ones due to better resonant
properties discussed below, whereas intrinsic thermal-sensitive
Raman modes in silicon simplify nanothermometry procedure.
Indeed, metals do not allow to detect the temperature by itself,
requiring usage of thermally sensitive nanoscale objects (dyes,
quantum dots, rare earth doged dielectric nanoparticles, carbon
nanotubes, and so forth)””** or interferometry techniques
based on temperature-dependent variation of refractive index of
surrounding dielectric medium.”"**

Concept of Resonant Heating. In order to show that low
optical losses inherent for most of dielectrics do not necessarily
result in weak photoinduced heating of nanoparticles, we first
discuss basic principles of light-to-heat conversion in nano-
resonators.

General model for heating of a spherical nanoparticle from
an arbitrary material (metals or dielectrics) by continuous laser
illumination in a homogeneous medium was developed
elsewhere.'”** We combine it with a simple analytical solution
for light absorption by the nanoparticle from the Mie theory. As
a result, the solution of a thermal diffusion equation in a steady-
state regime with a heat source defined by the light intensity (I)
and the nanoparticle absorption cross-section (C,,) gives the
following equation for temperature growth inside the nano-
particle

where k, is the thermal conductivity of the surrounding
medium, which is significantly smaller than that of the
nanoparticle; and D is the nanoparticle diameter. The details
of derivation of this formula and calculations of the absorption
cross-section can be found in Supporting Information.

The results of the calculations are shown in Figure 2, where
the heating of dielectric and metallic nanoparticles of different
sizes are compared. Namely, the dependence of temperature
increase inside a nanoparticle with defined real (Re(¢)) and
imaginary (Im(e)) parts of permittivity is presented. These
results give general conclusion that the relatively large dielectric
nanoparticles can be heated as effective as plasmonic ones,
whereas their Im(€) can be significantly smaller.

In order to provide deep understanding of the origin of
strong heating of low-loss dielectrics, we consider the case of
resonant heating, when an external wave is coupled with an
eigenmode of the nanoparticle. The general expression for the
absorbed electromagnetic power P is

1

P= ke fV J(PE(r)dV o
where J(r) is the current density, E(r) is the electric field inside
the material, and the integration is taken over the volume of the
nanoobject V. From this formula, it follows that the stronger
the electrical field inside the material, the higher the absorbed
power. The heating itself is caused by the Ohmic losses
determined by the electric conductivity o, yielding J = oF.
Imaginary part of the permittivity determines the conductivity
as 6 = ¢,w Im(€), where €, and w are the dielectric permittivity
of vacuum and incident light frequency, respectively.

Integration in eq 2 over an arbitrary nanoparticle volume
supporting eigenmodes allows to rewrite eq 2 in terms of an
effective mode volume V. and spatially averaged field
enhancement factor F = (IEP)/IEy%, which determines how
much energy can be accumulated inside the nanoparticle and
where |Eg| is the incident electric field magnitude. Thus, we can
rewrite eq 2 for the absorbed power as

P~ oF'V (3)

Each factor, 6, F>, and Vg has a strong contribution to the

nanoparticle heating 6Tp, which we will discuss separately.
Influence of Nonradiative Losses. From eq 3, it is clear

that the increasing Ohmic losses do not necessarily lead to the

IC
0Typ = —abs rise of the light absorption by the nanoparticle. On one hand,
2mK,D (1) the imaginary part of the permittivity increases the conductivity
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Figure 2. Resonant heating of a spherical nanoparticle. Theoretically calculated (Mie theory) heating maps for spherical nanoparticles with fixed
wavelength (1)/diameter (D) ratios for different real and imaginary parts of permittivity in homogeneous medium (air): (a) 4/D = 10; (b) 4/D =
3.5; (c) /D = 2.8. Green lines with arrows depict values of Re(¢) and Im(¢) for different materials (dispersion). The orientation of arrows
corresponds to increase of wavelength from minimum to maximum indicated by numbers in microns.
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Figure 3. Optimization 2D maps for spherical nanoparticles in air. Theoretically calculated from Mie theory absorption cross-section maps
normalized by geometrical area for (a) silicon and (b) gold nanoparticles. Theoretically calculated temperature maps for heating of (c) silicon and

(d) gold spherical nanoparticles at light intensity I, = 0.1 mW/um>

but on the other hand it suppresses the quality factor Q of the
optical resonance; therefore, the factor oF* should be
considered in more detail.

The field enhancement factor near the nanoparticle
resonance @, can be expressed as F ~ 1/(w} — 0* — iwy),
where y defines the total optical losses. The optical losses
include both radiative and nonradiative (or Ohmic) losses y =
Yrad  Yohmic- The latter one is proportional to Im(€), hence the
factor 6F* at the resonant frequency @y is proportional to F* ~
Yobmic/ Yonmic + Ywa)> from which it is clear that for high
Ohmic losses the absorbed power tends to zero. Thus, at fixed
¥:aq the maximal value of this factor (6F*) u ~ 1/(47,4) can be
achieved when ygopmic ® Vg The radiative losses can be
suppressed by considering resonant nanoparticle much smaller
than the wavelength 4, which is the case of small plasmonic
nanoparticles, where 7,4 < Yonmie At the surface plasmon
resonance @ = @,, the radiative losses are equal to y,,4 & @3/
wy(zD/2)’, where ) is the plasma frequency. This estimation
formula gives small values for y,,4 compared to @, due to the
ratio (D/A)*. As shown in Figure 2a, for small nanoparticles the
resonance occurs only in the region of negative Re(e), and
maximal temperature should be achieved at relatively small
values of Im(€), where Yopmic & Veq- On the other hand, for
bigger nanoparticles, which is the case of dielectric ones, the
radiative losses for low order dipole modes are high and
maximal heating is achieved at higher Ohmic losses (see Figure
2b,c). However, for higher order resonances, for example,
quadrupole, one can expect small radiative losses and, thus, the
maximal optimal heating for lower Ohmic losses that is seen for
higher Re(e) in Figure 2b,c. More quantitative analysis of the
heating dependencies on Im(¢) at each resonance is shown in
Figure.S1 in Supporting Information.

Influence of Effective Mode Volume. Another factor,
which is important for the absorption of light, is the effective
mode volume inside the nanoparticle V 4 Generally, the larger
the volume of an arbitrary nanoparticle, the stronger the
heating. However, the effective mode volume can significantly
affect this dependence. For plasmonic nanoparticles (Re(e) <
0), the effective volume is defined by a skin depth, which is less
than § ~ 20 nm for most of metals in the visible range.”* Thus,
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the effective mode volume of plasmonic nanoparticles is Vg ~
aD?5. Opposite to metals, dielectrics support optical pene-
tration depth much larger than the diameter of the nanoparticle
in the visible range. The effective volumes of Mie-type modes
are typically of the order of nanoparticle volume Vg ~ 7zD*/6.
It means that the increase of the nanoparticle size is effective for
the temperature increase in the case of dielectrics and less
effective for the plasmonic nanoparticles.

On the basis of the presented general argumentation and
calculations, we stress that the dielectric nanoparticles can be
efficiently heated by light illumination when their radiative
losses are equal to the Ohmic ones. Because dielectrics have
low nonradiative losses, this condition is fulfilled for relatively
big nanoparticles. On the contrary, plasmonic nanoparticles are
expected to show the most effective heating for significantly
smaller sizes."’

Comparison of Materials for Optical Heating. In order
to make optical heating of dielectric nanoparticles as effective as
the thermoplasmonic approach, it is crucial to choose the
dielectric material with the most optimized parameters. One of
the best materials for thermoapplications is silicon, because,
according to Figure 2, one needs a dielectric with high Re(e)
and finite Im(e) to achieve high light-to-heat conversion
efficiencies in a broad spectral range. Moreover, silicon is
considered to be a biocompatible material,”® which makes its
nanoparticles prospective for biophotonic applications.

Silicon can be effectively heated by light with the wavelengths
less than S00 nm in the case of even relatively small
nanoparticles (1/D 3.5) where Ohmic losses are high
(Figure Zb).ls’36 However, even stronger heating can be
achieved for slightly larger size (A/D = 2.8) in the visible or IR
ranges, where higher order modes are excited (Figure 2c).

The dependencies of heating on real and imaginary parts of
permittivity of other materials (Au, Ag, Ge, Fe,0;, SiO,) are
also shown in Figure 2 and reflect current trends in searching
new materials for the nanonscale optical heating.37 The
mentioned dielectric materials belong to different categories.
SiO, is low refractive index dielectric with low Ohmic losses,
which is obviously useless for optical heating, especially in water
where the optical contrast is very low (see Figure.S2 in
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Figure 4. Optical properties of individual silicon nanoparticles. (a) Schematic of dark-field optical spectroscopy and micro-Raman spectroscopy
setup. (b) Experimental and numerical scattering spectra for 260 nm spherical silicon nanoparticle in the dark-field scheme, the red line corresponds
to numerical model. Insets: numerical electric near-field distribution at different resonances (see Supporting Information, for details of mode
decomposition) upon plane wave illumination by s-polarized white light with an incident angle of 67°. For the electric field insets, a wavevector of an

incident plane wave is oriented along a vertical axis.

Supporting Information). Midrefractive index dielectrics (e.g,,
Fe,05°® or Cu,0) are more suitable for optical heating owing
to less radiative losses (i.e., better optical contrast with a host
medium) and higher Ohmic losses. Therefore, such nano-
particles with /D = 2—3 can be heated as strong as metallic
ones of the same size (Figure 2c). However, they are still less
effective as compared to silicon. Finally, germanium™ as a high-
refractive index dielectric possesses too high Ohmic losses in
the visible and near-IR ranges, reducing Q-factor and field
enhancement for the excited optical modes.

The most reasonable comparison of silicon should be done
with gold nanogarticles, which are the most frequently used as
biocompatible'® nanoscale heat sources. Moreover, gold is
much less oxidized under high temperatures as compared to
other metals. In the “metals region” of Figure 2, gold is more
appropriate for heating of larger particles as compared to silver
owing to higher values of Im(e) in gold.

In Figure 3, there is the comparison of absorption and
heating properties of silicon®*” and gold*’ spherical nano-
particles in air calculated basing on the Mie theory. The
calculations show that the silicon nanoparticles are effectively
heated at resonant conditions. Indeed, as we discussed above,
the silicon nanoparticles demonstrate resonant heating behavior
for certain wavelengths and sizes and even exceed maximum
temperature values for gold in the IR range. The similar
behavior is observed for nanoparticles in surrounding water as
shown in Figure.S3 in Supporting Information, which makes
silicon nanoparticles to be prospective for biological
applications, where the nanoparticles are immersed in liquids.

Optical Properties of Silicon Nanoparticles. In order to
prove that silicon nanoparticles can be effectively heated upon
typical laser intensities, we experimentally study spherical
silicon nanoparticles on a glass substrate. We fabricate an array
of crystalline spherical silicon nanoparticles using laser printing
method, which is based on laser-induced forward transfer
technique from a thin amorphous silicon film, allowing to
deposit crystalline nanospheres on arbitrary substrates® (for
details, see Methods). The shape of the resulting nanoparticles
is analyzed by means of scanning electron microscopy (SEM),
whereas optical properties are studied by polarization-resolved
dark-field microscopy,** as shown in Figure 4a. The details of
nanoparticles’ optical characterization is discussed in Methods.

Typical scattering spectrum of the individual silicon nano-
particle on the glass substrate is shown in Figure 4b. Our
modeling of the scattering using Comsol Multiphysics allows
reproduction of experimental conditions, that is, angles of s-
polarized light incidence and signal collection. The spectra of

nanoparticle in homogeneous air surrounding or on the
substrate are slightly different, especially, when accounting for
the aperture of a collecting objective (NA = 0.26). Therefore,
magnetic quadrupole (MQ) is invisible in our experimental
geometry (more details find in Figure S6 in Supporting
Information), whereas multipole decomposition (see Figure.S4
in Supporting Information) gives pronounced MQ around A =
700 nm. In turn, the electrical quadrupolar (EQ) mode as well
as electric (ED) and magnetic (MD) dipolar modes are clearly
seen in both cases, which makes it easy to interpret the
experimental results, shown in Figure 4b. We determine the
nanoparticles sizes by the positions of ED, MD, and EQ
resonances in the dark-field spectra. The obtained diameters are
slightly different from those of obtained by SEM. However, we
rely on dark-field results due to presence of dioxide on the
surface,'* whereas SEM results are just to ensure the shape of
the nanoparticles. The results of the modeling show that the
filling factor for each mode is around 0.3—0.7 and the electric
field enhancement is up to 5.

Optical Heating with Temperature Feedback. Unlike
metals, crystalline silicon possess strong Raman signal at room
temperature,14 making it possible to provide direct Raman
nanothermometry during optical heating as shown in Figure Sa.
Indeed, the spectral position of a Raman line is known to be
thermosensitive due to anharmonic effects in lattice vibra-
tions.'® Therefore, the frequency of optical phonon (L)
responsible for Raman signal is dependent on temperature as

Q(T)=Q0+A(1+ 2 )+Bl+ 3
e =1 e/ —1

N ;)
(¢ —1)? @)

where Q; = 528 cm™, A = =296 cm™, B= —0.174 cm™}, x =
n€y/2kT, and y = h€y/3kT for crystalline silicon.'® This
function is plotted in Figure.SS in Supporting Information.

Such direct connection of the Raman signal with temperature
allows to provide Raman thermometry.’” In Figure Sa,
experimentally observed thermal-induced shift of the silicon
Raman peak is presented. According to eq 4, the shift down to
509 cm™" corresponds to the heating up to AT & 600 K. As
shown in Figure Sb,c, the proposed method allows
reconstruction of two-dimensional (2D) temperature map
with submicron resolution. It should be noted that we do not
observe any irreversible changes after nanoparticles heating up
to such high temperatures.
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Figure S. Raman nanothermometry. (a) Experimental Raman spectra
for a spherical silicon nanoparticle with diameter 350 nm on a glass
substrate. Thermal (b) and SEM (c) images of a silicon nanoparticle
on a glass substrate. Scale bar is 200 nm, image (b) is obtained at laser
intensity 2 mW/um?

The method of Raman nanothermometry allows one to
determine temperature for a given nanoparticle at a certain laser
intensity in the broad range of temperatures, as shown in Figure
6a. The experimental results are in good agreement with the
numerically obtained in Comsol Multiphysics dependence for a
silicon nanosphere on a glass substrate. The case of the silicon
nanoparticle on the substrate is intermediate between the cases
of homogeneous air and glass host media (Figure 6a). The best
agreement of the numerical calculations with the experimental
data is achieved, when the nanoparticle has cut off segment
with height 20 nm from the bottom contacting with the
substrate. This shape is consistent with the process of the
nanoparticles fabrication.”’ Indeed, laser printing implies
melting of a thin film to produce a liquid droplet of silicon,
which then falls to the surface and slightly wets it. We notice
that experimental results are described well without taking into
account thermo-optical nonlinear effects, which might change
refractive index and thermal conductivity of heated materials.™

As shown in Figure 6b, heating of the silicon nanoparticle
strongly depends on its diameter for the fixed wavelength.
Generally, the more accurately nanoparticle size fulfills resonant
conditions at given wavelength (1 = 633 nm), the stronger the
Raman shift (i.e., higher temperature). At A = 633 nm and D =
160 nm, the MD excitation results in optical heating up to AT
~ 100 K at intensity 2 mW/um? The next pronounced peak of
temperature is related to excitation of MQ mode yielding AT ~
600 K, which we observe both experimentally and numerically
(Figure 6b). According to the multipole decomposition, the
resonant heating of larger nanoparticles is related to EQ (D =
290 nm) and mixture of the second orders of electric (a,;) and
magnetic (by;) dipolar modes around D ~ 300 nm. Therefore,
in order to find the most compact design and effective light-to-
heat conversion efficiency, the silicon nanoparticle supporting
MQ_mode demonstrates the best characteristics.

We also compare numerically optical heating of silicon
spherical nanoparticles with similar gold ones, which are
frequently used in modern thermo-plasmonic applications.'®"’
The numerical calculations show that the optical heating of the
gold nanosphere on the glass substrate does not strongly
dependent on the optical resonances (blue curve in Figure 6b).
Generally, the comparison shows that plasmonic spherical
nanoparticles are heated effectively at small diameters (D < 150
nm), whereas large dielectric nanoparticles are much more
effective than similar plasmonic ones. This conclusion is
consistent with our previous analysis, where the quadrupole
mode of the dielectric nanoparticle (Re(e) > 0 and Im(e) <
0.5) is more effective than a dipole mode in metals (Re(e) < 0
and Im(¢e) > 0.5). Indeed, due to large effective mode volume
and high average field enhancement the maximum temperature
of silicon nanoparticles (AT, & 600 K) is much higher as
compared to plasmonic ones (AT, ~ 130 K) at equal light
intensities and nanoparticles size.

Despite spherical gold nanoparticles are the most simple
nanoobjects to produce, the optical heating of gold nano-
rods,*** nanoshells,”**® and nanostars*” can be more effective.
In turn, the shape of silicon nanoparticles can be also optimized
in order to achieve maximum light-to-heat conversion
efficiencies. Moreover, most metals suffer from high values of
Re(¢) and Im(e) in the near-IR range® impeding their
applicability. In opposite to metals, there are a lot of dielectric
materials with desirable values of Im(€) in the near-IR range,
for example, in biological tissue transparency window. There-
fore, we envision further development of the photothermal
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Figure 6. Resonant optical heating of silicon nanoparticles. (a) Experimental data (red circles) and numerical calculations (solid lines) for a spherical
silicon nanoparticle with diameter 350 nm in different media. (b) Experimental (red circles) and numerically calculated (solid lines) optical heating
of spherical silicon (red) and gold (blue) nanoparticles at wavelength A = 633 nm and light intensity I, = 2 mW/um?
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applications based on nanoparticles and nanostructures made
from low-loss high-refractive index dielectrics.

In conclusion, we have shown that a resonant silicon
nanoparticle represents a simple and “all-in-one” (heater—
thermometer) nanoplatform integrating effective photoinduced
heat generation and broad-range temperature sensing. In
particular, by using Raman nanothermometry we have revealed
experimentally that at a magnetic quadrupolar optical resonance
photoinduced heating of the spherical silicon nanoparticle can
be four times more effective as compared to plasmonic
nanospheres. We have found that the silicon nanoparticles
can be effectively heated both in air and in water environment.
Because the silicon nanoparticles with the quadrupolar mode
can be fabricated by means of laser ablation at certain positions
on arbitrary surfaces, they can be used for plenty of applications
where strong and controllable optical heating around a single
nanoparticle is crucial: nanosurgery, photochemistry, nano-
fabrication, as well as photothermal signal modulation.

Methods. Fabrication of Nanoparticles. Single silicon
nanoparticles are fabricated by the laser-induced forward
transfer method: an acceptor glass substrate (Menzel cover-
slips) is placed above a donor glass substrate with a deposited
100 nm film of amorphous hydrogenized silicon. The thin film
is prepared via plasma enhanced chemical vapor deposition
from a precursor gas SiHj, yielding about 10% of initial
concentration of hydrogen. The distance between substrates is
about 10 um. The radiation of ytterbium-doped femtosecond
solid-state laser (TeMa-150, Avesta Poject, A = 1050 nm,
repetition rate 80 MHz, pulse duration 150 fs) in a single pulse
mode provided by a pulse picker system (Avesta Poject) is
focused by an infinity corrected objective (10X, NA = 0.28
Mitutoyo Plan Apo) on a thin film-glass interface into a spot
with diameter 4.6 ym. The femtosecond-laser ablation yields
spherical crystalline silicon nanopartiles on the acceptor
substrate with the sizes in the range of 100—400 nm.

Dark-Field Scattering Spectra Measurements. In order to
carry out measurements of scattering spectra we apply a dark-
field scheme, where an infinity corrected objective (10X, NA =
0.26, Mitutoyo Plan Apo NIR) is used for illumination with a
white light source (HL-2000 halogen lamp) of the sample
under angle 67° to the surface normal (see Figure 4a). The
second objective (50X, NA = 0.42 Mitutoyo Plan Apo NIR)
placed perpendicularly to the sample surface is applied for
scattering signal collection. The scattered signal is analyzed by a
confocal system with a spectrometer (HORIBA LabRam HR)
and cooled charge-coupled device (CCD) Camera (Andor DU
420A-OE 325) equipped with a 150 g/mm diffraction grating.
The position of the nanoparticles is controlled by an additional
CCD camera (Cannon 400 D).

Raman Scattering Measurements. The Raman spectra
measurements are conducted utilizing the same registration
system (HORIBA LabRam HR) with a 600 g/mm diffraction
grating and 632.8 nm HeNe laser as a heating light source
focused through a microscope objective (100X, NA = 0.9
Mitutoyo Plan Apo HR) to the sample surface. The objective is
used for excitation and collection of the Raman signal. The
sample with nanoparticles is placed on a piezo-stage (AIST-
NT) providing a positioning accuracy of 10 nm during a
thermal imaging process. The HeNe laser is chosen for Raman
thermometry due to its high stability and narrow spectral width,
yielding high accuracy of temperature measurements. More-
over, its wavelength almost within the biological tissue
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transparency window (650—1350 nm), making it useful for a
number of bioapplications.

Numerical Calculations. Theoretical description of scatter-
ing spectra of silicon nanoparticles on a glass substrate as well
as their optical heating are carried out numerically in a
commercial software Comsol Multiphysics. Permittivities®”*’
and thermal properties® of all materials are taken elsewhere.
Permittivity at wavelength 632.8 nm for silicon is &5 = 15.072 +
0.152i, for gold is €,, = —11.573 + 1.259i, and for glass is &,
2.123 + 0i. Thermal conductivities for air, water, and glass are

=062, =08~ Di-
m-K m-K
ameter of computational domain is chosen to be 2 ym. We
define thermal boundary conditions as a heat flux through the
computational domain surface q = h(Te — Tyy), where h for
upper and bottom computational hemispheres are equal to h,
= 2K/ D and hyggom = 2Kpotom/ D, Tespectively, & is the thermal
conductivity, T = 293 K is the external temperature, T is the
calculated temperature near boundary of the computational
domain. The bottom hemisphere plays a role of a substrate,
when we consider inhomogeneous surrounding of the particle,
whereas it is similar to the upper hemisphere in the case of
homogeneous surrounding. In our model, all nanoparticles have

cut off spherical segment of 20 nm thickness from the bottom.

w
taken as Ky = 0.022-"7, K er Kelass
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All-Optical Nanoscale Heating and Thermometry with
Resonant Dielectric Nanoparticles for Controllable Drug

Release in Living Cells

George P. Zograf, Alexander S. Timin, Albert R. Muslimov, Ivan I. Shishkin,
Alexandre Nominé, Jaafar Ghanbaja, Pintu Ghosh, Qiang Li, Mikhail V. Zyuzin,*

and Sergey V. Makarov*

All-dielectric nanophotonics becomes a versatile tool for various optical
applications, including nanothermometry and optical heating. Its general
concept includes excitation of Mie resonances in nonplasmonic
nanoparticles. However, the potential of resonant dielectric nanoparticles in
drug delivery applications still has not been fully realized. Here, optically
resonant dielectric iron oxide nanoparticles (a-Fe,O; NPs) are employed for
remote rupture of microcontainers used as a drug delivery platform. It is
theoretically and experimentally demonstrated that a-Fe,O; NPs have several
advantages in light-to-heat energy conversion comparing to previously used
materials, such as noble metals and silicon, due to the broader spectral range
of efficient optical heating, and in enhancement of thermally sensitive Raman
signal. The @-Fe,O; NPs embedded into the wall of universal drug carriers,
polymer capsules, are used to experimentally determine the local temperature
of the capsule rupture upon laser irradiation (170 °C). As a proof of principle,
the delivery and remote release of anticancer drug vincristine upon lowered
laser irradiation (4.0x10* W cm~2) using polymer capsules modified with the
a-Fe,0; NPs is shown. The biological tests are performed on two primary cell
types: i) carcinoma cells, as an example of malignant tumor, and ii) human

stem cells, as a model of healthy cells.

1. Introduction

Optically resonant dielectric nanoparticles (NPs) allowing for
light localization at subwavelength scale attracted a lot of

attention?  during last years due
to their excellent performance in a
number of advanced optical appli-
cations. Namely, the resonant NPs
made of silicon,*¥ germanium,P I1I-V
semiconductors,/®”) or multicomponent
materials®1% demonstrate outstanding
optical characteristics owing to Mie
resonances excited by incident laser
field. Moreover, because of strong field
enhancement inside the nonplasmonic
(e.g., silicon) NPs, it is possible to both
efficiently heat them by laser irradia-
tion and measure local temperature via
thermally sensitive Raman response,'!!
which is also enhanced by several orders
of magnitude.'” With the resonant
silicon NPs, the “all-in-one” concept
was applied for simultaneous all-optical
heating, sensing, and thermometry of
small amount of protein molecules.!*l
However, the full potential of resonant
nonplasmonic NPs with both tempera-
ture and micrometer spatial control for
more advanced bioapplications has not
yet been realized.

Recent trends in various biomedical applications are related to
incorporation of different NPs within nano- and microcarriers to
obtain a composite platform with improved properties.') Among
available delivery systems, polymer capsules are currently
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Figure 1. Schematic representation of iron oxide NPs implementation steps in this work. a) Simulation of optimal optical heating parameters. b) Syn-
thesis of NPs with the required physicochemical properties. c) Characterization of obtained NPs. d) Study of NPs optical properties. €) Immobilization
of NPs into the shell of polymer capsules for drug delivery applications. f) Probing the remote drug activation inside cells and nanothermometry.

being demonstrated as unique carriers for safe and efficient de-
livery of biologically active compounds such as gene materials, !
macromolecules,!'%! proteins,/'”! drugs.I*®! In the previous works,
various plasmonic NPs were employed as nanoheaters to reduce
laser intensity threshold for the capsules opening, while their ad-
ditional functionalization by thermally sensitive nanomaterials
was performed for all-optical local nanothermometry.**)

In this work, we incorporate optically resonant dielectric NPs
into polymer capsules for all-optical remote drug release with
simultaneous nanothermometry upon laser irradiation. In or-
der to achieve high optical field enhancement in the NPs and
their efficient heating, we employ biocompatible iron oxide (a-
Fe,0,) NPs% instead of previously used dielectric ones,*81%
owing to their high refractive index (n ~2.7-3.2) and moderate
losses (k ~0.02-0.2) in red and near-infrared (NIR) ranges.?!
This phase of iron oxide has very pronounced and easily recog-
nizable multipeak Raman response in broad range of wavenum-
bers (200-1400 cm~!22)), making it much more convenient for
temperature-induced peak shift registration as compared to the
silicon possessing only one Raman-active phonon mode."*l The
use of such NPs allows for direct measurement of the capsules
rupturing temperature with the accuracy no worse than 40 K, cor-
responding to a characteristic Raman linewidth. Also, the NPs de-
crease the rupture threshold intensity down to 4.0x10* W cm™2.
Finally, the developed microcapsules modified with a-Fe,O; NPs
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are used to deliver antitumor drug vincristine (VCR) into two pri-
mary cell types: i) carcinoma cells (CCs) as an example of ma-
lignant tumor, and ii) human mesenchymal stem cells (hMSCs)
as a model of healthy cells. Our findings show that the optically
resonant a-Fe,O; NPs have high potential to be a versatile plat-
form in order to fabricate multifunctional drug carriers possess-
ing tumor-specific drug release.

2. Results and Discussion

The main concept of this study is depicted in Figure 1, where we
present the theoretical and experimental stages of designing a
multifunctional drug carrier that simultaneously allows for exter-
nal drug release triggering and local temperature detection. As
shown in Figure 1a, the used biocompatible a-Fe,O; NPs should
possess high enough refractive index and moderate losses, as
well as demonstrate thermally sensitive Raman lines. Also, to
predict the optimal NP size for efficient optimal heating, the
electromagnetic simulations should be performed (Figure 1a).
After the theoretical calculations, synthesized (Figure 1b) and
characterized (Figure 1c) NPs can be experimentally tested for
optical heating and Raman thermometry (Figure 1d). The fully
characterized iron oxide NPs can be then used to modify the
wall of polymer capsules, which are widely used to deliver cargo

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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into cells (Figure le). The efficient optical heating of the NPs
allows for remote low-intensity release of cargo inside cells (Fig-
ure 1f). In the following sections, we discuss each step in more
details.

Theoretical background. General model for heating of a spher-
ical nanoparticle comprised of an arbitrary material (metals or
dielectrics) by continuous laser illumination in a homogeneous
medium was developed elsewhere.2324 We combined it with
a simple analytical solution for light absorption by the nanopar-
ticle from the Mie theory.””! The Mie theory deals with a single
spherical NP in homogeneous medium, yielding general under-
standing regarding which optical modes can be excited and what
their optical response is. For instance, scattering (o), extinction
(0,4), and absorption (o) cross-sections can be derived from fol-
lowing equations:

W 2~
%= = LNl b M)
W, 2T~
6, = Iixt =3 Z;(zwr 1)Re(a, + b,) )
Ouphs = Oext — Ogen (3 )

where a, and b, are the Mie-coefficients for electric and mag-
netic types of modes, respectively. As a result, the solution of a
thermal diffusion equation in a steady-state regime with a heat
source defined by the light intensity (I) and the NP absorption
cross-section (o) gives the following equation for temperature
increase inside the NP4

I O gbs

6Typ = 4
NP 4rx,R ()

where k;, is the thermal conductivity of the surrounding medium,
which is significantly smaller than that of the NP; and R is the NP
radius. The details of derivation of this formula and calculations
of the absorption cross-section can be found in the Supporting
Information. It is worth noting that this consideration is only
suitable for structures with thermal conductivity several orders
higher than that of surrounding homogeneous media.

Since the concept of NP-induced enhancement and localiza-
tion of optical heatingl® is attractive for the most of bio- or
chemical applications, it is vital to study their resonant proper-
ties in water (n = 1.33), because such studies are taken in aque-
ous medium. The theoretical calculations on various NPs optical
heating in water are summarized in Figure 2. Based on Equa-
tions (1)—(4) we carried out a comparative analysis for optical
heating in the visible and NIR ranges of three spherical NPs:
gold,?”) silicon,?® iron oxide (Fe,0,),?” while their thermal con-
stants are taken from ref. [30].

It is clearly seen from Figure 2a that gold nanospheres are ef-
ficient light-to-heat converters at their localized surface plasmon
resonance wavelength (around 4 ~ 500-600 nm) at all sizes, as
reported previously.??l On the other hand, a silicon nanosphere,
as shown in Figure 2b, supports a variety of Mie modes (electric
and magnetic ones?!), which allow to use ¢-Si NPs as light-to-
heat converters even in the red region of visible light spectra.l'!
However, their performance worsens at the wavelengths larger
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than A »~ 800 nm. In its turn, a-Fe,0; NPs combine benefits of
both gold and silicon by providing the broad absorption band in
the visible at 4 < 600 nm wavelengths and support Mie modes
in NIR as well (Figure 2c). Additionally, a comparison of perfor-
mances between a-Fe,O;, c-Si and Au nanospheres is presented
in Figure 2¢,d, where one can clearly see that the a-Fe,O; NP out-
performs the Au NPs even at the plasmon resonance wavelength
in water A4 & 530 nm. Moreover, the a-Fe,O; NP absorbs light bet-
ter than Si NPs at all wavelengths of interest (4 = 400-1000 nm).
The origin of such outstanding performance of Fe,O, is based
on the optimized combination of real and imaginary parts of its
dielectric function. Indeed, radiative and non-radiative losses of
any resonators have to be balanced to achieve the highest optical
heating.['!

Besides high efficiency of light-to-heat conversion, it is crucial
to obtain a pronounced Raman signal for local optical tempera-
ture measurements. This concept of far-field optical temperature
detection at nanoscale is based on thermo-sensitive Raman re-
sponse due to anharmonic effects in light scattering on optical
phonons.BU Figure 3a shows that a-Fe,0, has very intensive and
rich Raman spectrum with clearly distinguishable Stokes lines.

As a result, in this part we revealed that a-Fe,0O; is one of
the most prospective materials for all-optical heating and nan-
othermometry. Namely, it fulfills the following requirements: i)
relatively simple and cost-efficient fabrication; ii) active optical
phonons for thermo-sensitive optical response (Raman scatter-
ing); iii) high-refractive index in order to support Mie resonances
in nanostructures in the visible and NIR for enhanced heating
and reduced signal collection (dwell) time.

Nanoparticles fabrication and structural characterization. a-
Fe,O, NPs were prepared via solvothermal method.?® The char-
acterization by scanning electron microscopy (SEM) found NPs
with diameter (D) between 300 and 800 nm (Figure S3, Support-
ing Information). This is further confirmed by transmission elec-
tron microscopy (TEM), which also shows a second population
of NPs with diameters in the range of 5-20 nm (Figure S5, Sup-
porting Information). Despite the fact that larger a-Fe,O; NPs
do not possess a perfect spherical shape, the aspect ratio remains
sufficiently low to maintain the quasi-spherical approach reason-
able for theoretical calculations, since the factor of facets for res-
onant dielectric NPs is almost negligible as shown in previous
works.[®10

X-ray photoelectron spectroscopy (XPS) results confirm that
NPs are composed of iron oxide (Figure 3b). However, the peaks
in the obtained spectra correspond to both +II and +I1I oxidation
states (i.e. a-Fe,O; and Fe;0,, respectively). The challenge to
determine composition and crystallogaphic strucutre of NPs
arises due to the fact that two phases share either the same
stoichiometry (a-Fe,O; hematite, and y-Fe,O; maghemite)
or structural similarities (y-Fe,O; maghemite and y-Fe,O,
magnetite).}) However, a-Fe,0; and Fe;O, can be additionally
differentiated by electron energy loss spectroscopy (EELS).B*! In
the case of the large NPs shown in Figure 3c, the experimental
EELS spectrum shows the typical features of a-Fe,0,, which are
a double peak in the O K-edge and a shoulder in the Fe L, , edge
Figure 3e. Knowing the stoichimetry, selected area is used to
determine the structure of the same NP. The diffraction pattern
shown in Figure 3d revealed that such NPs have high crystallinity
and interplanar distances match very well with the diffraction

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Theoretical modeling of NPs optical heating. Calculated maps for optical heating of a) Au, b) Si and c) a-Fe,O; spherical NPs in water using
Equations (1)—(4). The colorbar is temperature increase in arbitrary units. d) Schematic of optical heating theoretical model. Incident plane-wave excites
resonant optical modes of a sphere (Mie-theory) in homogeneous surrounding medium with thermal conductivity «,. e,f) 1D plots for the dependence
of AT on NP radius R extracted from (a) and (b) for fixed excitation wavelengths: A =530 nm for Au (e) and A = 790 nm for Si (f), compared with heating

of a-Fe, O3 NPs taken from (c).

pattern of a-Fe,O; in [010] zone axis (Figure S6, Supporting
Information). Characterization of smaller particles was carried
out by following the same procedure. Unlike in the case of larger
NPs, EELS spectra as well as diffraction pattern correspond to
Fe;0, magnetite (Figure S7, Supporting Information). This ex-
plains the detection of both oxidation states on the XPS spectra.
The presence of both oxides is not necessarily an issue for this
study, since Fe;O, shows only limited optical heating for par-
ticle radius below 50 nm (Figure S1, Supporting Information).
Moreover, since there is a correlation between size and crystal-
lographic phase, the smaller NPs can be easily removed during
the centrifugation process (e.g., during capsule synthesis).

As it has been mentioned, a-Fe,O; NPs can serve not only
as a nanoscale heater, but also simultaneously as multi-purpose
nanothermometer??! with high melting point (T ~1850 K>%) as
compared to gold (T ~1250 KP”) and silicon (T ~1600 KI*)).
Thus, Figure 3a depicts not only phase and bond fingerprint of
fabricated structure, but also can serve as temperature sensor, be-
cause of thermally dependent Raman response. For instance, A,
band (vibration of Fe—O bond??3?)) scattering demonstrate spec-
tral blue-shift, as it is shown in the inset.’?) For higher precision
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of the temperature measurements, we average the temperature
between 225, 290, and 400 cm~! Raman Stokes lines according
to previous works.[?2!

Optical characterization of resonant a-Fe,O; NPs. In order
to study resonant optical properties of fabricated single a-Fe,O,
NPs, dark-field (DF) spectroscopy technique was applied (Fig-
ure 4a,b, for more details see Supporting Information). It is
worth noticing that DF spectra serves not only as a tool for char-
acterization of the far-field optical properties and description of
the excited optical modes in NPs, but also for the verification of
the NPs sizes obtained by SEM or TEM. In order to carry out the
“optical size” verification, the full-wave numerical simulations in
the commercial software COMSOL Multiphysics was employed.
As shown in Figure 4D, the numerical and experimental results
are in a good qualitative agreement, even though the fabricated
NPs are not perfectly spherical according to Figure 3c,f. The
modeling also reveals the local optical field enhancement up to
two times within NP and up to six times outside NP (see insets
in Figure 4b).

The DF spectrum shows that the chosen NP (340 nm di-
ameter particle) provides resonant elastic scattering around the
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Figure 3. a-Fe,0; NPs characterization. a) Stokes Raman scattering from fabricated a-Fe,O3; NPs. Inset illustrates evolution of A; band position with
increase in temperature (adopted from ref. [32]) b) X-ray photoelectron spectroscopy of fabricated structures. Captions under curves correspond to
specific response of Fe atoms. c) TEM image of the iron oxide NPs. Scale bar is 50 nm. Dashed region corresponds to the area of consideration for d)
electron diffraction patterns. e) Electron Energy Loss Spectroscopy (EELS) for the same NPs of a-Fe,Oj;. f) Typical shapes, sizes, and morphologies of
fabricated a-Fe, O3 NPs carried out by means of scanning electron microscopy (scale bar is 400 nm).

emission wavelength of He-Ne laser (A = 632.8 nm) used for Ra-
man experiments in this work. This results in the local field en-
hancement and NP‘s heating observed as a spectral shift of char-
acteristic Raman-active modes (Figure 4c; Figure S10, Support-
ing Information). As it has been mentioned, the spectral shift
of the Raman Stokes line between “cold” and “hot” regimes can
be back-converted into temperature increase. By the term “cold”
Raman scattering regime from either bulk material response, or
low pump intensity response from single iron oxide nanoparticle
is considered, whereas the “hot” regime stands for enhanced ab-
sorption regime with high (> 2 mW/pm?) pump intensity, which
results in spectral blue-shift of the Raman response. It is clearly
seen that for such high heating temperatures, only a number of
Raman lines remain pronounced (i.e., initial 225 cm™!), unlike
600 and 1320 cm™' ones.

Figure 4d depicts both theoretical and experimental optical
heating results for NP with radius R ~ 170 nm at 632.8 nm wave-
length with intensity I, = 2.4 mW/pm?. According to SEM im-
ages, a-Fe,0; NPs are not perfectly spherical, thus the thermal
contact area determination remains only one fitting parameter

Laser Photonics Rev. 2020, 1900082
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for our numerical calculations. In this regard, blue dashed line
corresponds to dipped by diameter over 5 (R/2.5) nanometers
into SiO, substrate and red dashed line is the case of a slight phys-
ical contact (20 nm into substrate). The experimental values are
mostly located within the region bordered by two calculated lines;
however, larger particles are in little less match with the theoret-
ical predictions. We believe that this might happen due to shape
inhomogeneity. Indeed, any roughness reduces quality factor of
the dielectric microresonator, ) whereas the heating efficiency is
a linear function of quality factor.!'!

Polymer capsules with resonant a-Fe,O, NPs. After prov-
ing the ability of both heating and thermometry by single iron
oxide NPs (Figure 1d), we implemented them into drug carri-
ers, so-called polymer capsules, to probe remote drug activation
in vitro and simultaneous nanothermometry (Figure le). It is
worth noting that various carriers composed of different ma-
terials like silica,*! liposomes,*? as well as rare earth,*] and
plasmonic NPs*! were employed for external triggering to re-
lease bioactive molecules upon laser irradiation. However, poly-
mer capsules have an obvious advantage over reported delivery
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Figure 4. Optical heating of a-Fe,0; NPs. a) Schematic of (1) dark-field (DF) elastic scattering spectroscopy and (2) Stokes-Raman spectroscopy ex-
perimental setups. b) Dark-field scattering spectra of a single a-Fe,O; NP (radius R = 170 nm): experimental (solid blue) and numerically calculated
(dashed purple). Insets depict calculated electric field distribution at corresponding wavelengths (632.8 nm and 790 nm) corresponding to the wave-
lengths of laser sources for the optical heating experiments. c) Stokes range of Raman scattering from single the a-Fe,O; NP from (b) at two intensities
0.6 mW/pm? (“cold regime”, purple line) and 2.4 mW/um? (“hot regime”, orange line). d) Experimental (dots) and theoretical (dashed lines) depen-
dencies of optical heating of a single a-Fe,O3 NP upon irradiation by CW-laser with intensity 2.4 mW/um? at wavelength 632.8 nm. Blue dashed and
red dashed lines correspond to theoretical calculations with different thermal contact areas between the nanoparticle and SiO, substrate, as shown in
the insets, where a nanosphere is dipped by R/2.5 and 0 nm into the substrate, respectively).

systems, such as increased drug-loading capacity, protective fea-
tures of capsule wall, low cytotoxicity, high stability in the biologi-
cal fluids, and efficient uptake by various cell types.[1®4] Polymer
capsules modified with a-Fe,O, NPs were prepared with layer-
by-layer method.['*4% The size range of synthesized capsules was
around 4.38 —5.21 pm, as determined by SEM and confocal laser
scanning microscopy (CLSM) analysis (inset of Figure 5a; Fig-
ure S8a,b, Supporting Information). It can be seen that a-Fe,0O,
NPs were not aggregated after attachment to the capsules wall
(Figure S8, Supporting Information).

CLSM was used to verify the loading with dextran conjugated
with AlexaFluor 647 (AF647) into the cavity of the capsules (Fig-
ure S8b, Supporting Information). SEM images demonstrated
successful dissolution of CaCO, core-template, since the poly-
mer capsules were in collapsed form under vacuum (Figure S8a,
Supporting Information). The attachment of a-Fe,O; NPs onto
the capsules wall (spots onto the capsules wall) can be clearly
seen in SEM, dark field (DF) and CLSM images highlighted
with the white arrows (Figure S8a—c, Supporting Information).
The statistical data for the number of attached a-Fe,O; NPs onto
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the capsules wall are shown in Figure 5a. Successful loading of
commercially available antitumor drug VCR into the capsules
cavity could be detected with indirect method via measuring
absorption spectra of the drug. According to the measured
calibration curve shown in Figure S4, Supporting Information
and measured supernatant after the formation of the CaCOj core-
particles, amount of encapsulated VCR was 0.65x1072 g/cap.
It was assumed that after the core dissolution, the amount of
VCR, which diffused through the capsule wall, is negligibly
low.

In order to determine the temperature of the capsules rup-
ture upon laser illumination, we employed the developed Raman
nanothermometry with the resonant a-Fe,O; NPs incorporated
into the capsule walls. We measured Raman spectra of differ-
ent capsules up to the signal disappearance as an indicator of
the capsule’s destruction. According to the measurements from
a set of capsules with incorporated NPs placed as a droplet be-
tween two cover glasses, the mean temperature of their rupture
is around 170 °C (Figure 5b). The fact of capsule damage was con-
firmed by bright-field optical microscopy (Figure 5c). The average
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Figure 5. a-Fe,O; NPs in polymer capsule. a) Number of a-Fe,O; NPs embedded into capsules walls according to SEM images. Inset: SEM images
of fabricated capsule with embedded a-Fe,O; NPs into walls. Scale bar is 2 ym. b) Optical thermal destruction temperature distribution according
to Raman experiments. Experiments were performed on empty capsules. c) Bright field images of capsule before (inset) and after laser irradiation. d)
Percentage of released antitumor drug VCR from polymer capsules irradiated during different time periods (red curve) and without irradiation (blue
curve). e) Orthogonal view from different planes (x/y, x/z or y/z) of the confocal microscope images used to analyze the particle uptake. Example
corresponds to hMSCs with internalized capsules. Cells were staied with calcein AM (shown in green) and capsules were labeled with AF647 (shown in
red). f) Orthogonal view from different planes (x/y, x/z or y/z) of the CLSM images used to analyze the capsules uptake. Example corresponds to CCs
with internalized capsules. Cells were tagged with calcein AM (shown in green) and capsules were labelled with AF647 (shown in red).

tiq(min)

Table 1. Comparison of the proposed resonant a-Fe,O; NPs with previously published design for enhanced optical heating and simultaneous nanoth-

ermometry.

Approach Capsule damage intensity, wavelength Thermometry method Temperature resolution Ref
Gold NPs with CNT 9.6x10* W cm=2, A=532 nm Raman: Stokes/Anti-Stokes ratio 5-40 K [19]
a-Fe,0; NPs 4.0+1.0x 10* W cm~2, 1=633 nm Raman: Stokes spectral shift 40 K This work

intensity of He—Ne laser radiation (4=632.8 nm) required to
achieve this threshold temperature is around 4x10* W cm™2.
The value of temperature is comparable with that reported
elsewhere,"”] while the applied intensity is more than two times
lower, because of high efficiency of light-to-heat conversion of a-
Fe, O, NPs, as shown in Figure 2. Itis worth noting that efficiency
of drug delivery using capsules might be influenced by the num-
ber of embedded NPs into the capsule wall owing to higher prob-
ability of capsule rupture upon laser irradiation. The comparison
of main characteristics of the proposed method with published
before is given in Table 1. To confirm that permeability of poly-
mer capsules changes after laser irradiation and delivered cargo
can be successfully released, polymer capsules modified with a-
Fe,0; NPs were loaded with commercially available antitumor
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drug VCR and the defined area containing capsules was irradi-
ated with near infrared laser for different periods of time. As it
can be seen in Figure 5d, with the increasing time of irradiation
within the area containing capsules, the amount of released drug
increases. However, the capsules that were not irradiated also
showed slight drug release, which can be explained by leakage
of the cargo through the porous capsules walls.

The obtained capsule heating temperature (170 °C ) is suf-
ficient to change the permeability of polymer capsules, since
the glass transition temperature of PAH is around 85 °C*’]
and PSS is around 152 °C.*¥ The photodecomposition of poly-
mer capsules can lead to the release of loaded molecules into
the surroundings. In comparison to the previous work,™ to
achieve temperature 170 °C less laser power density is required
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(4.0+£1.0 X 10* W cm™2), which is in favor of the biomedical
laser application, since such laser power densities do not induce
phototoxicity of cells. Indeed, no phototoxicity was observed
even at intensity 3.8x10° W cm~2 as shown in ref. [49]. More-
over, according to Equation (S30), Supporting Information, at
such high temperature, biological objects decay by more than
10 times on a scale of several microns around the locally heated
NP, being safe for the irradiated living cell containing an
internalized capsule modified with the a-Fe,O; NPs.

Cell uptake and association of polymer capsules modified with
a-Fe,0; NPs. It is worth mentioning that cell experiments were
performed on relevant cell models: i) clear cell renal cell carci-
noma cells (CCs), and ii) human mesenchymal stem cells (hM-
SCs), which were derived from patients who signed a voluntary
consent. Numerous studies suggest that cell lines poorly repre-
sent the diversity, heterogeneity, and drug-resistant tumors oc-
curring in patients.”® The derivation and short-term culture of
primary cells from solid tumors have, thus, gained significant
importance in personalized cancer therapy. CCs are sensitive to
VCR at high dosages but not sensitive to the concentrations of
this drug used in clinics.?! hMSCs were used in this study as a
model of healthy cells.

In order to verify whether micrometric polymer capsules mod-
ified with a-Fe,O; NPs can be internalized with CCs and hM-
SCs, CLSM measurements were performed. For this, after incu-
bation with different amount of polymer capsules loaded with
AF647, cells were stained with calcein AM and the co-localization
of the red fluorescently labeled capsules within the cellular com-
partments was visualized with z-stack images as shown in Fig-
ure 5e,f. An indicator for intracellular localization of capsules
was red fluorescence signal coming from AF647 labeled capsules
surrounded with green fluorescence signal coming from stained
living cell with calcein AM. Figure S16, Supporting Informa-
tion, shows 3D reconstruction of cells incubated with capsules.
These results are in agreement with previous studies, where it
was shown that even micrometric sized non-targeted polymer
capsules can be efficiently internalized with stem cells™ and car-
cinoma cells.l'® Note that multiple endocytotic pathways are re-
sponsible for micrometric capsules internalization.>%

In order to quantify the association of AF647-labeled capsules
at different capsule concentrations with CCs and hMSCs, fluores-
cence flow cytometry was used. Here, the amount of red fluores-
cence originating from each analyzed cell was derived and quanti-
fied to reveal the relative amount of capsules associated with cells.
It is worth mentioning that apart from autofluorescence, cells do
not contribute to the red fluorescence signal (Figure S14, Sup-
porting Information). According to the obtained data, it is clearly
seen that the amount of capsules associated with cells increases
with the number of added capsules per cell. This is valid for both
the cell lines. However, it is also seen that the capsules were as-
sociated with CCs in a higher rate than with hMSCs (Figure S15,
Supporting Information). These results are in agreement with
previous works.3 As it has been discussed above, multiple in-
ternalization pathways are involved in micrometric sized cap-
sules internalization. Internalization of capsules depends on the
metabolism of the cells, which defines their ability to internal-
ize the capsules. Metabolism of carcinoma cells is known to be
enhanced® and distorted, which explains the higher uptake rate
of capsules by CCs than by hMSCs.

Laser Photonics Rev. 2020, 1900082
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In vitro laser-triggered release of antitumor drug vincristine
(VCR). To demonstrate remote photoinduced activation of drug,
a-Fe,0; NPs modified polymer capsules loaded with VCR were
added to the CCs and hMSCs at different amounts. Next day,
cells were washed three times with cell culture medium in or-
der to remove residual capsules, and then irradiated with NIR
(4=790 nm) in the defined area (Figure 6; Figure S11p). NIR
laser irradiation was used for the experiments with cells, since
this wavelength lies in the “tissue window,” and it is optimal for
penetration of light into tissue.® Similar wavelengths are often
used in the biology and medicine for therapy.®l

During the NIR laser irradiation at “CW-like” regime (repe-
tition rate 80 MHz) with an average power of 250 mW, laser
beam randomly hits the capsules inside the scanning area (for
details, see Section S3h, Supporting Information). After the ir-
radiation of the capsules with the NIR light, the a-Fe,O; NPs ex-
hibit strong absorption supported by Mie modes, which results in
light-to-heat energy conversion followed by the NPs temperature
increase and, subsequently, in the rupture of capsules, as shown
in Figure 6a—c. In other words, the interaction between the laser
beam and a-Fe,O; NPs embedded into the capsules wall leads
to the thermally induced deformation/disintegration of the poly-
mer capsules with the change in their permeability, as observed
in Figure 5c. It worth noting that the heating of a-Fe,O; NPs by a
single femtosecond laser pulse with the used energy (3 nJ) is not
enough for the capsules rupture, indicating multipulse character
of the photoinduced drug release, as also confirmed by calcula-
tions in Figure S2, Supporting Information.

In the control experiments, the cells without capsules were ir-
radiated with NIR laser at the same conditions, as well as the cells
without and with capsules (added at different amounts) were not
irradiated with NIR laser. After irradiation, LIVE/DEAD viability
assay was performed, where the cells alive were stained in green
and nuclei of dead cells were stained in red. According to the ob-
tained data, the used power density of laser irradiation was not
toxic for CCs and hMSCs (Figure 6a,b). As expected, laser irra-
diation of CCs with internalized/associated capsules resulted in
higher toxicity, due to the release of antitumor drug VCR in intra-
and extracellular environment. As it can be seen in Figure 6d, this
toxicity of CCs is dependent on the amount of added capsules per
cell. The possible explanation for this can be that the probability
to hit the capsule added at the rate of 50 capsules per cell is higher
and, thus, higher amounts of drugs were released from the cap-
sules associated with cells, which resulted in higher toxicity. This
assumption is confirmed by the performed release study where
different amounts of VCR loaded capsules modified with iron ox-
ide NPs were irradiated under the same conditions but without
cells Figure S13, Supporting Information. The obtained results
demonstrate that higher amount of added capsules results in a
higher rate of released drugs after laser irradiation keeping the
irradiation time constant. Interestingly, hMSCs showed signifi-
cantly higher survival rate compared to CCs at the same added
amount of capsules. The reason for this could be the higher up-
take of tumor cells, what results in higher amount of antitumor
drug inside cells. Moreover, hMSCs are resistant to the number
of antitumor drugs, what can be a reason of higher survival rate
of hMSCs compared to CCs.P’!

Capsules added to both the cell models, which were not irradi-
ated with NIR laser, were slightly toxic at higher concentrations
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Figure 6. a-Fe,0; NPs in capsules for remote drug delivery upon laser irradiation. a) CLSM images of CCs incubated with different amounts of polymer
capsules modified witha-Fe,O; NPs and loaded with antitumor drug VCR for 24 h. CCs were not irradiated with NIR laser (right column) and CCs were
irradiated with laser (left column). Living cells were stained with calcein AM (green) and dead cells with propidium iodide (red). b) CLSM images of
hMSCs incubated with different amounts of polymer capsules modified with a-Fe,O; NPs and loaded with antitumor drug VCR for 24 h. hMSCs were
not irradiated with NIR laser (right column) and hMSCs were irradiated with laser (left column). Living cells were stained with calcein AM (green) and
dead cells with propidium iodide (red). The scale bar for (a,b) is 50 pm. c) Schematic illustration of experimental setup: cross-section of a cell with
internalized capsule inside. Capsule is irradiated with NIR 790 nm laser. d) CCs viability after incubation with polymer capsules modified with a-Fe,O5
NPs and loaded with antitumor drug VCR for 24 h before (red) and after (pink) irradiation with NIR laser. e) hMSCs viability after incubation with polymer
capsules modified with a-Fe, O3 NPs and loaded with antitumor drug VCR for 24 h before (green) and after (bright green) irradiation with NIR laser. The

results are presented as the average value + standard deviation (* represents p < 0.05 and ** represents p < 0.005).

(86% for 20 caps/cell, 70% for 50 caps/cell for CCs and 84% for 20
caps/cell, 78% for 50 caps/cell for hMSCs). This can be explained
by leakage of drugs through the capsules wall during the internal-
ization process. Indeed, during the internalization process me-
chanical deformation of polymer capsules can occur, which can
result in the leakage of drug loaded into the capsules."l Accord-
ing to the recent study, mechanical forces can vary between cell
types, and it was shown that capsules internalized within carci-
noma cells are exposed to higher mechanical forces during the
internalization process in carcinoma cells than in other tested cell
types resulting in a higher rate of capsule degradation,®® which
can lead to a higher drug release rate inside cells. Moreover, it
has been shown that capsules added at the rate of more than 20
capsules per cell are toxicP! to the cells resulting in reduced cell
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density in Figure 6b. Thereby, the revealed data confirm that a-
Fe,0; NPs can be effectively used as heat mediators for remote
activation of drugs inside cells.

3. Conclusion

To summarize, we have proposed a novel “all-in-one” concept
for controllable drug release in living cells based on nonplas-
monic optically resonant nanoparticles which allowed for low-
ering the drug release irradiation threshold and local ther-
mometry. It has been proven both theoretically and experimen-
tally that a-Fe,O; NPs larger than 100 nm have several advan-
tages in terms of light-to-heat energy conversion comparing to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

186

www.advancedsciencenews.com

conventional materials, such as noble metals and silicon: i) a-
Fe,0; NPs demonstrate broader and stronger electromagnetic
radiation absorption in the visible and near-IR ranges; ii) do not
require strict fulfilling of Mie-resonant conditions to achieve sim-
ilar heating temperatures; iii) support number of thermally sen-
sitive Raman lines in the range of 200-1400 cm™!, which is more
convenient for nanothermometry and might be useful for trac-
ing additional molecular events in real time. Additionally, the
developed a-Fe,O; NPs make it possible to avoid complicated
functionalization steps with plasmonic NPs enhancing optical
absorption.®l The simplicity of a-Fe,0; NPs synthesis and its
biocompatibility make this material suitable for biomedical ap-
plications. Taken together, we believe that such iron oxide based
nanostructures pave the way towards optically controlled nonin-
vasive intracellular drug release.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Local optical heating and Raman nanothermometry based on resonant silicon particles provide a new prom-
ising platform for a number of key nanophotonics applications associated with thermally induced processes
at the nano- and microscale. In this work, the crystallization of amorphous silicon nanodisks with optical res-
onances caused by local optical heating has been studied. The crystallization process is controlled by Raman
microspectroscopy. The crystallization temperature of a single nanodisk of about 900 K has been determined
under the action of a strongly focused cw laser beam. As a result, an annealed resonant silicon nanoparticle
has allowed controlled and reversible heating in the temperature range of 300—1000 K with the possibility of
mapping the heating region with submicron spatial resolution.

DOI: 10.1134/S0021364018110140

1. INTRODUCTION

In recent years, a new field of nanophotonics asso-
ciated with optical resonances in dielectric particles
with a high refractive index [1] has been successfully
applied to light control problems on a nanoscale [2—
4], ultrafast modulation of an optical signal [5—7], and
optical harmonic generation [8, 9], as well as for the
creation of ultrathin optical holograms [10] and many
other applications [11—13]. Indeed, owing to the pres-
ence of a magnetic response, low dissipative losses in
the infrared range, and the possibility of a wide tuning
of all excited resonances, silicon particles of a simple
shape (e.g., spherical particles) [ 14, 15] have a number
of advantages in comparison with analogs based on
resonant metallic nanostructures [16]. Another nota-
ble feature of silicon is the presence of low but gradu-
ally increasing optical losses in the visible range, which
makes it possible, on one hand, to excite high-Q Mie
resonances [17, 18] and, on the other hand, to ensure
effective absorption of light by coordinating radiative
and nonradiative losses in the nanoparticle [19]. This
allows efficient optical heating of silicon nanoparticles
with the possibility of the simultaneous measurement
of the local temperature using temperature-sensitive
phonon modes [20]. This concept of the use of crystal-
line silicon nanoparticles as a nanosized source of
heat, providing the possibility of direct nanother-
mometry, was successfully applied for the local diag-

nostics of thermally induced processes [21], as well as
for high-precision laser nanofabrication [22].

The main condition for nanothermometry based
on the thermosensitive Raman response of silicon
nanoparticles is the need to use a crystalline phase,
since the amorphous one has an extremely unpro-
nounced phonon spectrum unusable for thermome-
try. This imposes serious limitations on the methods of
manufacturing such nanostructures, since a standard
and relatively inexpensive technique for manufactur-
ing amorphous nanostructures from hydrogenated sil-
icon (0-Si:H) becomes unsuitable, and the produc-
tion of crystalline nanoparticles based on the “silicon-
on-insulator” platform leads to an unwanted back-
ground Raman signal from the silicon substrate. The
preparation of crystalline nanoparticles on sapphire
(the “silicon-on-sapphire” technology) also has a
number of shortcomings: high cost; a relatively high
refractive index of sapphire (n = 1.77), which reduces
the Q-factor of the silicon nanoparticle; and a high
thermal conductivity of sapphire 40 times higher than
that for glass, which hinders the localization of optical
heating.

In this work, a new approach is developed to per-
form optical nanothermometry based on resonant sil-
icon nanoparticles in the crystalline phase on a quartz
substrate. This approach is based on the method of
strong local optical heating up to the phase transition
temperature, which is controlled in real time by
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Fig. 1. (Color online) Schematic of controlled annealing of
an amorphous disk irradiated by intense light by means of
confocal Raman spectroscopy. The insets schematically
show (left) the Raman spectrum of the initial amorphous
nanodisk, (middle) the spectra “before” and “after”
annealing of the nanodisk, and (right) the reversible
Raman spectrum shift of the annealed nanodisk during its
optical heating.

Raman microspectroscopy. This concept is schemati-
cally presented in Fig. 1.

2. RESULTS AND DISCUSSION

We study o-Si: H nanodisks on a quartz substrate.
The amorphous nanodisks with diameters D =
300—450 nm and height # = 165 nm were prepared by
nanolithographic techniques used earlier [23] (for a
detailed description see Section 3). The insets of
Figs. 2c and 4c¢ show the images of the prepared single
amorphous silicon nanodisks located on the quartz
substrate. The images were obtained on a Carl Zeiss
Neon 40 scanning electron microscope (SEM).

The choice of the material and sizes of nanodisks is
due to the need to excite resonant optical modes in the
visible spectral region for achieving the most efficient
optical heating and thermometry. Figure 2a shows the
numerical calculation of the extinction, scattering,
and absorption cross sections for a single amorphous
silicon nanodisk (with the dispersion of the permittiv-
ity of amorphous silicon obtained in ellipsometry
experiments [23, 24]) with a height of 165 nm and a
diameter of 330 nm on a glass substrate (see Sec-
tion 3). It can be seen in Fig. 2c that this disk demon-
strates resonance absorption at a wavelength near
632.8 nm corresponding to the wavelength of the
HeNe pump laser in the Raman thermometry setup.
Figure 2b makes it possible to estimate the contribu-
tions from each optical mode to the total scattering
cross section [25]. As a result, the resonance state at a
wavelength of 632.8 nm corresponds to the interfer-
ence of two contributions, electric dipole (ED) and
magnetic dipole (MD). This is confirmed by the dis-
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tributions of the electric and magnetic fields depicted
in Fig. 2d. It should be noted that, together with the
resonance absorption, intense heating of the disk is
possible. Indeed, as was shown in [26], the increase in
the temperature of the nanoparticle is proportional to
the power absorbed in it:

Poy = Re[ JOE@aV. (1)

14

where J(r) is the current density, E(r) is the electric
field inside the material, and the integration is carried
out over the volume of the nanoparticle V. It follows
from this expression that the higher the electromag-
netic field in the structure, the greater the energy
absorbed. The heating itself is due to ohmic losses,
which are determined by the electrical conductivity G,
since J = 6E. The imaginary part of the dielectric con-
stant determines the conductivity as ¢ = e,0wIm(e),

where €, and ® are the permittivity of free space and
the frequency of the incident light, respectively.

Figure 3a shows the experimentally recorded crys-
tallization process of a silicon nanodisk with a size of
330 nm under the effect of a HeNe laser with a work-
ing wavelength of 632.8 nm. First, Raman scattering
was excited in the so-called “cold” mode in an amor-
phous disk at relatively low pump powers
(0.06 MW/cm?), in which the temperature of the nan-
odisk remained almost unchanged. The red curve cor-
responds to the unpronounced Raman scattering from
amorphous silicon with a maximum at 480 cm™!,
which is well described in [27]. Then, a single disk was
subjected to a more intense exposure of the HeNe
laser (0.39 MW/cm?), which initiated the crystalliza-
tion process. It was observed experimentally that the
spectral position of Raman scattering from a single
nanodisk undergoing a phase transition corresponded
to a temperature of about 600—800°C. Such tempera-
tures fit the modern view on the crystallization process
of amorphous silicon [28] and are comparable with
those previously obtained with similar pumping pow-
ers but for spherical nanoparticles [19]. It is notewor-
thy that the resulting annealed resonant nanoparticle
begins to exhibit a pronounced temperature-sensitive
dependence of the phonon mode at 520 cm~!, which is
described by the expression

Q(T):QO+A(1+ 2 )
e -1

X

(2)
+B(l+ 3 +%j
e -1 (-1

where Q, = 528 cm™', 4 = -296 cm™!, B =
—0.174 cm™!, x = 1Q,/2kT, and y = hQ,/3kT for
crystalline silicon [20].

Figure 3b shows the temperature dependence of
the spectral position of the Raman scattering signal for
silicon obtained from Eq. (2) and allows one to
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Fig. 2. (Color online) (a) Calculation of (black dashed line) extinction, (red line) scattering, and (blue line) absorption cross sec-
tions of a single silicon amorphous nanodisk 165 nm in height and 330 nm in diameter (see Section 3). (b) Decomposition of
excited optical resonance modes in the scattering cross section of a single nanodisk [25]. (c) Absorption spectrum of a single amor-
phous disk with a diameter of 330 nm on a quartz substrate under normal irradiation by the excitation wave numerically calculated
with the commercial COMSOL Multiphysics software package (see Section 3). The inset shows the SEM image of a single disk
with a diameter of 330 nm on a quartz substrate (the scale corresponds to 200 nm). (d) Calculated distributions of the normalized

electric and magnetic fields at the absorption resonance corresponding to a wavelength of 632.8 nm of the HeNe pump laser.

directly relate the Raman line shift to the temperature
of the material. The experimental dependence of the
Raman scattering signal for a single nanodisk at differ-
ent values of the pump intensity is shown in Fig. 3c.
The spectra obtained have the following features char-
acteristic of polycrystalline silicon structures [28]:
first, an asymmetric shape that is noticeably mani-
fested at higher temperatures of the disk; second, the
characteristic FWHMs of the Raman peaks exceed
10 cm~! even at low intensities, while this value for
monocrystalline silicon does not exceed 5 cm~'.

Figure 3d shows a two-dimensional map of Raman
thermometry and optical heating of a single annealed
nanodisk with a size of 330 nm (for details of the
experiment, see Section 3). The spectra obtained for
each position are described by a single Lorentz con-
tour. As a result, this approximation allows direct
mapping of the local temperature distribution in the

JETP LETTERS Vol 107
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region of a silicon nanoparticle with a high spatial res-
olution, and the accuracy of the temperature measure-
ment is determined only by the width of the pump
laser line and the spectrometer grating. In our case,
this accuracy is about several degrees Celsius in the
temperature range up to the melting point.

It is noteworthy that the proposed approach for the
crystallization of nanoparticles differs significantly
from that used in [29], where laser-printed nanoparti-
cles were used as nanoparticles in the initial amor-
phous phase. In this state, silicon has a high concen-
tration of defects in the form of dangling bonds. In this
regard, its optical properties are significantly different
from the properties of single-crystal silicon; in partic-
ular, defects lead to high losses in the visible part of the
spectrum. On the contrary, in hydrogenated silicon,
hydrogen atoms close the dangling bonds, forming an
optical gap, which is relatively “pure” from impurity
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Fig. 3. (Color online) (a) Measured Raman spectra of an amorphous silicon nanodisk before and after laser annealing. (b) Spec-
tral line shift corresponding to the optical phonon of crystalline silicon versus the temperature of the material according to
Eq. (2). (c) Experimental Raman spectra measured in an annealed silicon nanodisk at various intensities of the incident light.
(d) Experimental map of the optical heating of an annealed silicon nanodisk with a diameter of 330 nm at an intensity of the

HeNe laser radiation of 0.24 MW/cmz.

levels with a width of about 2 eV, reducing losses in the
wavelength region >600 nm to the level of crystalline
silicon. In confirmation of this, the shape of the scat-
tering spectra obtained in dark-field microspectros-
copy experiments hardly changes, as shown in Figs. 4b
and 4c (see details in Section 3). These results are also
confirmed by theoretical calculations with the COM-
SOL Multiphysics program (see details in Section 3).
After annealing, the disks also retain their geometric
shape, which is confirmed by the SEM images in the
inset of Fig. 4c.

3. METHODS

Fabrication of nanoparticles. To fabricate cylindri-
cal nanoparticles studied in this work, the amorphous
silicon film 165 nm thick was first deposited on a
quartz substrate, using the chemical vapor deposition
method (Plasmalab System 380, Oxford Instruments).
Electron beam lithography (Elionix, 100 kV) was car-

ried out using hydrogen silsesquioxane (Dow Corning,
XR-1541-006) as a resist. The non-irradiated portion
of hydrogen silsesquioxane was removed with tetrame-
thylammonium hydroxide (25%). The sample was
then etched (Plasmalab System 100, Oxford) to prepare
silicon nanodisk arrays on the quartz substrate.

Dark-field spectroscopy. To measure the scattering
spectra, we apply a dark-field scheme, where one lens
(10x, NA = 0.26, Mitutoyo Plan Apo NIR) is used for
lighting a sample with a white light source (halogen
lamp HL-2000) at an angle of incidence of 65°—67°
(see Fig. 4a). The second lens (50%, NA = 0.42 Mitu-
toyo Plan Apo NIR) placed perpendicularly to the sur-
face of the sample is used to collect the scattering sig-
nal. The scattered signal is analyzed by a confocal sys-
tem with a spectrometer (HORIBA LabRam HR) and
a charge-coupled device (CCD) (Andor DU 420A-
OE 325) equipped with a 150 lines/mm diffraction
grating. The position of the nanoparticles is controlled
by an additional CCD camera (Canon 400 D).
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Fig. 4. (Color online) (a) Schematic of the geometry of the experiment using dark-field optical spectroscopy (for a detailed
description, see Section 3). (b) Measured and (c) calculated scattering cross sections of single (blue) amorphous and (red) crys-
talline nanodisks with the diameters indicated near each pair of curves. The insets on the right of panel (c) show SEM images of
single disks with the corresponding diameters after optical annealing.

Raman spectroscopy. Raman spectra were mea-
sured using the same recording system (HORIBA
LabRam HR) with a 600 lines/mm grating and a
HeNe laser at 632.8 nm as an optical heating source
focused in a spot about 1 im in size at a level of 1/e
through a microscope lens (100x, NA = 0.9 Mitutoyo
Plan Apo HR) on the surface of the sample. The lens
is used to excite and collect the Raman signal. A
nanoparticle sample was placed on a piezoelectric
table (AISTNT) providing a positioning accuracy of
10 nm during the two-dimensional mapping and mea-
surement of nanoparticle spectra. The HeNe laser is
chosen for Raman thermometry because of its high
stability and narrow spectral width, which gives a high
accuracy of temperature measurements [19]. The
range of laser power was varied with neutral filters in
the range of 0.1—8 mW.

Theoretical model. The theoretical description of
the scattering spectra of silicon nanoparticles on a
quartz substrate, as well as the estimate of the optical
heating values, was carried out with the commercial
software package COMSOL Multiphysics. The cre-
ated models reproduced the geometry of experimental
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studies. In particular, for the study of dark-field scat-
tering spectra, the excitation was performed at a graz-
ing angle (angle of incidence was 65°—67°), and the
scattered signal, as well as in the experiment, was col-
lected in the numerical aperture NA = 0.42. Disper-
sions of the permittivities for amorphous and crystal-
line silicon were taken from [23, 24] and [30], respec-
tively. The lower hemisphere plays the role of a glass
substrate, while the upper hemisphere acts as an air
medium.

The decomposition of optical resonance modes in
single nanodisks was calculated using the method
described in [25].

4. CONCLUSIONS

To summarize, it has been shown that the proposed
approach allows the local controlled crystallization of
resonant silicon nanoparticles, improving their ther-
mometric characteristics without significant change in
their permittivity. The results obtained make it possi-
ble to locally change the phase of silicon nanoresona-
tors, which not only improves the phonon spectrum
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but also drastically changes some optical properties of
this material associated with the crystalline phase of
the material, which is important for the problems of
second harmonic generation [9] and broadband photo-
luminescence [31]. This opens up new opportunities
for recording optical information. The implemented
nanothermometry and controlled local heating can
also be applied in photocatalysis, hyperthermia of can-
cer cells, targeted drug delivery, and nanofabrication.

We are grateful to Filipp Komissarenko for assis-
tance in scanning electron microscopy and to Ramon
Paniagua-Dominguez for the development of the
method of the decomposition of optical modes.
Experimental studies and fabrication of nanostruc-
tures were supported by the Russian Foundation for
Basic Research (project nos. 16-02-00684 and 16-29-
05317) and by the A*STAR SERC Pharos program
(Singapore, project no. 1527300025). The theoretical
description was supported by the Russian Science
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ABSTRACT: Resonant dielectric structures have emerged re-
cently as a new platform for subwavelength nonplasmonic
photonics. It was suggested and demonstrated that magnetic and
electric Mie resonances can enhance substantially many effects at
the nanoscale including spontaneous Raman scattering. Here, we
demonstrate stimulated Raman scattering (SRS) for isolated
crystalline silicon (c-Si) nanoparticles and observe experimentally
a transition from spontaneous to stimulated scattering manifested
in a nonlinear growth of the signal intensity above a certain pump
threshold. At the Mie resonance, the light gets confined into a low
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volume of the resonant mode with enhanced electromagnetic fields inside the c-Si nanoparticle due to its high refractive index, which
leads to an overall strong SRS signal at low pump intensities. Our finding paves the way for the development of efficient Raman

nanolasers for multifunctional photonic metadevices.

KEYWORDS: Stimulated Raman scattering, Mie resonances, crystalline silicon, nanoparticles, nonlinear nanophotonics,

multipolar mode expansion

Raman scattering is a powerful tool for analyzing both
plasmonic’” and dielectric’™> optical structures. Semi-
conductors, which are often considered as relevant materials
for all-dielectric photonics, have a strong inherent Raman
response due to their crystalline lattice structure. In particular,
crystalline silicon (c-Si) has a sharp Raman line around 520
cm ™, caused by the interaction of light with optical phonons.
A few years ago, it was demonstrated experimentally® that this
Raman response can be enhanced resonantly through the
excitation of magnetic dipole Mie modes in dielectric
nanostructures.

Spontaneous Raman scattering enhanced by the electric and
magnetic Mie resonances of subwavelength particles®” was
suggested for sensing,” nanothermometry,”” and controllable
drug delivery.'” However, spontaneous Raman scattering
remains a relatively weak effect as compared with luminescence
observed in resonant dielectric nanostructures.''”"? A
transition from spontaneous to stimulated Raman emission'*
empowered by Mie resonances is expected to enhance the
scattering efficiency in subwavelength photonics.

High-quality factor (high-Q factor) Raman microlasers were
first demonstrated for micrometer-size liquid droplets'”'® and
silica microspheres.'” To shrink the resonator dimensions, one
needs to employ semiconductors, and a Raman gain of about
10° times higher than that for silica has been demonstrated for
silicon resonators.'®*° Stimulated Raman scattering (SRS)
was achieved in cavity-enhanced nanowires longer than 1
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um,”"** with the pump intensities larger than 10 kW/ cm?,

which were accompanied by strong overheating.

In this Letter, we observe experimentally, for the first time to
our knowledge, SRS from isolated subwavelength c-Si
nanoparticles empowered by multipolar Mie resonances. We
optimize the parameters of both nanoparticles and a substrate
to achieve enhanced stimulated emission without overheating.
This approach provides an additional degree of freedom for
achieving the highest Raman scattering yield from fully
subwavelength all-dielectric nanoscale structures, and it may
be employed for useful functionalities such as sensing and
nanothermometry.

B RESULTS

Sample Fabrication and Characterization. Our samples
are made from a silicon-on-sapphire wafer with a thickness of
the c-Si film of 600 nm. The nanoparticles are nanodisk shapes
(or nanopillars; see Figure la) with diameters of 200—1000
nm, and they are fabricated by electron-beam lithography (for
details, see Methods below). Distance between isolated
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Figure 1. Mie-resonant c-Si nanoparticle on a substrate for SRS
experiments. (a) Schematic view of a Si nanoparticle excited with a
laser light. (b,c) Top and side SEM images of a c-Si nanoparticle
fabricated on a sapphire substrate. Scale bars are 200 nm.

nanoparticles is 50 ym (all additional details are given in
Supporting Information), and this removes any effect of
neighboring particles in confocal optical measurements. Figure
1b,c shows the scanning electron microscopy (SEM) images of
typical nanoparticles used in the experiment.

Optical Mie-type resonances in nanoparticles can be
characterized experimentally by dark-field spectroscopy, when
white light is illuminated on an isolated nanoparticle under an
oblique incidence, and the scattered signal is collected by an
objective, which is then sent to a spectrometer and a charge-
coupled device (CCD) camera (for details, see Methods; the
optical setup is shown in Supporting Information). Exper-
imental dark-field spectra are shown in Figure 2a, and they
should be compared with numerically simulated white-light
scattering spectra of Figure 2b (see Methods for details of
calculations). These results reveal the excitation of Mie
resonances that can be characterized by applying the multipole
mode decomposition, as shown in Figure 2c (see also
Supporting Information).

As is known, spontaneous Raman scattering was demon-
strated to be a very useful tool in the study of optical modes
because it involves the emission from bulk nanoparticles.”***
A strongly enhanced Raman scattering signal corresponds to
an efficient energy coupling to the nanoparticle modes. In
order to select the subwavelength nanoparticle with the
strongest Raman scattering signal, we carry out confocal
Raman scattering measurements from individual c¢-Si nano-
particles (for details, see Methods) and obtain the size
dependence of the signal excited at a pump wavelength of 633

nm, as summarized in Figure 3a. The beam radius of focused
light is estimated to be around r &~ 0.5 ym. Remarkably, the
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Figure 3. Experimental Raman scattering from c-Si nanoparticles. (a)
Raman scattering intensity for varying diameters of nanoparticles
measured at 0.22 MW/cm’ intensity at a pump wavelength of 633
nm. (b) Experimental Raman scattering intensities at different pumps
for the resonant 475 nm nanoparticle (red circles) and nonresonant
445 nm nanoparticle (blue squares). The red line corresponds to an
exponential fitting based on eq 2. (c) SRS spectra for the 475 nm
nanoparticle at the following pump intensities: 0.1, 0.55, and 1.1
MW/cm? An arrow shows the growth of the pump intensity.

sapphire substrate with thermal conductivity almost S0 times
higher than that of glass provides an excellent thermal sink for
the nanoparticles possessing a good thermal contact with a
substrate. That is why we do not observe in experiment any
overheating effects in the Raman scattering signal with an
additional shift and broadeningu as was reported previously for
nanospheres® and nanowires”~ placed on a glass substrate. In
our experiments at low intensity (less than 0.1 mW/um?), the
maximum Raman scattering signal corresponds to the
nanoparticle diameter of 475 nm, driven mostly by the MQ_
(third-order) and MD (third-order) modes, both at 654 and
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Figure 2. White-light scattering by Si nanoparticles. (a) Experimental and (b) theoretical dark-field white-light scattering (spectral range of 500—
700 nm) from the Si nanoparticles with diameters of 250—800 nm and a height of 600 nm. (c) Theoretical dark-field spectrum analyzed with the
modal decomposition for the 475 nm nanoparticle, corresponding to the SRS experiment. Here, ED, MD, MQ, EQ, and EO are electric dipole,
magnetic dipole, magnetic quadrupole, electric quadrupole, and electric octupole, respectively.
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633 nm wavelengths, as confirmed by the multipole mode
decomposition in Figure 2c.

Stimulated Raman Amplification. Figure 3b shows
typical experimental dependencies of Raman scattering signal
versus pump intensity. At low intensities, spontaneous Raman
scattering dominates and is characterized by a linear depend-
ence on the incident power, as was demonstrated earlier with
¢-Si nanoparticles.”® However, at higher intensities (higher
than 0.3 MW/cm?), we observe a nonlinear growth of the
Raman scattering signal for the nanodisk with a diameter of
475 nm, which is not observed for other nanodisks with
diameters of 250—800 nm; see the dashed line with blue
squares in Figure 3b. This sharp difference characterizes the
SRS regime. The Raman spectra are shown in Figure 3c for a c-
Si nanoparticle with a diameter of 475 nm and a height of 600
nm.

In the SRS regime, a stronger pump transfers a part of its
energy to a weaker red-shifted Raman signal (i.e., at the Stokes
wavelength or frequency) by interacting with a nonlinear
medium. As a result, a weak Stokes beam can be amplified by
the pump, and this process is attributed to the Raman
amplification. The Raman amplification is the third-order
nonlinear process described with nonlinear susceptibility,
1R ws;0p, —wp,wg), or simpler ¥ (ws). The amplification
can be characterized by the Raman gain of the Stokes wave:

(@5)]

3[05 (3)
————Im[y
nghpc €,

: m
where @y is the frequency of the Stokes photons, ng (or 1) is
the refractive index at the Stokes (or pump) frequency, c is the
speed of light, and & is the permittivity of a vacuum. For Si at
near-infrared frequencies, a typical gain is g ~ 80 cm/GW,"**
and it depends on crystalline properties of c-Si and the pump
wavelength. For example, the Raman gain depends linearly on
the Stokes frequency,”" and its value can be several times larger
than that in the visible frequency range where, however, optical
losses are often higher.

When the pump photons become trapped by a resonator
mode, the Raman scattering gets enhanced, and it should
generate a signal that grows exponentially with the input
intensity (Ip), being characterized by the gain factor:*®

Ig% ~ exp(glpLs) )

where I§® is the intensity of the nonlinearly amplified Raman
scattering signal at the Stokes frequency (wg), and the effective
interaction length Lg is described as Lg = Qgds/27ng.
Experimentally measured data for the nonlinear Raman
scattering signal can be fitted with this exponential dependence
versus incident intensity, where the transition from sponta-
neous scattering to the SRS amplification occurs at Ij ~ 0.4
MW/cm?, and this dependence deviates from a linear regime,
thus characterizing the SRS process.

Further, the Raman lasing threshold can be achieved when
the resonator round-trip gain becomes equal to its round-trip
loss. Generally, the threshold power can be estimated from the
equation”’26
1

Ashp QQ, g Bl (3)

where Py, is the incident pump power that differs from the
power coupled to the resonator, n, (or ng) is the index of
refraction at the pump (or Stokes) wavelength, V.4 is the

ngp Vg

€]

th ~
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effective mode volume at the Stokes wavelength, Ap and Ag are
the pump and Stokes wavelengths, respectively, g is the
nonlinear bulk Raman gain coefficient, Qp (or Q) is the total
Q factor for the resonant mode excited at the pump (or
Stokes) wavelength, B is the coupling efficiency, and T” is the
spatial overlap factor of the modes.

Remarkably, for luminescence and lasing, the ratio V,g/ Qg is
directly connected with the Purcell factor, and it defines the
emission efficiency.”””” Indeed, to initiate photoluminescence
for optical photoexcitation, strong interband transitions result
in high absorption at the pump wavelength suppressing optical
modes in the resonator, which allows one to neglect resonant
effects assuming Qp ~ 1. In the SRS process, the resonant
interaction at the pump wavelength becomes crucial, and as a
result, the amplification depends on the term V,/QsQp,
according to eq 3. Thus, to improve the coupling efficiency and
minimize the threshold for the nonlinear Raman amplification
in a resonator, the optimization of two resonances is required.

Optimization of Resonator Parameters. For the Si
nanoparticles with a fixed height (600 nm) placed on a
sapphire substrate (Al,O;), the Q factor of the Mie-type modes
can be calculated numerically (see Figure 4a) in order to define
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Figure 4. Numerical study of resonant properties of nanoparticles. (a)
Quality factor of the eigenmodes of Si disks with 600 nm height for
the wavelength 633 nm corresponding to the pump wavelength of the
HeNe laser (filled red circles) and for the Raman Stokes emission
wavelength (hollow blue circles). Insets show the normalized electric
field magnitude distribution of the eigenmodes for the nanoparticle
supporting stimulated Raman emission at pump and Stokes
wavelengths. Color bar scales are of normalized units. Solid lines
are built for the ease of perception. (b) Numerical calculation of the
field enhancement inside a single nanoparticle excited by a plane wave
at 633 nm for varying diameters. (c) Numerical calculation of optical
heating of a single nanoparticle with varying diameters.

the best parameters for experiment. The numerical study is
performed with COMSOL software (for more details, see
Methods). According to eq 3, the optimal SRS conditions
correspond to the case when the pump wavelength, A, = 633
nm, and Stokes wavelength, A = 654 nm, match the
eigenmodes of the nanoparticle. Figure 4a shows that this
requirement can be fulfilled for a number of diameters.
Remarkably, the values of the Q factor are generally higher for
the Stokes wavelength because of lower material losses of c-Si
in this spectral range as compared with the pump wavelength.

Although some of the eigenmodes have larger Q factors, they
are difficult to excite due to the symmetry constrains. The field
distribution for an eigenmode is shown in Figure 4a, revealing
its complex character. Figure 4b shows the local field
enhancement for the excitation by a linear polarized plane
wave, providing the important information that a plane wave
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with the linear polarization can excite efficiently the nano-
particle with diameter D = 475 nm, where both the maximum
field enhancement (corresponding to calculated coupling
efficiency B = 2.41; see section SS of Supporting Information)
and high-Q factors (Qp &~ 100 and Qg & 120) can be achieved.
Experimental measurements of the Raman intensity confirm
that the Raman scattering signal takes a maximum value at D =
475 nm (see Figure 3a). Finally, a spatial overlapping between
pump and Stokes modes is an important parameter which
affects the efficiency of SRS, according to eq 3. Our numerical
calculations give the value I' & 0.784 (see section SS of
Supporting Information).

This analysis allows estimating a threshold for Raman lasing
from eq 3 to understand better the observed phenomena.
Namely, we use the Raman gain coeflicient of c-Si as 76 cm/
GW from ref 18 and the following parameters: A, = 633 nm, Ag
= 654 nm, ng = np ~ 3.8 from ref 29 and V4 = 0.108V, where
V is the nanoparticle volume (for details of numerical
calculations, see section SS of Supporting Information). For
the threshold, we obtain P§ ~ 250 mW, being 2 orders of
magnitude higher than the experimental value P{,, = Ijzr’ ~ 3
mW. Along with the absence of spectral narrowing of the
Raman peak,”” this means that we do not achieve the lasing
threshold but instead demonstrate nonlinear amplification of
the Raman scattering via stimulated emission mechanism.

Reduction of Thermal Overheating. Finally, we discuss
the Mie-empowered thermal effects because c¢-Si has non-
vanishing optical losses (a ~ 3.9 X 10* cm™ from ref 29) at
the pump wavelength A, = 633 nm. As shown previously,””*
strong heating of Si nanoparticles can be achieved at critical
coupling and low thermal conductivity of the substrate. For
example, a spherical Si nanoparticle placed on a glass substrate
can be heated to 600 K under conditions similar to those in
our study.” Such a strong overheating reduces and broadens
the Raman peak. In our design, we employ sapphire as the
substrate material with much higher thermal conductivity (~40
Wm™! K™') as compared to that of silica glass (~1 Wm™ K™).
Moreover, a tight contact of the nanoparticle with the substrate
is better for a thermal sink than that for spherical nano-
particles®” or nanowires.”> Figure 4c shows the calculated
average temperature of the nanoparticles with a height of 600
nm and different diameters. Even though the heating
maximum is achieved at D = 475 nm, it shows a weaker effect
on optical properties of c¢-Si nanoparticles. However, this
estimate suggests that the intensity of 1.1 MW/cm? is close to
the limiting value due to overheating.

In summary, we have reported the first observation of the
stimulated Raman scattering from subwavelength crystalline
silicon nanoparticles enhanced by Mie-type resonances. We
have revealed the importance of critical optimization of the Q
factors of nanoparticles and thermal conductivity of a substrate
to achieve a strong optical response and avoid overheating at
higher intensities. We believe that our finding will be useful for
advanced applications of resonant dielectric nanophotonics for
nanoscale thermometry and biosensing, and we envision
further studies of the stimulated Raman scattering in various
nanophotonic designs.”' =

B METHODS

Fabrication of Samples. A set of single-crystal silicon
nanoparticles (nanopillars and nanodisks) with different
diameters placed on sapphire (Al,0;) substrates are fabricated
by using a top-down technique. An epitaxial structure is grown

5789

by molecular beam epitaxy at 600 °C using the Stranski—
Krastanov growth mode. A set of isolated nanoparticle
resonators with diameters variable with a 10 nm step in
diameters is created on the grown epitaxial structure by
applying focused gallium ion beam milling using a FEI Versa
3D dual beam system. Ion current adjustment down to 1.5 pA
allows nearly vertical side walls of the nanoparticles to be
maintained.

Optical Characterization. The experimental optical
elastic scattering properties of the nanoparticles were studied
by means of a dark-field optical scattering technique. The setup
consists of an infinity-corrected objective (10X, NA = 0.26,
Mitutoyo Plan Apo NIR) that is used for illumination with a
white-light source (HL-2000 halogen lamp) of the sample
under a 67° angle to the substrate normal. The second
objective (50X, NA = 0.42 Mitutoyo Plan Apo NIR) placed
perpendicularly on top of the sample substrate is applied for
acquiring the scattering signal. The scattered signal is analyzed
by a confocal system with a spectrometer (HORIBA LabRam
HR) and cooled CCD camera (Andor DU 420A-OE 325)
equipped with a 150 g/mm diffraction grating. The position of
the nanoparticles is controlled by an additional CCD camera.

Raman Scattering Measurements. The experimental
studies of Raman scattering are performed with the confocal
spectrometer (HORIBA LabRam HR) and confocal setup with
1800 g/mm diffractional grating allowing higher spectral
resolution. The excitation source of a 632.8 nm HeNe
continuous wave laser is focused through the optical
microscope lens (100X, NA = 0.9 Mitutoyo Plan Apo HR)
perpendicular to the sample substrate. The same objective is
used for both excitation and collection of the Raman scattering
signal. The employed laser system provides desired stability in
both output intensity and laser spectral bandwidth of less than
0.002 nm (0.05 cm™'), allowing precise Raman scattering
measurements. The reflected signal is subsequently passed
through a 632.8 nm notch-filter in order to get rid of elastic
scattering from the nanoparticles samples. A set of optical
filters is used for varying the incident laser intensity on the
nanoparticle samples.

Numerical Simulations. For numerical simulations of the
dark-field scattering, we employ the cylindrical symmetry of
the problem to reduce it from fully three-dimensional to a two-
dimensional electromagnetic problem. In the experimental
setup, the incident TM-polarized plane wave (in-plane E-
vector) excites the nanoparticle propagating at the angle of 67°
to normal. This plane wave is expanded into a series of the
azimuthal harmonics ~¢"™? to calculate their contribution to
the total scattering cross section. We estimate the number of
harmonics that have significant contributions to the total
scattering by comparing the partial cross sections with the
results of the lower orders to include a finite number of them
into the calculation. The commercial software COMSOL
Multiphysics is used to model the computational domain size
around 6 times larger than the size of a nanoparticle (this
parameter is estimated from the computed dependence of the
solution convergence from the size of the outer area). Physical
domains include the cylindrical silicon nanoparticle (a
rectangle in the plane projection), a sapphire substrate, and
air. To avoid reflections from the outer boundaries, the
computational domain is surrounded by a perfectly matched
layer. The scattered radiation is collected in a solid angle with
the angular opening of 49°. Then, at the top of the model, the
line segment is selected where we calculate the radiation flow.

https://dx.doi.org/10.1021/acs.nanolett.0c01646
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In the eigenmode calculations, we employ a three-dimen-
sional model that is important not only for the evaluation of
the Q factor of the eigenmodes but also for the estimation of
the field distribution inside the nanoparticle and the type of its
symmetry. We employ the commercial numerical software
COMSOL to study a cylindrical particle, its substrate, and the
air surrounded by the cylindrical perfectly matched layer. The
size of the computational domain depends on the nanoparticle
diameter, and it is approximately 5—6 diameters. The study of
the eigenmodes is conducted using the eigenfrequency module
around the frequency corresponding to the incident wave-
length. Analyzing the shift of the field distribution with the
growth of the nanoparticle diameter, it is possible to estimate
the configurations for which the eigenmode wavelength
coincides with the initial one and select the nanoparticle
with the best Q factors.

Optical Heating. Calculations of optical heating are
conducted by using numerical commercial software COMSOL
Multiphysics. Fully three-dimensional problem for the electro-
magnetic wave propagation and heat transfer in solids is solved
using the multiphysics solution. The computational domain
consists of an outer sphere (radius 2 ym) placed on a sapphire
hemisphere. Further computational steps are the same as
described in ref 8.

Multipolar Mode Decomposition. The multipole mode
decomposition of the radiation is performed by applying the
approach described previously.”**> The basic multipole
moments are evaluated by integrating numerically the total
electric field inside the nanoparticle induced by a normally
incident plane wave. Scattering power is decomposed up to the
octupole terms, and higher-order terms are neglected. Further
details can be found in Supporting Information.
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