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OBILIAA XAPAKTEPUCTUKA PABOTbBI

AKTYaJIbHOCTh

Jlnst psiia mepcrneKTUBHBIX MPUMEHEHUM BOJIOKOHHBIX cBeTOBOJOB (BC) mx
BAKHEWILIEH XapaKTEPUCTUKOM SIBISETCS paJHallMOHHAsl CTOMKOCTb. DTO OTHOCUTCS K
ucnoiibzoBaHuio BC B aTOMHO#1 SHEpreTHKe, KOCMHUYECKOM MTPOCTPAHCTBE, K BOCHHBIM
MIPUMEHEHUSIM.

B ycnoBusix Bo3aeiictBust Ha BC nonusupytromero u3iayyeHus (B JaHHOM padoTe
U3y4aeTcsl Cilydail y-u3JIy4deHHusi) B CETKEe CTEKJa BO3HUKAIOT TOUYEYHBIE J1e()EKThI
(pamuarmonHsie 1EeHTpHI okpacku, PI[O), mornomaromue CBETOBOM CUTHANI, B TOM
4uclie, B CIEKTPAJIbLHOM OKHE JUIsl ONTHYecKoi cBs3u B OmmkHeM MK nmamazone
(~1310-1550 ©wm). J[laHHOe sBICHHE H3BECTHO, KaK paJuallMOHHO-HABEICHHOE
nornonienue (PHIT) cera. OOecneuenue paguanvoHHou ctoiikoctu BC o3Hauaer
nonasinenue PHII no npuemiaemMoro ypoBHs.

Panee yTBEpKIamoch, 4TO, PEKOPAHO BBICOKOM PaAUAlMOHHOM CTOMKOCTBIO
obnanaroT BC ¢ cepaiieBuHON U 000JI04YKON M3 KBapIlIEBOTO CTEKJA, JIESTUPOBAHHOTO
dTopom [1]. 3arotoBku (nipedopmbl) Takux BC HM3roTaBIuBarOTCs MO TEXHOJIOTHU
PCVD [2] (pupma «Draka», Humepnanapl) uiv mpy HOCIeI0BATSIBHOM IPUMEHEHUH
IBYX TexHosorui: TexHosoruu VAD miis cuHTe3a cepaneBuHbl, U TexHogoruu OVD
i cuHTe3a oboyoukn (pupma «Fujikura», Smonus) [3]. BC co ¢ropcunukarHoi
cepaueBuHoii  «RRSMFB»  dupmsr  «Fujikuray B HekoTopeix  paboTax
paccMaTpHUBaIOTCSl KAK MUPOBBIE JTUAEPHI [0 PAAUAIMOHHON CTOMKOCTH.

B Poccun Hanbosiee pacripocTpaHEHHON TEXHOJIOTHEW U3roTOBIEHUS IpedopM
Y €IMHCTBEHHOW OCBOCHHOM Ha IpoMbIlIeHHOM ypoBHe siBiisiercs MCVD («modified
chemical vapor depositiony — xumuueckoe ocaxaeHue u3 ra3oBoii ¢asel) [4]. OnHako,
BBeneHue (¢ropa B cepauesuHy B MCVD-nponecce npuBoguT K BO3HUKHOBEHHUIO
JOTIOJIHUTENIbHBIX onTH4Yecknx motepb B BC u3-3a «BhITeKaHusi» ceta. [loaTomy
aKTyaJIbHOM 3a71aueil TaHHOUW paOOThI SIBJISIIOCH TOCTHXKEHUE BHICOKON parallmOHHOMN
crorikocti BC ¢ HelermpoBaHHOW CEpPALECBUHOM M3 KBaplLEBOTO CTEKJIa U

dbropcunukaTHoU 06010ukol («HenerupoanHbie» BC) B Texnonoruu MCVD.



N3BecTHO, yTO crangapTHbele BC C JIerupoBaHHOW repMaHUEM CEpALEBUHON U
HEJIETUPOBAHHOW  00oyioukoi  («repmaHocuiukaTHele» BC)  ycrynmator  1no
panuanMoHHON cTolikocTu HenerupoBaHHbIM BC. Tem He menee, B pupme «j-fiber»
(I'epmanys) NPOMBIIUIEHHO HPOU3BOAITCS HOMMHAJIBHO PpPaJUallMiOHHO CTOWKHE
repmanocwiukatabie BC. Onu m3BecTHBI Kak «j-fiber-MIL-PRF-49291/7¢c» n nmaxe
obum attecroBanbl B apmMuu CIIA kak mpuromHsie Ui BOCHHBIX MPUMEHEHHH [5].
OTH CBETOBOJBI HE OTIMYAIOTCS PEKOPAHON paJuallMOHHOW CTOMKOCTBIO, HO UMEIOT
MaJIyl0 CTOMMOCTb, YTO M JEJIACT HX NPUBJICKATECIbHBIMU [UII IPUMECHEHHM B
MaJIOMHTEHCUBHBIX PAaJIHALIMOHHBIX MOJISIX.

Takum oOpa3om, B JaHHOW pabOTe MPEACTaBISAIO HHTEPEC HCCIIEIOBaHUE
paANaIMOHHON CTOMKOCTH OOOMX BbIlIeyKa3aHHbIX TUIIOB BC (HenerupoBaHHBIX U
repPMaHOCWIMKATHBIX), TIPU 3TOM aKIIEHT JeJalcsi Ha Haubojee MepCIeKTUBHBIC
HenerupoBaHHbie BC.

[Ipenpiayiye «kiiaccuueckue» padoThl O ucciaeaoBaHuio Mexanu3MoB PHII B
HenerupoBaHHbIX BC OblIM npoBeAeHbl, B OCHOBHOM, B BUIUMOM U Y d-unana3oHax,
TaK KaK IMEHHO TaM PacloJIAraroTCs MAKCUMYMBI I10JIOC IOTJIOMEHHs OCHOBHBIX PLIO
[6, 7]. o Hacrosieir paOOTHI AeTaabHOro ucciegoBaHus MexanusmoB PHIT B
TepMHHaX KOHKpeTHbIX PIIO, orpaHnumMBarOmMX paguallMOHHYI) CTOWKOCTh
HenerupoBanHbix BC B OmmxkHem MK-nuamazone, npoBeneHo He Obulio. Panee He
M3y4ajoCch M BIUSHHUE HA PAJUALMOHHYIO CTOMKOCTh TAaKMX TEXHOJOTMYECKUX
(bakTOpoB Kak cOOTHOIIeHHe pacxonoB peareHToB B MCVD-mpomecce. Oto He
ITO3BOJISIO LEJIEHANPABICHHO ONTUMHU3UPOBATh PAIHALIMOHHYI0 cTOoKOCTh BC.

Ha pamnanimoHHyr0 CTOMKOCTh MOTYT BIIHSTH U YCJIOBHS BbITSDKKM BC wu3
npedopmbl.  3aKaJlOYHbIE  YCJIOBHSI B  TPOLECCE  BBITSDKKM — MPUBOASAT K
«BMOP@XMBAHUIO» PA3IMYHOTO pOJa CTPYKTYPHBIX JedeKToB, aedopmanuii u
HaIpsKEHUM, KOTOpble MOTYT cTaTh mpenmecrBeHHukamMu PLIO. Ognako, k Havaimy
JaHHOW paboThl HE OBUIO MOHMMAHWSA MEXAHW3MOB BIIMSIHUS YCJIOBHI BBITSDKKH Ha
oOpaszoBanue PLIO B HenerupoBanusix BC, a cymiecTByomye ucciae0BaHus HOCUIN

(heHOMEHOJIOTMYECKUI XapaKTep W B 3HAUYMUTENbHON CTENEHU MPOTUBOPEUUIIU APYT

apyry [3, 8, 9].



OteuectBeHHble HenerupoBaHHble MCVD-cBETOBOABI €  OTHOCUTEIBHO
BBICOKOW paJualliOHHONW CTOMKOCThI0 B OmmkHemM WK-namanazone Obuim paHee
pazpabotanbl B UHCTUTYTE palMOTEXHUKU U ANEKTpOoHUKH uM. B.A. KoTenpHukoBa
PAH (P32 PAH) [10]. OnHako ucoyib30BaHHbIE TEXHOJIOTHYECKUE Ty TH JOCTHKEHUS
paauallMOHHOW CTOMKOCTH OINHCAaHbl HE ObUIM. bBbUIO HEICHO, ABISETCA JIU
panuannoHHas ctolkocTh 3TuXx BC mnpenenbHoit g MCVD-texHonoruu, au0o
MO>KHO JIOOUTHCS €€ TOBBILIECHUS 32 CUET U3yUEHHUS 3aKOHOMEPHOCTEN BOSHUKHOBEHUS
PIIO u cootBeTcTByrOIIEH ontuMu3zanuu pexxumMoB MCVD-nipouecca u BoiTskku BC.

HecmoTtpst Ha TO, uTo repmaHocuwiukatHele BC saBnsiorcs HaumbOolee
pacripoctpanenubiMu, PIIO, mpossastomme cedbss B Takux BC B Ommxnem HK-
Jyaria3oHe, ObUIM TaK»Ke MCCIEOBaHbl KpaliHe HEJOCTaTOYHO. B wacTHOCTH, HE ObLI
yctaHoBiieH ocHoBHOU PO, onpenensiromuii PHII B ciekTpanbHOM Iuana3zoHe s
ONTHUYECKON CBSI3M M OTBETCTBEHHBIM 34 HEAOCTATOYHYIO PAJUALMOHHYIO CTOMKOCTH
takux BC. D10 caenano B gaHHO# pabote.

Jlnst psna BaxHBIX NOpUMEHEHUM HeoOxoguma pabora BC B mupoxom
TeMIepaTypHoM Jjuana3zoHe [11], oaHako BIMSHHE TEMIEpaTyphl B IIPOIECCE
ob6nyuenus Ha PHII x nawanmy ganHO#M paGoThl OBLIO M3y4YE€HO HEAOCTATOYHO. bhIIo
M3BECTHO, 4TO ISl cTaHAapTHbIX repmaHocuiukatHeix BC PHIT B Onmxnem UK-
IMana30He MOHOTOHHO BO3pPacTaeT C YMEHBIICHUEM TEMIIEPATypbl, OAHAKO, JIs
HenerupoBaHHbIX BC MMenuch AOCTATOYHO NPOTUBOPEUYMBBIE JAHHBIE, U3 KOTOPBIX
HeJb3s ObUIO clenaTh OJHO3HA4YHbIE BBIBOABI O XapakTtepe 3aBucumoctu PHII ot

TeMIIepaTyphl B IIPoOIecce 00IydeHUS.

esu padoTbI

Taxum 06pazom, 1eNbI0 TaHHOW pabOoTHI OBLIO onpeseneHue 3aBucumocti PHIT
B OmmkHem WK-muanazone B HenerupoBaHHbIX BC ot ycnmoBuit MCVD-nporecca
CUHTE3a CTeKJIa mpedopMbl, ycIaoBul BRITSKKH BC 1 OT TeMiiepaTyphl MOCIEAYIONEro

y-00JTydeHusl, a Takke MOUCK Bo3MoxkHocTer cHukeHuss PHII B Takux BC myrtem



ONTHMH3AIMNA TEXHOJIOTHYECKUX DPEKUMOB. Takxke Menbi0 paboThl OBLI TOWCK U
uccnenoBanre HOBbIX PIIO B HenmermpoBaHHbIX U repMaHocinKaTHbIX BC.

JI71st OCTHKEHUS TIOCTABIICHHBIX TeJIe HE00X0IMMO OBLIIO PEIIUTH CIICTYIONTHE
3amaud. [lepBeie yeThIpe 3a1a4n OTHOCATCS K HesernpoBanHbiM BC, nsitasd 3agaya — K
repmaHocuiankaTHeiM BC:

1. Omnpenenenune mexanusmoB PHII B 6nmxuem MK-ananasone.

2. WUccnenoranue 3aBucumoctu PHII ot Texnomornyeckux pexxumo MCVD-

Ipolecca U UX ONTUMU3ALHS.
3. Uccnenoranue 3aBucumoctd PHII oT ycnmoBuii BHITSKKH (TemIieparypa,
CKOPOCTb, HATSKEHUE) U UX ONTUMHU3ALIMS.

4. Uccnenoranue 3aBucumoctu PHII ot TemnepaTypsl B porecce

y-00JTydeHHUs.

5. Uccnenosanue 3aBucumoctu criektpoB PHII B repmanocutiukataeix BC ot

KOHICHTPALIMY TEPMAHUS B CEPALIEBUHE U TEMIIEPATYPHI B IPOLIECCE

y-00JTydeHuUs.

Hayuynast HoBM3HAa

e B cBeroBo/ax ¢ CepAUEBUHON W3 HEJIETHUPOBAHHOTO KBApIIEBOIO CTEKJIa
BIiepBbIe 00HapyxeHbI nojiockl PHIT ¢ Mmakcumymamu Ha anmvHax BoiH 477 u 574 am
(2,6 1 2,16 5B), npuHaIIeKAIIKE TBYM PAa3IMYHBIM THIIAM CAMO3aXBAaYCHHBIX JIBIPOK
HAa HEMOCTHKOBBIX P-OpOMTalsX aToMax Kuciopoma ceTku crekna («self-trapped
holesy, STH), kotopwsie paHee HAOMIOAATUCH TOJBKO B OOBEMHBIX 00Opa3max
KBapmeBoro crekna. IlpemmoxkeHa u oOocHoBaHa kinaccudukammss STH Ha
«cOOCTBEeHHBIE» H «aedopMallioHHbIe». l[lepBble OTIMYAIOTCS KpailHE MajbiM
BpEMEHEM KU3HH; OHU MPUCYTCTBYIOT KaK B 0OBbEMHBIX 00pa3iiax KBapleBOro CTEKJIA,
Tak M B cBeTOBOJaX. «Jledhopmannonnsie» STH, mpucyTCTBYIOT TOJIBKO B CBETOBO/IAX,
T.e. oOpasmax ¢ OoJee HaNpPSHKEHHONW CETKOM cTekina wu3-3a Jedopmarui,

«BMOPOKCHHBIX» IIPHU BBITSAXKKC.



e BriepBble BBISBJICHO U JIaHO OOBSICHEHME aHOMajbHOMY yBennueHuun PHII B
CBETOBOJIAX C CEpAUEBUHONM M3 HEJETHMPOBAHHOTO KBApILEBOIO CTEKJIa MpH
temmepatype T1~0 °C, koropoe oOycioBieHo poctom monoc  PHII
«aedopmannorabix» STH ¢ MakcuMmymamu Ha JumrHax BostH 660 u 760 M (1,88 u 1,63
5B) u3-3a aHOMaJIBHOTO CXKATHsI KBApILIEBOIO CTEKal MpH 3TOM Temmeparype. B stux
’Ke CBETOBOAaxX OOHapyKeHa W HCClieZjoBaHa paHee Hew3BecTHas mojoca PHII c
neatpom Ha A~1250 um (E~1 9B), kxoTopas Oojiee HMHTEHCHBHA IIPH HHU3KHX
temmeparypax (T<-30 °C) m MoxeT B 3HAYUTEIBLHOW CTCIICHH OIPAaHUYHBATH

pagualMoOHHYI0 CTOMKOCTD B OnmkHeM MK-nuanazone.

e Briepsbie B BC ¢ BbICOKOJIETMPOBAaHHON reépMaHOCHIIUKATHOM cepiiieBuHOM (50
moit. % GeO,) obnapy:xena nmojoca PHII c mearpom rva E<0,8 3B HerayccoBoit hopmsl,
oOycliOBlIeHHas  MoOrJoneHueM  «coOctBeHHbix» STH. B cBeroBomax co
CJTa0O0JISTHPOBAaHHONW TI'epMaHOCHIIMKATHON cepaneBuHor (3,5 mon. %  GeOy)
oOHapyXeHa CpaBHUTENIbHO nodroxuBymas mojoca PHIT rayccoBoir ¢opmbr c
MakcumyMmoM Ha 1,38 3B, ¢ mmpuHoit Ha nonyssicoTe 0,71 3B u sHeprueit akTuparuu
0,15 »B. VYcraHoBiIeHO, YTO JaHHAs II0JIOCA SIBISIETCS OCHOBHBIM MEXaHH3MOM,
OTPaHUYMBAIOIIUM PAAUAIIMOHHYIO CTOMKOCTh CTAHJAPTHBIX FepMaHOCUIMKATHBIX BC

JUTS OIITUYECKOU cBs13U B OmmxHeM MK-anana3one.

e Brepseie ycraHoBieHo, 4to PHII cBeToBOmOB ¢ cepaueBuHONM U3
HEJIETUPOBAHHOTO KBApIIEBOTO CTEKJIAa U (HTOPCHIMKATHOM 0OOOJOUYKOW 3aBUCHUT OT
COOTHOUIIEHHUS pACX0JI0B MOJISIPHOTO KUCJIOPO/Ia U TETPAXJIOPUAA KPEMHUS B MPOLIECCE
cuHTe3a cepaueBuHbl npedopmel B MCVD-nponecce. BrigBiaeHo, 9To st
MakcuMasibHOro mojaBiieauss PHII B Takux cBeTOBomax HEOOXOAMMO, BO-TICPBBIX,
WCIIOJIBL30BaTh OOJBIION M30BITOK KHCIOPOJa Haa TETPAXJOPUIOM KPEMHHs. IDTO
TpeOyeTcs JyUisl TOJABICHUS BXOXICHUS XJopa B CETKy CTekia. Bo-BTOpPBIX,
HEO00XO0JIUMO, YTOOBI 3TOT U30BITOK OB CTPOTO COATAHCUPOBAH C KOJMYECTBOM (pTopa
B 000J0YKEe i1 BBIPABHUBAHUS (PUBMKO-XUMUUYECKUX CBOWCTB CEpILECBUHBI U
000I0YKH M, KaK CIEACTBUE, MPEAOTBpAICHUS «BMOPAKHUBAHUSI» aepopManuii B

CCTKY CTCKJIa CBETOBOJAA IIPU BBITAXKKC.



e Bmnepseie ycranoBineno, kak PHII cBeroBonoB ¢ cepauesnHOn U3
HEJIETUPOBAHHOTO KBApLEBOIO CTEKIA U (TOPUPOBAHHON 000JOUYKOH, NMpedhOopMBI
KOTOPBIX U3rOTOBIEHBI O TexHojoruun MCVD, 3aBucut ot ycnoBuid BeITsKKHA. PHIT
B OimxkHeM MK-nuana3oHe CyliecTBEHHO BO3PACTaeT ¢ YBEJIWYEHUEM TEMIIEpaTyphl
BBITSKKU. C HaTsbkeHneM U ckopocThbio PHII Takke yBenmnuuBaeTcsi, HO B Topaszio

MEHBIIEN CTENEHH, YEM C YBEINYEHUEM TEMIIEPATYPBI.

Hp AKTHN4YECKad 3 HAYUMOCTDb paﬁoTI)I

1. OnTuMmu3anys IMpOLECCOB M3TOTOBJICHHSI 3arOTOBKH M BBITSKKM CBETOBOZA
1o3BoJIMIIA OoJiee ueM Ha nopsaok cHu3uTh PHIT cBeToBOIOB € cepAlieBUHON U3
HEJIETMPOBAaHHOTO KBaplEBOTO CTEKJIa B jabopaTopHoil TexHonorun HIIBO-
NXBB PAH (npu no3e 1o 1 xI'p u MmomHocTH 10361 B MHTEpBasie u 1,1-1,6 ['p/c)
Ha jumHe BoJHBI 1550 uM. [lpm »THX ycnoBusx mocturHytoe B padbore PHII
COBIIAJIO CO CPEAHUM 3HAYCHUEM B CEPUU PALUALMOHHO CTOMKHX CBETOBOJIOB
«RRSMFB» ¢upmbr «Fujikura», cuurtarommxcs MHUPOBBIMH JIUJAEPAMU TI0
paaAaAMOHHON CTOMKOCTH.

2. Cnenansl onenku BenmunHbl PHIT B pa3paGoTaHHBIX pajualiiOHHO CTOMKHX
CBETOBOJIAaX, 0KMIAEMBIE B KOCMUYECKHUX YCIOBUSX.

3. Co3naHHble dKCnepuMeHTalbHble MeToauku u3mepenuss PHII B mpouecce vy-
oOdy4deHHMs] TpH  pa3iMuYHBIX TeMIepaTypax, MOUIHOCTAX  J03bl U
MHTEHCUBHOCTSX 30HAUPYIOLIEr0 CBETOBOI'O CUrHajIa ObUIM MCIOJIb30BAHbI IPH
pa3paboTKe paAualiOHHO CTOMKHUX M30TPOMHBIX U AaHU30TPOIHBIX CBETOBOJOB
B IlepMckoii Hay4HO-NIPOU3BOACTBEHHON MNPUOOPOCTPOUTEIHLHON KOMIAHUU

(TTHIITIK).



3amuniaeMble MOJI0KEeHUA

B cniexktpax PHII cBeTOBOZIOB € CEpALIEBUHOM M3 HEJIETUPOBAHHOT'O KBAPILIEBOTO
CTEKJIa TIPUCYTCTBYIOT MOJIOCHI C MaKCUMyMaMmu Ha 2,6, 2,16 n ~1 3B.
CymectBytoT nBa kacca STH — «coOcTBeHHBIEY» U «IehOpPMAIMOHHBIEY,
OTINYAIOUTUECS TEPMOCTAOMIBHOCTHIO.

CymectByer anomanus 3asucumoctu PHII oT temmeparypsl B cBeTOBOAaxX C
CEpALIEBUHON U3 HEJIETHPOBAHHOTO KBAPLIEBOT'O CTEKJIA [TPU TEMIIEPATYPE OKOJIO
0° C, BbI3BaHHAas OJKCTPEMAJbHBIM CXKAaTHEM KBaplLEBOIO CTEKJIA U

cootBeTcTBYtomUM poctoMm PHIT «nedopmanmonnsix» STH.

B cBeTOBOJIe ¢ BBICOKOJICTHPOBAHHON T'€pMaHOCHIMKATHON cepieBrHOi (50
Mou1.% GeO;) npucyrcTByIoT «coocTBeHHBIe» STH ¢ PHII B nmnHHOBOTHOBOM
obmactu (E<0,8 3B).

B cBeToBOAAaX ¢ TEpMaHOCUIMKATHOM CEpALEBUHOM cyliecTByeT nosoca PHII ¢
MakcumymMoM Ha 1,38 3B, ¢ mmpusHoi Ha mnomyseicore 0,71 3B m ¢
MHTEHCUBHOCTBIO, pACTylIE C YMEHBLICHUEM KOHUEHTpAlUU FepMaHus. JTa
10JIOCA SIBJISIETCA OCHOBHBIM MEXAaHH3MOM, OIPAaHMYMBAIOIINM PaIualliOHHYIO

CTOMKOCTh CTaHAapPTHBIX CBETOBOJOB AJIA OINTHUYCCKOM CBSI3U.

PHII B cBeTOBOAAX € CEPALIECBUHOM U3 HEJIIETUPOBAHHOI'O KBAPLIEBOI'O CTEKJIA U
dTopcunuKaTHOW O00OJOYKOM JOCTUTaeT MHUHUMyMa TpU OOECHeYeHUH
oonbioro n3oeiTka O, Hang SiCly B mapora3oBoii cMecu MpH CHHTE3€ CTEKJIa
CEpALICBUHBI, TIPH 3TOM CTeleHb M30bITKa O, momkHa OBITH COTIACOBaHA C

KOHIIEHTpaIuen Gropa B 000JI0UKe.

IIpy BBITSKKE CBETOBOJOB C CEPALEBUHOM M3 HEIETMPOBAHHOI'O KBApLEBOIO
cTekiaa UM QropcunukatHoil obosnoukoi ysenumuenue PHII mpoucxoaut, B

OCHOBHOM, U3-3a BBICOKOW TEMIIEpaTyphl MEUU.

PHII B BC ¢ cepaneBuHON U3 HEIETMPOBAHHOTO KBAapIIEBOTO CTEKJIA 3a CUET
ONTUMU3AIMU MPOLIECCOB M3TOTOBJIEHUS NMPEGOPMBbI U BBITSIHKKA CBETOBOJIOB

MOET OBITh CHIIKEHO JJ0 MUPOBOTO PEKOPIHOTO YPOBHSI.



JIn4HbIN BRIAJ

Huccepranmonnas padoTa sBiseTcs pe3yiabTaToM paboTsl aBTopa B Hayunowm
neHTpe BojokoHHOU ontuku PAH c¢ 2012 rona u mpeacrasiser co0oit 00o0meHne
MCCJIEIOBAHUI aBTOpA, BBINOJIHEHHBIX COBMECTHO ¢ coTpyaHukamu HIIBO PAH
(Mockaa, Poccus) u UXBB PAH (H.-Hosropon, Poccust). Bce ocHOBHBIE pe3yibTarthl,
Mpe/CTaBICHHbIE B JHUCCEPTALlUM, IIOJIYYEHBI aBTOPOM JIMYHO WJIM TPU €ro

HCIIOCPCACTBCHHOM Y4aCTHH.

JIOCTOBEPHOCTH MOJYYCHHBIX PE3YJIHTATOB 00ECIEUUBACTCS BHICOKUM YPOBHEM
DKCIIEPUMEHTAIBHON  TEXHUKH, HAAEKHOW CTATUCTUKOM DKCIIEPUMEHTOB U
MIPUMEHCHUEM COBPEMEHHBIX TEOPETUUYCCKUX IMPEJACTABICHUN U METOJIOB 00pabOTKH

IIpH1 aHAJIN3C JaHHBbIX.

Anpobauus padoTsbl

Matepuaibl AuccepTaluuu JOKIAIbIBAIUCH U O0CYKIAIUCh Ha CIIETYIOIINX
POCCHUNCKHUX M MEKIYHAPOJHBIX KOHPEPEHIUAX U CUMIIO3UYMaXx:
— MexayHapoaHas HayyHasi KOH(pepeHuus-1koaa «Marepuansl HAHO-, MUKPO-,
OTITORJIEKTPOHUKH U BOJIOKOHHOW ONTUKH: (PU3NUECKUE CBOMCTBA U PUMEHEHHUE
(MHKI, Poccus, r. Capanck, 2013, 2014, 2015 r);
— Bceepoccutickas koHdepenius no BojokonHoi ontuke (BKBO, Poccus, 1. [lepmp,
2013,2015u 2017 r);
— II cumniosuym VII mkona Monoasix y4€HbIX «HOBbIE BBICOKOUMCTBIE MAaTEPUAIIBDY
(Poccus, r. Huxnuit Hosropon, 2013 r);
— VIII Beepoccuiickast KoH(pepeHIUs ¢ MeKIyHAPOAHBIM YIaCTHEM MOJIOJIBIX
yueHbIX 1o xumun «MenaeneeB-2014» (Poccus, r. Cankr-IlerepOypr, 2014 r);
— «International Symposium on Optics and Optoelectronics» Society of Photo-optical

Instrumentation Engineers (SPIE, Uexus, r. [Ipara, 2015 r);
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— Beepoccuiickast koHdepenims « BeicokouncThie BenecTBa 1 MaTEpUAIIbL.
[Tonyuenue, ananu3s npumenenus» (Poccus, r. Huxuuii Hosropona, 2015, 2018 r);
— IV MexnaynapoaHas KOH(pEpeHIus 0 XUMHHA U XMMUYECKOIN TEeXHOJIOTUH,
(Apmenus, r. Epesan, 2015 1);
— «Photonics Europe» Society of Photo-optical Instrumentation Engineers (SPIE,
®pannus, r. Ctpacoypr, 2018 r);
— «Advanced Photonics Congress» The Optical Society of America (ILIBeitniapus, r.
[Tropux, 2018 1).

Tak>ke OCHOBHBIE PE3YJIbTAThl PAOOTHI HEOJHOKPATHO JOKJIAAbIBAIUCH HA

CEMHHAapax U KOHKypcax MoJoabix coTpyaHukoB HIIBO PAH.

Hyoaukanuu

Pesynbrathl griccepTariu omyoInKoBaHbI B 23 HAyIHBIX padoTax, 9 U3 KOTOPHIX
— B U3JaHUX, coaepskaiuxcs B 0a3zax manueix Web of Science mwim Scopus, 1 pabora
— B xypHaine u3 crnucka BAK, 1 — B marenre P® nHa uzobperenune. Kpome Toro,
ormy6nukoBanbl 12 paboT B Apyrux nznanusx. Cucok myoaukanuii MpuBeeH B KOHIIE

aBTopedepara.

CtpykTypa u 00b€M AUCCEPTALMH

Huccepranysi COCTOUT W3 BBEACHUS, YETHIPEX IJ1aB, 3aKJIIOUCHHUS U CIMCKa
HCIIONB3YyeMO JuTepaTypbl. JluccepTallMOHHBIM Matepuan mnpenctaBieH Ha 147
MEeYaTHBIX CTPAHUIIAX, BKIFOUas 59 puCyHKOB, 6 TaOJIUIl U CIIMCOK JIuTepaTypsl u3 106

HaUMEHOBAHUU.

OCHOBHOE COAEPXAHUME PABOTBI

Bo BBegeHnu 00OCYXJaeTCs aKTyaJbHOCTh M MPOOJIEMATHKA JUCCEPTAIIMOHHOMN
paboThI, OMpeieNieHbl eI U COOTBETCTBYIOIIME UM 3aJadd, 00OCHOBaHA HaydHas

HOBHU3HA, IIPAKTHUYCCKAsA 3HAYMMOCTb U C(bOpMy.HI/IpOBaHBI OCHOBHBIC ITOJIOXKCHMA,
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BBIHOCUMBIE HA 3aILUTY.

B nepBoii riaBe caenaH 0030p JUTEpATypHBINM JaHHBIX IO pagUdallMOHHBIM
neHtpaM okpacku (PIIO) B HeJgerupoBaHHBIX M JICTHPOBAHHBIX TE€pPMaHHEM
BOJIOKOHHBIX CBETOBOJAX M3 KBapIIEBOrO CTeKJa. [TpoaHanu3npoBaHbl CIEKTPAJIbHBIC
xapaktepucTukd PIIO, u3BeCTHBIX Ha HaAYalo JIUCCEPTAIIMOHHOW pabOThl, M HX
sinusaue Ha PHII B Omxaem MK-ananasone.

O6006mensl paboTel mo 3aBucumoctu PHIT B Ommxuem WK-nuamazone ot
YCJIOBUM MPOIIECCa U3rOTOBJIEHUS 3arOTOBKHU U BBITSIKKHU U3 He€ BC. Takxke nmpoBeneH
0030p HCCIIEIOBAaHUN TI0 BIMSHUIO TeMIIEpaTypbl OKpYXaloIlled cpeapl Ha
paIMallMOHHYI CTOMKOCTb.

N3 orpomuoro yucia PI{O, uMeromux mojaockl MorjiomeHus B BuauMom u Y ®@-
JAana3oHax, TOJbKO HEKOTOPHIE MOTYT OTPAHWYMBATH PAAUANMOHHYK) CTOMKOCTH
cBeToBoja 1 B OmmkHeM MK nuanasone.

PHII cBE€TOBOOB ¢ HENETUPOBAHHOW U JIETUPOBAHHON F€PMAHUEM CEPALIEBUHOMN
Ha jumHax BojH 1310-1550 HM COCTOHUT M3 KOPOTKOBOJHOBOTO M JTAHHOBOJIHOBOTO
«XBOCTOBY, 00ycioBiieHHBIX PI]O ¢ MakcuMyMamu MOJ0C MOTJIOIMICHUS, JEKAITUMU
BHE caMoro »Toro auamnazona. OaHako, J0 Hayajga HacTosied paboThl HE ObLIU
JIOCTOBEPHO YCTAHOBIIEHO, kKaknue UMeHHO PLIO onpeaensitoT 3Tu XBOCTHI, a TAKKE UX
Bkian B cymmapaoe PHIIT B 6mmmxknem MK nuanaszone. Takke He ObUIO JOCTOBEPHO
M3BECTHO, KAKMM 00pa3oM TexHosioruueckue napamerpsl MCVD-nipoiiecca, Takue Kak
COOTHOUIIEHHUE PACXOJ0B PEAr€HTOB MPHU CHHTE3E€ 3arOTOBKH, M YCIIOBUS BBITSXKKH
BIIMSIIOT HA PaJMallMOHHYIO CTOMKOCTh HenernpoBaHHeIX BC. Kpome toro, tak kak
PHII B BC ¢ cepaiieBiuHO#M U3 HEIErMPOBAHHOTO KBAPIIEBOTO cTekia B OnmxHem K-
nuana3zoHe omnpezgensercss Heckoidbkumu PO, kotopbie 00nagaroT pa3inyHOMN
TEPMOCTONKOCTBIO, IOCTOBEPHO HE OBLIO M3BECTHO, KAKUM OYJIET MX COOTHOIICHUE
[IPU TEMIIEPATYPE, OTINYAIOIICICS OT HOPMAIBHON (KOMHATHOM).

Bo BTOpOIi Ii1aBe onrcaHbl 0COOCHHOCTH TEXHOJIOTHH U3TOTOBJICHHUS 3aTOTOBOK
OJHOMOJIOBBIX BOJIOKOHHBIX CBETOBOJIOB C HEJETUPOBAHHOW CEpJILIEBUHOU U
(dTOpCUITMKATHONW CBETOOTpaxaromed o0osoukoil. [lpencraBieHbl METOAUKU Y-

obnyuenus u uccinenoBanusi crektpoB PHII. Onmcana pa3paboranHas B pamkax
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JaHHOM paboThl MeToAuKa ucciemoBanus 3aBucumoctd PHII ot temmepatypsl B
npolecce 00JIy4eHHUs .

Cuntes 3arotoBok BC ocymectrmsuics metrogom MCVD B UXBB PAH (r. H.
Hosropoxa). Jus uccnemoBanus 3aBucumoct PHII or koHuentparuu ¢ropa B
cepaleBuHe U 00o0souke Obuth U3rotoBiieHbl BC ¢ paznuyHOl ero KOHIIEHTpaluen ¢
Pa3HOCTHIO TTOKa3aTesel mpeoMiieHus cepaieBuHbl 1 06o10uku ot 0,005 o 0,010. C
Henpto uccneaoBanus 3aBucuMoctd PHII oT cooTHOLIEHHs peareHToB B MpouEecce
CUHTE3a HEJIETMPOBAHHOM CEPILIEBUHBI MEHSJIOCH COOTHOLIEHUE MOJISIPHBIX PACXO0B
O, u SiCl, B mapora3oBoii cMecH.

N3 nomydyeHnHbix 3arotoBok B HIIBO PAH BhITSATMBaIMCh CBETOBO/BI, C 3apaHee
3aJIaHHBIMU TTapaMETPaMHU BBITSDKKH (TeMIepaTypa, HaTs>KeHUEe, CKOPOCTh).

CnekTppl HAYaJIbHBIX ONTHUYECKUX IMOTEPh PETHUCTPUPOBAIUCH C IMOMOUIBIO
yCTaHOBKHU Ha 6a3e MoHoxpomaTtopa M/IP-12 u/unu cnextpoananuzaropa ANRITSU

MS297100A wMeromomM «oOpbiBa» W METOAOM OOpaTHOrO paccesHUs Ha

pedaexromerpe EXFO FTB 400
Uccnenosanne cnexktpoB PHII nporcxonumno B nporecce raMmma-o0aydeHus OT

ucrounuka *°Co (ycranoska ['VYT-200M B KypuaTOBCKOM SI€PHO-TEXHOIOTHIECKOM
komriekce HULL «KypuaroBckuit UHCTUTYT)») W/ WK TTOCIE 3aBEpIICHUST 00TyUeHUSI.
B mnocnennem ciydae uW3MEpEeHHS MNPOBOAUIUCH IO TEM K€ BBIIICOMUCAHHBIM
METOJMKaM, 4YTO U HM3MEPEHHS] HAYaJIbHBIX ONTUYECKUX MOTEPh. MOIIHOCTH 103bI
oOmydeHus Moriia BaperrupoBathes ot 0,75 mo 7,60 I'p/c B 3aBUCHMOCTH OT pacCTOSTHUS
10 obmydarens M akTUBHOCTU m3ortomna °CO B cTep:kHAX 0OIydyarens HA MOMEHT
AKCIIEPUMEHTA.

B nporuecce o0nydenus ¢ 3apaHee 3aJJaHHbIM BPEMEHHBIM 111aroM MPOUCXO M
peructpanus crnekTpoB B OmmkHem WK-mmamazone ¢ moMoIpio CIEKTPOMETPOB Ha
nuHerike quomoB INGaAs Avantes NIR-128 (1100-1700 um) u NIRQuest 512 Ocean
Optics (900-1750 ©m). HcTOoYHMKOM CBETa BO BCEX OKCIEPUMEHTAX CIYXKHJIa
ranorenoBas yjamna HL-2000, mis muHuMu3anuu (GOTOOOSCIIBEYMBAHUS BHIUMAs
4acTh crekTpa obOpesanack ¢ nomortpio ¢uiabtpa MKC-3 (A<900 HM). MOIIHOCTB

OCTaBIIETrOCsl CBETa OT Jamibl B 3TOM ciiydae B OnmxHeM HMK-nuanazone He
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npeBbimiana 0,5 ™MxBr. JInga wuccnemoBanmii PHII B BuaummoMm 1uamnasoHe
ucnoab3oBaics CCD cnexrpomerp USB-2000 Ocean Optics (200-870 um).

Jlnst m3mepenunii TemriepatypHoi 3aBucumocTtu PHIT B mportecce oOmydeHus
ObL1a pa3paboTaHa OpUrHHAIBHAS METOJMKA U CKOHCTPYHUPOBAaHA SKCIIEPUMEHTAIIbHAS
YCTAaHOBKAa Ha OCHOBE TEpPMOCTaTa C CHCTEMOM MOIAECPKAHUSA TEMIIEPATypHl,
MO3BOJISTIONIAS TPOBOIUTE oOyuerre BC B TemmepaTypHoMm amama3one ot —196 mo
+200 °C ¢ ogHoBpeMeHHOU peructpanuei criektpos PHIL.

B Tperneil riiaBe npencTaBieHbl PE3yJbTAaThl UCCICAOBAHUNM 3aBHCUMOCTH
PHIT nenerupoBanusix BC B Onmxnem MK-auarna3oHe oT COOTHOIICHHS PacXo0B

peareHToB Ipu cuHTe3e cepaneBuHsl B MCVD-niponecce.

504 a) 3 (=1, 204Ippm CII) i

200 -

40-

=

a1

o
1

30 +

2 (r=0,4, 257 ppm Cl)

PHI, ab/km
PHM, aB/km
S

20

104

W
1 (r=2, 86 ppm Cl)
4 50
O T T

0 30 60 90 120 150 180 210 1,0 15 2,0 25 3,0 35

BpeMsi 06nyyeHus/penakcauum, MuH rir,

4,0

Puc. 1. (a) 3aBucumocts PHII ot Bpemenu B mporecce y-obOmyuenus (0-180 muH.) u mocie

3aBepieHus oomydenns (180-210 mun.) Ha ymHE BoaHB A=1310 HM. MomHocTs 10361 0,75 I'p/c, no3

aB

touke 180 muH. — 8,1 kI'p. B ckoOkax yka3aHo cOOTHOIIEHUS MOJISPHBIX pacxoaoB Oz u SiCls mpu cunTe3e

CEpEBUHBI I', HOPMUPOBAHHOE Ha I0=29, U KOHIIEHTpAIUs XJIOpa B CEP/IICBUHE.

(6) 3aBucumoctp PHII Ha mnmuHe BoiHbI A=1550 HM OT COOTHOIICHHUSI MOJISIPHBIX pacxonoB Oz u
SiCls mpu cuHTE3€ CcepALeBHHBI I, HOPMHPOBAHHOTO Ha Fo=29, npu nornouieHHoi go3e 7,1 k['p a1t BC ¢

pasmuaHBIM AN, MomtHOCTH 10361 7,60 I'p/c.

N3 ananmm3a cnekTpoB U BpeMeHHbIX 3aBucumocted PHII Obutin ompeneneHsl
OCHOBHBIE MEXaHU3MbI, OTPAaHUYHUBAIOIINE PATUAITMOHHYIO CTOUKOCTH B OyrskHeM UK -
nuariazoHe. MonotonHslit poct PHII ¢ nornmoménHoit no30i u cinabas penakcaius
nocye o6aydenus ooycnosiens! nornomenuem Clo-nentpa (BC-2, puc. 1 a) [12], a

nepexoanbiid xapaktep PHII (BC-3, puc. 1 a) cBsi3an co cnenuuiyeckum nopeacHueM
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STH, umeronux moa0Ck MOTIOeHus Ha niuHax BoiaH 660 u 760 am (1,88 u 1,63 5B)
[13].

B pabote ycTaHOBIIEHO, YTO MCIOIb30BaHKe 00biIoro u3beitka O, naa SiCly B
napora3oBoii cmecu B mporiecce MCVD npu cuHTE3e cepileBUHBI (OTHOIIECHUE
moJsipHbiX pacxogoB O, um SICl; He menee ~60) mpUBOAUT K 3HAYUTCIHHOMY
MOJIaBJICHUIO BXOXKJIEHUS aTOMApHOTO XJIOpa B CETKY CTEKJa U COOTBETCTBYIOLIEMY
nogasienuto PIIO, cBs3anubIX ¢ ximopom (BC-1 puc. 1 a). YCTaHOBJICHO TakXke, 4To
takoi ke Oompmoit m30biTok O, wHaxg SICl; npuBogMT K 1OJABICHHUIO
JUIMHHOBOJIHOBOTO «xBocTay PHII. OpHako, A yMEHBIIEHUS HANpsDKEHUH |
nedopmaiiviei, BMOPOXKEHHBIX B CETKy CcTekia B mporecce BuITskkH BC u
ABJISIFOIIUXCSI MpeecTBeHHuKkaMu STH, okazanock HE00X0IMMO, YTOOBI BEIMYMHA
m30piTka O, Obuta TOYHO cOalaHCHMpoOBaHa C KOHIGHTpanuend ¢Topa BO
dbropcunukatHon o6onouke BC. B aToM ciiyyae mpoucxoIuT BeIpaBHUBaHUE (HU3UKO-
XUMUYCCKUX CBOMCTB CEPIEBHHBI U O0OJIOYKH CBETOBOAA (TaKMX KakK, HAIpPUMED,
koapumenT Tepmudeckoro pacmmpenus (KTP), temneparypa crexkioBaHHs |
BSI3KOCTB), YTO W MPHUBOJUT K CHIDKCHHIO HAMPSDKEHUN U ehopMaIiuii CETKU CTEKIIa
TIPH BBITSDKKE.

Y CTaHOBJIEHO, YTO ONTUMAIBHOE (WK OJIM3KOE K ONTUMAaTbHOMY) 3HaueHue I (I
— cooTHoIeHre MoJsIpHbIX pacxonoB Oz u SiO; npu MCVD-cuHTe3€e CepAleBHHB,
HopMupoBaHHOE Ha h=29) mis BC ¢ An=0,0095 pasno 2,0, a ;s BC ¢ An=0,005
OJM3KKUM K onTUManbHOMY siBsieTcs =1,0. [Ipy TaHHBIX COOTHOIIEHUSAX TOCTUTACTCS
munumyMm PHIT wva niwnae Bomubl A=1550 uM, npu atom PHII kak ¢yHkmms r umeer
pe30oHaHCHBIN xapakTep (puc.l 0).

Bropass yacTth TpeTbeM TIJIaBbl MOCBSIIEHA HWCCIEAOBAHUIO BIIUSHUS YCIOBUU
BBITSDKKM Ha paguannoHHyo ctoiikocts BC B Ommknem MK-nuanazone. [ns sToro
Obi m3rotoBieHsl BC mpu Bapuaruu temMmneparypbl, HATSHKEHUS U CKOPOCTH TIPH

BBITsDKKE (Taoum.1).
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Tabmuua.l. [TapameTpsl BHITSDKKH uccnenyembix BC

Ha3Banue Homep Temmneparypa, | Harsiskenue, r CkopocTb,
3ar0TOBKH pexuma °C M/MHH
M1 1880 38 35
Fi M2 1900 26 33
M3 1920 21 33
M1 1840 43 36
F2 M2 1860 38 38
M3 1890 28 38
M1 30 13
F3 M2 1815 50 26
M3 70 42
M1 19 10
F4 M2 1805 27 14
M3 50 30
F5 M1 1780 85 35
M2 1800 30 20
F6 M1 1790 60 40
F7 M1 1790 51 37
F8 M1 1700 100 12
1950 1900 1855 1810 1770 1725 °Cc
T ..‘ T T T T T T T T
M3
100 A .. F2 a) .
] M2,
w1 in®
M3 E "
4 Bec. ppm M2 "~ u_ ‘.
§ OH-rpynn M1 F3 -
T £ 4 >
E- 10- 20 T - W1 E5 (N=100 rl_
T F3
o M2 S\ 4
§ M1 * M2
‘G5 F6
g’l . ML M3
o V2 F4
N
20 40 60
1 HIaTFI)Ke|:|M9, r | . | | . |
0,45 0,46 0,47 0,48 0,49 0,50 0,51
1000/T, K™

Puc. 2. 3aBucumocts PHII B nporiecce y-o6iyuenust Ha piuHe BoJHBI A=1550 HM oT oOpaTHOM
TEMIIepaTypbl MPH BHITSHKKE (8) U OT HATSHKEHUS MPHU BBITSDKKE (0) MpH MOTIOIMEHHON 03¢ 2,5
k['p n momHOCTH 03861 7,40-7,60 I'p/C.

bruto ycranosneno, uro PHII B 6mmxknem MK-nnana3sone B HenerupoanHbix BC

B MpoIlecce UX Y-O0JIy4eHUs B 3HAUUTEIHLHOW Mepe 3aBUCUT TAKXKE M OT YCIOBUM HUX

BBITSDKKH. [Ipu 3TOM, HanOoJIbIIIce BAUSHUE OKa3bIBaeT TEMIIEpaTypa mneuu (puc. 2 a),

a He HaTsDKeHHE, Kak 3TO yTBepkaanoch B ¢upme «Fujikura» [3] mma caygas
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CBETOBOJIOB CO (DTOPCHIIMKATHOU CEPAIICBUHOM, MOMydeHHOH 1o TexHonoruu VAD, u
dbropcunukaTHONM 0007I0YKOM, MOJIy4eHHOU 10 TexHonoruu OVD.

B Hamumx sKCHEpUMEHTax YCTAHOBJIEHO, YTO yMEHBIIEHUE TEMIEPATyphl Ha
T~100 °C npuBoaut k ymeHnbiienuro PHIT 6osee uem Ha mopsiiok BenmumunHbl. OHAKO,
3HaunTenpHOEe €€ moHmwkeHue (1<1790 °C) Benmer yxe k yBenuueHuto PHII, uro B
HaIlleM ClTydae, Mo-BUAUNMOMY, CBSI3aHO C POCTOM HaTshKeHHUs BBITsDKKH (BC-F8, puc.
2 a), kotopoe Takxke Biauser Ha PHII B 6mmwxnem MK-amanazone, HO B ropasmio
MeHblel crenenu (puc. 2 0). Takke yCTaHOBJIEHO, UYTO IMOBBIIIEHHOE COJEpP)KaHHE
OH-rpynn npuBoauT kpoMe ymeHsIeHus oomiero yposast PHII emi€ u k ocnadnenuto

camoii 3aBucumoctu PHIT ot Temmnieparypsi BeiTskku (BC-F1 puc. 2 a).

10 °
9_
3. 1310 Hm
7 VP2 PAH [10] . HUBO-UXBB PAH
) o 11 Tplc
63 1550 hm 0.5 mkBT
5_ 0.46 I'plc / .
S 4 3 kBt Fujikura [7]
0 E 1310 Hm
X 3] 1.6 Mplc
C ] 10 MxkBT
I ]
1- T T LA | T LI | T L ELELLR) | T T
10 100 1000 10000 100000
Ho3za, I'p

Puc. 3 Cpasnenune 3aBucumocteit PHII ot no3el ans ontumusupoBanHoro cseroBojga HIIBO-
NXBB PAH, paauarionno-croiikux cBetoBo 0B IPD PAH [10] u cBeToB010B huipMmbl «Fujikura
[1]. BC «HIIBO-UXBB PAH» (kpacHbie oTKpbIThIe Kpyr — A=1310 HM, crutonrabie — A=1550 Hm)
oOydancs npu MomHocTy 1036l 1,1 I'p/c ipu BBoaMMOI1 cBeTOBOI MomHOCTH He 6oiee 0,5 MkBT.
BC «MIPD PAH» (3enenbie Kpyru) o0Iydaauch mpu MomiHocTH 10361 0,46 I'p/c mpu BBOAMMOI
CBETOBOW MomrHOCTH He Oonee 3 MKBT, A=1550 HM (Be 3aBUCHUMOCTH, YKa3aHHBIE 3€IICHBIM,
npuHaiexat 18yM BC, H3rOTOBJIEHHBIX C pa3IMYHBIMU TEXHOJIOTHYSCKUMU mapameTpamu [10]).
Homunaneao omumnakoBeie BC «RRSMFB» «Fujikura» (depHble nMHUH) OOIydasluCh MpH
MOITHOCTH J103bI 1,6 I'p/c ipu BBoAMMOI cBeTOBOM MoltHOCTH He Oosee 10 MKkBT, MHOKEeCTBEHHBIE
3apucuMoctd PHII oT 103bI COOTBETCTBYIOT HEKOHTposimpyemMomy pa3dopocy PHII cepwuitHoit
KoMMepyueckoit mpoaykiu [1]. HemanoBaxho, uto B BC «(RRSMFB» dupmer «Fujikura» PHIT Ha
A=1550 u 1310 HM OJMHAKOBO B paccMaTpUBAEMOM JiMana3one 103 [1].
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Ha ocHoBe nonydennsix 3aBucumocterd PHII oT TexHONMOrMueckux rnapamerpon
usrotoyieHus rnpedopmsl 1 BC, Obuia mpoBenena ontumuzanus pexumoB MCVD
npoliecca U NapaMeTpoB BBITSDKKU. B pesynbpTaTe ynanoch 0Oojiee 4eM Ha MOPSIOK
causuth ypoBeHnb PHII myist BC, uzrorosnennsix B 1aboparopHoit rexnosnoruu HIIBO-
NXBB PAH, u Gonee yem B JiBa pasza IMOBBICUTH PaIUAlIMOHHYIO CTOWKOCTh
oreuecTBeHHbIX BC ¢ HenerupoBaHHOU ceplieBuHON, paspaborannbix B PO PAH
(puc. 3). U3 puc. 3 BUAHO, YTO HA JJIUHEC BOJIHBI A=1550 HM ONTHMH3UPOBAHHBIC
HenerupoBanusie BC HIIBO-MUXBB PAH mnonamator B pa3opoc PHII B cepun
paauaoHHo ctoikux cBeToBoJI0B «KRRSMFB» dupmer «Fujikuray, cuurarommxcs

MHUPOBBIMH JINACPAMHU 110 paI[HaIII/IOHHOﬁ CTOMKOCTH.

B yerBepToOil rj1aBe IIPEICTaBIICHbI PE3YyJbTAThl MCCIEAOBAaHUSA 3aBUCUMOCTHU
PHII B Buanmom u 6smxneM MK-nuamnasone ot remnepatypsbl, NOAAEPKUBAEMON ITPU

y-00myuenuu, 1uist BC ¢ HenernpoBaHHOM U JIETUPOBAaHHOM repMaHUEM CEPJILIEBUHOM.

4x10"- ' ' ' ' —
crexTp PHI annpokcMmauus
3x10* -
s
X
)
= 4
= 2x10 A
T
o
Y®-xBoct
1x10°
0 . .
2 3
3Heprus, aB

Puc. 4. Criextp PHII B HenerupoBannom BC, usmepennoe B nporecce y ipu 1=77 K (=196 °C) u
NoTJIoIIEeHHOM 1o3e 1 KI'p, 1 ero rayccoBo paznoxeHue. Y ®-XBOCT COOTBETCTBYET MOTJIOMIEHHUIO
CaM03axBauCHHBIX JICKTPOHOB; ITAPAMETPBI TIOJIOC MOTIONICHHUS B3sAThI n3 [11,14].

N3 criektpoB PHIT ipu remmniepatype T=77 K (=196 °C) B nuamazone 450-870 am

AJI1 HCJIICTHPOBAHHBIX BC, HN3IrOTOBJICHHBIX IIPH PA3JIMYHBIX TCXHOJIOTHYCCKUX
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pexxumax MCVD-npouecca, Brepbie 0b11H BbIsiBIEHBI oJ0ckl PHIT ¢ Makcumymamu
Ha jJyiMHaX BoJiH 477 u 574 um (2,6 u 2,16 5B cooTBeTCTBEHHO) puHaiexkarme STH
(puc. 4). Panee naHHBIC TOJIOCHI HAOIIOJATMCh TOJBKO B OOBEMHBIX OOpaslax
KBapIeBoro crekna [14], u cunranocs, uro B BC BMecTo HUX BO3HHMKAIOT mojiockl PHIT
Ha 660 u 760 um [13] (1,88 u 1,63 3B cOOTBETCTBEHHO). DTH TOJIOCHI TAaKXKe OBLIH
Havimensl Hamu B crnektpax PHII uccnenyembix BC, omgnako mpu T=77 K onHu
00J1a1a711 TOpa3 0 MEHbIIEH HHTEHCHBHOCTBIO, YeM IM0JIOCHI Ha 2,6 1 2,16 3B (puc. 4).

Ha ocHoBe aHanmu3a mnoBeaeHusl BblenepeuncieHHbix mnonoc PHIT Obina
OpeAJioKeHa  KOHIemius  AByX  kimaccoB STH  —  «COOCTBEHHBIX» U
«eopmarmoHHbIx». K mepBomy Kiaccy OTHOCATCS MOJIOCHI ¢ MaKCUMyMaMu Ha 2,16,
2,6 u 0,8 3B. DTU TOJIOCHI XapaKTEPU3yeTCs] MaJlbIM BpPEMEHEM >KH3HU: OHH
HaOMIOAAIOTCA TPU HENPEPHIBHOM TraMMa-00JydeHHH TOJIBKO TPH TMOHMKEHHBIX
temriepatypax. K nedbopmarmonnsim STH otHocsTes nonockl PHIT ¢ makcumymamu
Ha 1,63 u 1,88 5B. [laHHble MOJIOCKI MOTYT HaOMIOAATHCS M TPU KOMHATHOM
TeMmIepaType B mpoliecce 00TydeHUs U BOSHUKAIOT U3-3a HaNpsbKeHUH (edopmartuii),
BMOPO’KCHHBIX B CETKY KBapIIEBOTO CTEKJIA B IIporiecce BHITSHKKH BC.

N3 3aBucumoctu cnexktpoB PHII ot Temneparypst B unrepane T=+60 °C Obu1o
BbIBJICHO aHoManbHOe yBenumdueHue PHII npu T~0 °C, o00ycioBieHHOE
sKcTpeMaibHbIM pocToM niojoc PHIT nedopmanmonnsix STH (puc. 5). Cnenas BoiBo/I,
YTO JIAaHHOE SIBJICHUE 00YCIOBJICHO MUHUMYMOM JIMHEWMHOTO paCIIMPEHUS KBAPIIEBOTO
CTeKJIa NpHW JaHHOW Temmeparype, HaOmonmaBmumcs B [15]. Tak kak sBiIcHHE
anomansHoro PHIT mpu T~0 °C oOycnoBneno nedpopmannonasiMu STH, To oHO B
MEHBIIICH CTETICHH BBIPAKEHO B ONTHMH3WPOBAHHBIX, HAaMMEHee HampspkeHHbIX BC

(puc. 5 a).
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Puc.5. Crextpsl PHII B nporiecce y-00:1yuenus npu moriomeHHon go3e 1 kI'p B TemmepaTrypHoM
muarna3zone T=+60 °C 11 ONTHMH3UPOBAHHOTO (a) U HeonTuMu3upoBanHoro (6) BC.

N3 cnextpos PHII B Ommxnem WK-nuamazone, 3aperucTpupOBaHHBIX B
untepBaie temneparyp T=t60 °C B nHenerupoBanHHbix BC, oOHapyxkeHa paHee
HeusBecTHas nojoca PHIT ¢ makcumymoM Ha aimnHe BotHBI A~1250 HM (E~1 3B) (puc.
6). JlanHas mojoca mposBIIseTCss 0COOEHHO MpHU HU3KNX TeMieparypax 1<30 °C B Buze
MEPEXOJHOr0 TOTJIOLIEHUs, PE3KO BO3pacTas B CaMOM Hayaie OOJy4YyeHus [0
noriomeHHon 1036l ~30 I'p m pacmagasicb mpu JadbHEMIIEM YBEIUYEHHUH O3Bl
[TomoOHOE TOBeIeHNE CBOMCTBEHHO s «aedopmarionabix» STH [12], ognako, Tak
kak nojoca PHIT 1250 am nmeet manoe Bpemsi )KU3HH B MaTTyI0 TEPMOCTa0MITBHOCTD,
TO, TIO-BUJUMOMY, OHA MIPUHAICKUT K KIaccy «coocTBeHHBIX» STH. YcranosieHo,
YTO B UCCIEAYEMOM TeMIeparypHoM auana3zone nanHoe PHIT xapakrepHo Tonbko 11t
HaIpsODKEHHBIX, HeoNnTUMU3NpoBaHHbIX BC, oiHako, npu Oosee HU3KOM TeMIeparype
Uy OoJIbIlIe MOIIMHOCTA J03bl, 3Ta mnojioca PHII moxkeT nposBUTBCS U B

ontuMuzupoBaHHbIx BC.
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Puc. 6. Cnextpsl PHII, usmepennsie B HeneruposannoM BC B nporiecce y-001y4eHNst B MOMEHTHI
Bpemenu 0,5 u 5 mun. nipu T=—60 ° C u momHocTH 103561 1,1 I'p/c (2) 1 ux pasuocts (0).

Bo BTOpOil yacTW 4YETBEPTOUM TIJIaBbl MPHUBEACHBI PE3YJbTAThl HMCCIEIOBAHUS
BIUsIHUS TeMmIiiepaTypsl u conaepxkanus GeO; B cepaneBune Ha PHII cBeToBOMIOB C
repPMAHOCUIIMKATHON cepilieBUHONU. OOHapyKeHO, YTO TeMIlepaTypHasi 3aBUCUMOCTb
PHII nst BC ¢ conepxxannem GeO; ot 3,5 10 50 Moit. % uMeeT pa3iuuHbIil XapakTep:
ecnu s cnadonerupoBanHbix BC (<7 moin. % GeO,) PHII 3aBucuT oT Temmeparypsbl
«KJTAaCCMYECKUM» 00pa3oM, T.e. MOHOTOHHO BO3pacTaeT C YMEHBIIICHHUEM
TemIeparypsl, To 11 BbicokonerupoBanbix BC PHII yBennuuBaeTcs ¢ mOBBIIEHUEM
TeMIepaTyphbl, 4TO, KaK U3BECTHO, 00YCIOBJIEHO POCTOM TOJIOCH! norjotieHus: GeX-
IIEHTPA, 3a cueT TepMuyeckoro pacnaaa Ge(1)-nenrpa [6].

C nomompio rayccosa pasnoxeHus crnektpoB PHII repmanocunmukatHeix BC
Obl1a oOHapykeHa paHee HemsBecTHas monoca PHII, nasBannas Hamu GeY-mieHTpoM
(puc. 7), no ananoruu ¢ uzBectTHbIM GeX-1ienrpoM. Makcumymom nosiocsl PHIT GeY -
IIEHTpa HaAXOUTCS Ha JiuHe BOJHBI A~900 HM, €€ moJiHas IUpPUHA Ha TTOJTYBBICOTE —
495 um (Oonee TouHo B eauHunax osHepruu, 1,38+0,02 u 0,71+0,01 »B
COOTBETCTBEHHO). YCTaHOBJICHO, YTO aMIUIMTY/a JAaHHOMW IMOJOCHl YBEIMUYMBAETCS C
MTOHWKEHUEM TeMIIepaTyphl COTJIACHO 3aKOHY AppeHuyca ¢ 3Hepruei aktuBanuu 0,15
3B.

VYcranoBneno, uro koHueHTtpauun GeX- m GeY-IUEeHTPOB NMPOTUBOIOIOKHBIM
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00pa3oM 3aBUCAT OT TEMIIEPATYPHI B IPOIIECCE OOTYUEHUS U OT COJEPIKAHMSI TePMaHUS
B cepjueBuHe: KoHueHTpanus GeX-neHtpoB pacter, a GeY-LeHTpoB, Ha0OOpOT
YMEHBIIIAeTCs C pOCTOM TeMIiepaTypbl U KoHIeHTpanu GeO; B cep/IlieBUHE.
[Tockonbky nHTEHCHBHOCTH TTos1ockl PHIT GeY -1ieHTpa pacteT ¢ yMeHbIICHHEM
KOHIICHTPAIIMM TepMaHUsl B CEpJICBHHE, MOPTOMY OHa OCOOCHHO WHTCHCHBHA B
cragaaptHeix BC s onThueckoil CBsI3U, WMEIOIIMX, KaK HM3BECTHO, Majoe
cojiepkanue repmanus B cepaneune (~3,5 mon. % GeO;). Takum odpasom, mosioca
GeY-nientpa sBisercss ocHOBHbIM PIIO, orpaHuymBaromuyM pajaraiioOHHYIO

CTOMKOCTh CTaHOAPTHBIX T'CPMAHOCHIIMKATHBIX BC JJIA ONTUYECCKOMN CBSI3U.

annpokcnmMmavuus

Ge(1)

GeNBOHC

PHIM, ob/km

100 T T T T T T T T T T T
0,0 0,5 1,0 15 2,0 2,5 3,0

3Heprus, 3B

Puc. 7 Cnexktp PHII repmanocunukaraoro BC (3,5 mon. % GeO2), u3MepeHHbIi B MpoIiecce y-
obmyyenus npu T=+30 °C u nornomennoi go3ze 1 kI'p, u ero rayccoro pasznoxkenue. [Tapamerpsl
U3BeCTHBIX 1oJioc noriorieHus PO B3stel u3 [6]. BunHo, uto GeY-11eHTp BHOCUT HAKOOJIBIINI
Bkiaz B PHII B ciekTpanbsHOM nana3oHe Ui ONTHYECKOM CBS3H.

JI71s1 cCBETOBOJIOB C BBICOKMM coJiep kaHreM repmanus B cepaueBune (50 Bec. %
GeOy), npu T< —30 °C 6bu10 BriepBbie 00HapY)eHO nepexoanoe PHIT ¢ makcumymom
MOJIOCHI TIOTJIONIEHUSI Ha OOJbIIMX JJIMHAaX BOJH (A>1750 um). Ilo cnekTpanbHOMY
MTOJIO’KEHUIO U MIOBEACHUIO MPpH 00Jy4eHUU U penakcaiuu ganHas nosoca PHIT cxoxa

¢ morJornieHueM «cooctBeHHbx» STH B HenerupoBanubix BC [16] 1, oueBuIHO, UM U
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aBiseTcs. Ha OCHOBE TONYYEHHBIX OKCIEPUMEHTAIbHBIX PE3YyJIbTaTOB U
JUTEPATYPHBIX JAHHBIX MPEUIOKEHBI JIBE HamOoJiee BEpOSITHBIE  MOJIETHU
«cobctBeHHbx» STH B repmanocunukatasix BC.

B koHue rmaBwl mpeacTaBiieHbl pe3ysbTraThl oueHku PHII B pamkax monenu
KAHETHKM n-ro mnopsaka [17] k koHmy 15-meTHeli MuccuM B KOCMOCE B
HenerupoBaHHbIX BC ¢ pa3iMyYHBIM COIEpKAaHMEM XJIOpAa U PA3IMYHON CTEIEHbBIO
nehopMHPOBAHHOCTH CETKU cTekna. Takxke cpaBHeHue nenaetcs ¢ BC ¢ cepanieBunoi
13 TEPMAHOCWIMKATHOTO CTeksIa. ¥YcraHoBieHo, uto PHII B HenerupoBanusix BC B
kocMuyeckux ycioBusx (T=—60 °C, nornomienHas no3a ~1 kI'p 3a Bpemst muccuu 15
net, A=1550 M) He OyzieT 3aBUCETh OT TEXHOJOTUYECKUX TTapaMeTPOB U3TOTOBJICHUS
BC, a nns obecneuenus npuemiemoro ypoBHs PHII noctaTouno nmpocTo UCKIIOYUTH
FepMaHUM U3 CEPALIEBUHBI.

B xauecTBe 3aK/II0YeHM S IPUBOASATCS OCHOBHBIE PE3YJIbTAThI JUCCEPTALMOHHON

paboTsl. Jlanee cieayeT CIMCOK UCIIOJIB30BAHHOM JINTEPATYPHI.

OCHOBHBIE PE3YJIBTATBI PABOTbI

1. B cnekrpe paamaiimoHHo HaBezeHHoro moriomienus (PHIT) cBeTtoBosoB ¢
CEpJILICBUHOM M3 HEJETMPOBAHHOTO KBapIIEBOTO CTEKJIa OOHAPYXEHBI TOJOCHI C
MakcUMyMamu Ha 2,6 u 2,16 »B, npuHamyiexaiine paaualiioHHO UHAYLIUPOBAHHBIM
CaM03axBayeHHBIM JIBIPKaM Ha HEMOCTUKOBOU P-OpOUTAIM aTOMOB KHCIIOpPO/a CETKU
crekina («self-trapped holes», STH). Ot monockl paHee HaOMIOJATUCh TOJIBKO B
cnektpax PHIT o6bemHubIX 00pa3ioB. B Takux cBeToBOAax Takxke oOHapyXeHa paHee
He HaOoAaBIIascs KopoTkoxkuytas nosoca PHIT ¢ neatpom Ha ~1 3B.

2. Ilpenyoxena KOHIENIMS JBYX KJIaCCOB paJuallMOHHO MHAyLUHMpoBaHHbIX STH —
«coOcTBeHHBIX» " «aedopmarmonabixy. «CobOctBenHbie» STH xapakrepusyercs
KpalilHe HHM3KOW TepMOCTaOWMIBLHOCTHIO. OMpenesieH KiacC BCEX pPaHEe H3BECTHHIX
nosioc STH (monocer Ha 2,16, 2,6 u 0,8 3B npunamnexat «cooctBenusiM» STH, Ha
1,63 u 1,88 3B — «uepopmanmonnsim» STH). BreisiBiena u o00bsicCHEHa aHOMAJUs

3apucumMocty PHII or Temmeparypsl B CBETOBOJAX C CEPALECBUHON U3
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HEJIETUPOBAHHOI'O KBApIEBOro CTekia Mnpu temmeparype okoio 0° C, mpu KoTopoit
PHII nocturaer skcTpeMalibHO OOJIBIIOTO 3HAYEHUS M3-32 POCTa MOJIOC MOTIIOIICHHUS
«nedopmanmonnsix» STH. DTta anomanus o0ycioBieHa 3QPEKTOM IKCTPEMATBHOTO
cxaTus KBapueBoro crekia npu T~ 0° C.

3. B cBeTOBO/IE ¢ BRICOKOJIETUPOBAHHOM T'€pMAHOCHIIMKATHOM cep/iieBuHO#M (50 Mo
% GeO;) obuapyxena nojioca PHII ¢ nenarpom Ha E<0,8 3B HerayccoBoii (hopMBbI.
O60CcHOBaHO, YTO 3Ta MoJIoca MPUHAMIEKUT «cobcTBeHHBIMIWY STH. B cBeToBomax ¢
repMaHOCUIIMKATHON CEPAIICBUHOM TakKe 0OHapyKeHa CPAaBHUTEIBHO 0T OKUBYIIAS
nosioca PHII rayccoBoit dopmbl ¢ makcumymoM Ha 1,38 3B. [loka3aHo, 4To JaHHas
1ojoca SABJISETCA OCHOBHBIM MEXaHM3MOM, OTPAaHUYMBAIOIIMM PaJUALUOHHYIO
CTOMKOCTh CTaHAAPTHBIX CBETOBOJIOB JIJIs ONTUYECKOW CBSI3H.

4. YcraHoBieHO, 4TO [Js MakcuMmanbHOoro mnojasiienuss PHII B cBeroBomax c
CEpJILICBUHONM W3 HEJIIETUPOBAHHOIO KBapIEBOrO CTeKJIa U  (TOPCHIMKATHOU
0007104KOil  HEOOXOAMM, BO-TIEPBBIX, OOJIBIIOW HW30BITOK KHUCIOpOAa Haj
TETPaxXJIOPHUJIOM KPEMHHSI B ITAPOTAa30BO CMECH MIPU CUHTE3€ CEPJILIEBUHBI (HE MEHEE
~60), 4TO MO3BOJSET MOJABUTH BXOXKIEHUE XJIOpa B CETKY CTeKja. Bo-BTOpBIX,
HEO00X0IMMO, YTOOBI U30BITOK KUCIIOPO1a ObLT COaTaHCUPOBAH C KOJIWYECTBOM (dTOpa
B 000s10uKe (4eM OoJibllie KOHIIEHTpalusi pTopa, TeM O0JIbIle TOJKEH ObITh U30BITOK
KHCJIOpPOJa MPU CUHTE3€ CEPALIEBUHBI). Y CTAHOBJIEHO, YTO B 3TOM CJIy4ae JOCTUTAET
munumyMa PHII, o6ycnoBnenHoe «aedpopmanronabivuy STH.

5. OnpenenieHo BIMSHUE MApaMETPOB BBHITSKKU TaKMX CBETOBOJOB Ha BEJIIMUUHY
PHII B 6mmmxnem MK-nuanazone. PHII B HauOosbIeit cTeneHu Bo3pacTaeT ¢ pOCTOM
TeMnepaTypbl BBITSDKKU. [Ipu yBennuenum temmneparypbl BeITSDKKM Ha S50 °C PHII
yBelMurBaeTcs B 2-3 pasa. YBeJIWUYeHUE HATSIKEHUS U CKOPOCTH BBITSKKH TaKkKe
npuBoAAT K yBenuueHuto PHII, HO B ropa3no MeHbLIEH CTENIEHH.

6. OnTuMu3anusi TPOLIECCOB M3TOTOBIICHHS 3arOTOBKM U BBITSKKH CBETOBOJIA
no3onuia cHuzuth PHII B cBeTOBOmAax ¢ CEPAUEBUHOM W3 HEJIETHPOBAHHOIO
KBapIIeBOro cTekia B jadboparopHoii Texronornuu HIIBO-IXBB PAH 6onee yem Ha
MOPSIIOK BEJIMYMHBI Ha JyiiHEe BOJHBI 1550 HM (Tipu 103e 10 1 k['p 1 MOIIHOCTH J103BI

B uHTepBavie u 1,1-1,6 ['p/c). [Ipu stux ycnoBusx PHII B ontumusupoBaHHBIX B paboTe
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CBCTOBOJAax COBIIAJI0O CO CpCAHHMM 3HAYCHUCM B CCPHM pPaAJUAIMOHHO CTOMKHX

cBeToB010B «KRRSMFB» pupmsl «Fujikuray, cunraronuxcsi MUpOBBIMU JIHJIEpaAMU 110

paMallMOHHOW CTOMKOCTH.
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