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AHHOTALUA

MEIIAJIKUH Anekceii FOpbeBu4 ,,0T0- U 3J1eKTPOHHO-CTUMYJIHMPOBAHHbIE MPOIECCHI B
TOHKOILUIEHOYHBIX CTPYKTYpax Kap0a30/i-cogep:KaluX NOJUMEPOB M XaJbKOTeHHIHbIX
crexkoa”, JIuccepramuss Ha COMCKaHHMEe Y4Y€HOH CTeNmeHH JAOKTOpPa (QU3MYECKUX HAYK
Kumunes, Pecniydsmka Moagosa, 2025 roa.

CTpykTypa AuccepTanum: AUccepTallys BKIIOYaeT BBEJCHHE, 4 TI1aBbl, 00IIUE BHIBOJBI U
pexomenaanuu, oubmuorpaduio u3z 221 HanmenoBanwmii, 130 crpanun ocHoBHOro Tekcra, 104
puCyHKOB, 9 Tabnu1l. Pe3ynbraThl omyONMMKOBaHbI B 28 HAYYHBIX MyOTUKAIIHSIX.

KiroueBble ciioBa:  XaJIbKOI€HHWJHBIE  CTEKJIA, a30MOJMMEp, HAHOCTPYKTYpBHI,
rojorpaduyeckasl CKaJdspHas MW BEKTOpHas 3amuch, audpakmuoHHas 3(PQGEeKTUBHOCTD,
MMOBEPXHOCTHBIN perbed.

Heap padoTsl: Hiccneg0BaHUE POIM CKAIIPHBIX M BEKTOPHBIX MPOLECCOB, BOSHUKAIOIINX
B MHOTOCJIOMHBIX HAHOCTPYKTYpaX Ha OCHOBE XaJIbKOTEHUAHBIX CTEKOJ U B TOHKHUX IJIEHKAX Ha
OCHOBE Kap0a30JbHBIX MOJHWMEPOB MO BO3JCUCTBHEM (POTO- M IJIECKTPOHHOTO OOIydYCHHUs, B
CO3J1aHUU MHOTO(DYHKITMOHATBHBIX AU(PPAKIIMOHHBIX ONTUYSCKUX JIEMEHTOB.

3agaun wucciaenoBaHusi: pazpaboTKa M CO3JaHME HOCHUTENEH 3aluc Ha OCHOBE
HanomHorocnoitaeix (HMC) crpykryp u3 xambkoreHuaHbIX cTekosl (XC) M TOHKOMJICHOUHBIX
kapoOazonconepxanmux nonuMmepoB (TKII) mna 3amucu JIOD; uccrmenoBaHue CKaTApHBIX |
BeKTOpHBIX QoTomHayimpoBanHbix sineHunii B HMC XC u TKII; uccnenoBanne npuMeHUMOCTH
CKaJISIpHBIX W BEKTOPHBIX (poromHaynnpoBaHHbIX sBiieHri B HMC XC u TKII mis perucrpanum
MHOTrO(GYHKIHOHATBHBIX JJOD.

Hay4yHasi HOBU3HA ¥ OPUTHHAJIBHOCTDH MOJy4YeHHBIX Pe3y/ibTaToB.

PazpaGorana TEXHONOTHS TOJIYYEHHUS MHOTOCIONHOTO HAHOCTPYKTYPHUPOBAHHOTO
Hocutes Ha ocHoBe XC. IlomydeH HOBBIN a30MOJIMMEPHBIN TOHKOIIEHOUHBIN HOocuTenb [1OT1K-
JO. Iokazano, uto 06a pazpabOTaHHBIX HOCUTENS SBIAIOTCSA dPPEKTUBHBIME CpEelaMH, KaK JJIs
CKaJSIpHOM, Tak M BEKTOPHOW Tonorpaduyeckoi 3amucu. lIpemimoxkeH MeTon H3MEpeHUs
BEJIMYMHBI (DOTOOTKIIMKA FOJIOTpagrueCcKOro Mareprasa 1o CTpyKTypupOBaHHON AP PaKITHOHHON
KapTHHE.

OcHoBHasi Hay4YHas 3a4a4a, pEUICHHAsl B AUCCEPTALIMH, 3aKJIIOUYAETCS B YCTAHOBICHUU
ponu CKaJSIpHBIX U BEKTOPHBIX (bOTOMHIYIIMPOBAHHBIX MPOLIECCOB 3aIucu
MHOTOQYHKIHOHAIBHBIX J[OD Ha MHOTOCIOWHBIX HAHOCTPYKTYPUPOBAHHBIX HOCHUTEISIX HaA
ocHoBe XC u ToHKOTUIEHOYHBIX azononumepax [19I1K-J10.

TeopeTuyeckasi 3HAYMMOCTb PalOTBI COCTOUT B BBIACHEHHHM (M3NYECKHX IPOLIECCOB
B3aMMOICHCTBUSI MaTepHAIIOB C ONTUYECKUM M 3JIEKTPOHHO-TTyueBbIM u3NyueHueM. Mccnenosan
MEXaHU3M CKaJSIPHOTO M BEKTOPHOI'O B3aUMOJIEHCTBUS CBETA C MAaTEPUAIIOM.

Ipuknagnass 3HauuMocTb padoTbl. beutn momydenst JIOD mns  dopmupoBanms
ONTUYECKUX BUXpEH B BBICOKOM JID M CBETOBBIX IIyYKOB 3aJaHHOW IPOCTPAHCTBEHHOMU
CTPYKTYpbl. MeTonl MOSpU3alMOHHON TojiorpaduuecKoi 3amucu, Mpu KOTOPoM (OPMUPYIOTCS
CUHTYJISIDHBIE CBETOBbIE MYYKH C Pa3JIMYHBIMU TOIMOJOTHYECKUMH 3apsiaMu, IO3BOJISIET
co3naBarh MHOroyHKITMOoHANIBbHBIE JIOD Ha pa3pabaTbiBaeMbIX PETUCTPUPYIONIUX Cpeax.

BHenpeHue HayYHBIX pe3yJIbTATOB. 3aNIaTCeHTOBAHHBIN MeTO] MU (PAKIIMOHHOTO aHATN3a
BEJIMYMHBI (Pa30BOro (OTOOTKIMKA (POTOUYBCTBUTEIBJIHBIX MAaTepHalioB Hallleld NMpUMEHEHHE B
HAy4HO-MCCIIEIOBATENbCKON JesTenbHocTH Jlaboparopuu marepuasioB Uisi (POTOBOJIBTAUKU H
(dhoToHuku MHCTUTYTA MPUKITATHON (HU3UKH.



ADNOTARE

Alexei MESALCHIN ,,Procese foto- si electron-induse in structuri subtiri din polimeri
carbazolici si sticle calcogenice”. Teza de doctor in stiinte fizice, Chisinidu, Republica
Moldova, 2025.

Structura tezei. Teza consta din introducere, 4 capitole, concluzii generale si recomandari,
bibliografie ce include 221 de titluri, 130 de pagini de text de baza, 104 de figuri, 9 tabele.
Rezultatele cercetarilor efectuate sunt expuse in 28 de lucrari stiintifice.

Cuvinte cheie: sticle calcogenice, azopolimer, nanostructuri, inregistrare holografica
scalard si vectoriala, eficienta de difractie, relief de suprafata.

Scopul lucrarii: studiul proceselor foto- si electron-induse care au loc Tn nanostructurile
multistrat pe baza de sticle calcogenice si in straturi subtiri pe baza de polimeri carbazolici pentru
crearea elementelor optice de difractie (EOD) multifunctionale.

Obiectivele cercetirii: Elaborarea si dezvoltarea de medii de inregistrare bazate pe
nanostructuri multistrat din sticle calcogenice si straturi subtiri de polimeri carbazolici pentru
inregistrarea EOD; studierea fenomenelor fotoinduse scalare si vectoriale in nanostructuri
multistrat din sticle calcogenice si straturi subtiri de polimeri carbazolici; studierea aplicabilitatii
fenomenelor fotoinduse scalare si vectoriale pentru Inregistrarea EOD multifunctionale.

Noutatea si originalitatea stiintifica a rezultatelor obtinute

A fost dezvoltatd tehnologia de obtinere a mediului nanostructurat multistrat pe baza de
sticle calcogenice. A fost obtinut un nou purtdtor fotopolimeric sub forma unui film subtire de
PEPC-DO. S-a demonstrat cd ambii purtdtori dezvoltati sunt medii eficiente atat pentru
inregistrarea holografica scalara, cat si pentru cea vectoriala. Se propune o metoda de masurare a
valorii de fotoreactie a materialului holografic dintr-un model de difractie structurat.

Solutionarea unei probleme stiintifice este stabilirea rolului proceselor de inregistrare
fotoindusa scalard si vectoriald a EOD multifunctionale 1n purtatori nanostructurati multistrat pe
baza de sticle calcogenice si straturi subtiri de azopolimeri PEPC-DO..

Semnificatia teoretica a lucrarii consta in elucidarea proceselor fizice de interactiune a
materialelor cu radiatiile optice si cu fascicule de electroni. Se studiazd mecanismul interactiunii
scalare si vectoriale a luminii cu materialul.

Valoarea aplicata a lucrarii. Au fost obtinute EOD pentru formarea de vortexuri optice
cu eficienta ridicata de difractie si fascicule de lumina cu o anumita structura spatiald. Metoda de
inregistrare holografica prin polarizare, in care se formeaza fascicule de lumina singulare cu sarcini
topologice diferite, face posibila crearea de EOD multifunctionale pe mediile de Inregistrare
dezvoltate.

Implementarea rezultatelor stiintifice: Metoda patentatd de analiza prin difractie a
fotoreactiei de faza a materialelor fotosensibile poate fi aplicata la toate celelalte materiale noi si
a gasit aplicare in activitatile de cercetare ale Laboratorului de Materiale pentru Fotovoltaica si
Fotonica al Institutului de Fizica Aplicata.



SUMMARY

MESALCHIN Alexei ,,Photo- and electron-stimulated processes in thin-film structures of
carbazole-containing polymers and chalcogenide glasses”. Thesis for the degree of Doctor of
Physics Sciences. Chisinau, Republic of Moldova, 2025.

Thesis contents: the thesis includes an introduction, 4 chapters, general conclusions and
recommendations, a list of references of 221 titles, 130 pages of the main text, 104 figures, 9 tables.
The results are published in 28 scientific papers.

Keywords: chalcogenide glasses, azopolymer, nanostructures, scalar and vector
holographic recording, diffraction efficiency, surface relief.

The goal of the thesis: study of the role of scalar and vector processes that arise in
multilayer nanostructures based on chalcogenide glasses and in thin films based on carbazole
polymers under the influence of photo- and electron irradiation, in the creation of multifunctional
diffractive optical elements.

The research objectives: research and development of recording media based on
nanomultilayer (NML) structures based of chalcogenide glasses (CG) and thin-film carbazole-
containing polymers (TCP) for recording DOE; study of scalar photoinduced phenomena in NMS
CS and TCH; study of vector photoinduced phenomena in NMS CS and TCH; study of the
applicability of scalar and vector photoinduced phenomena in NMS CS and TCP for recording
multifunctional DOEs.

The novelty and the scientific originality of the work. A technology for advancing a
multilayer nanostructured carrier based on CG has been developed. A new azopolymer thin film
carrier PEPC-DO has been obtained. It is shown that both developed carriers are effective media
for scalar and vector holographic recording. The manifestation of the form factor in determining
the dynamic range of photoresponse in the study of the investigated recording media has been
experimentally confirmed and a method of measuring the photoresponse value of holographic
material by using a structured diffraction pattern has been proposed.

The main scientific problem solved in the thesis consists in the establishment the role of
scalar and vector photoinduced recording processes of multifunctional DOEs on multilayer
nanostructured carriers based on CG and thin-film azopolymers PEPK-DO.

The theoretical significance of the thesis consists in clarifying the physical processes of
interaction of materials with optical and electron beam radiation. The mechanism of scalar and
vector interaction of light with material was studied.

Applicative value of the dissertation. DOEs for the formation of optical vortices with
high DE and light beams of a given spatial structure were elaborated. The method of polarization
holographic recording, in which singular light beams with different topological charges are
formed, makes it possible to create multifunctional DOEs using the recording media being
developed.

Implementation of the scientific results. The patented method of diffraction analysis of
the phase photoresponse's magnitude of photosensitive materials has found application in the
research activities of the Laboratory of Materials for Photovoltaics and Photonics of the Institute
of Applied Physics.



IlepeyeHb NPUHATBIX COKPALLIEHU A

XC - XaTbKOT€HUIHOE CTEKIIO

JOD - nudpakIMOHHBIN ONITHYECKUI JJIEMEHT;
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OMA — okTuiaMeTaKpuiar.



BBEJAEHUE

Axmyanvhocme u 3HAUUMOCHIL PACCMAMPUEAEMOU MEMDBI.

Pa3zpaboTka HOBBIX aKTUBHBIX M IACCHUBHBIX AJIEMEHTOB (POTOHMKH, SIBIAIOLICHCS HOBOM
00JIaCThIO HAYKU M TEXHUKH, IOSABUBIICHCS HA CTHIKE IBYX KJIACCHUYECKUX HAINPABIICHUI: ONTUKH
U DIJIEKTPOHHMKH, Oazupyercs Ha CO3/JaHUM M NPUMEHEHHE HOBBIX ONTHUYECKHX MaTEpUANIOB U
HOBBIX METOJOB M3TOTOBJICHUS ONTHYECKUX 3emMeHTOB [1]. Judpakmumonnas onrtuka oOs3aHa
CBOMM BO3HMKHOBEHHEM TaKUM HMHCTPyMEHTAaM, Kak Jla3ep M KOMIIBIOTEP: CO3JaHUE
T(PPaKIHOHHBIX MUKPOCTPYKTYP MOTPEOOBAIO IPUMEHEHHUS CIICIIMATIBHBIX MATEPUAIOB U HOBBIX
TEeXHOJIOTUH  (opMooOpa3oBaHusi  noBepxHOcTH.  Cpeau  OCHOBHBIX  NPEMMYILECTB
Tu(paKIMOHHBIX OoNTHYeCKuX ameMeHToB (/I0D) B cpaBHEHHH C OOBEMHBIMH ONTHYECKHUMH
AJIEMEHTaMHU SBIISIOTCS, BO-NIEPBBIX, NOCKOIBbKY JIOD TOHKHME U MJIOCKHE, BO3SMOKHOCTD ClIEIaTh
ONTUYECKHUE CUCTEMbI OoJiee KOMIAKTHBIMH, BO-BTOPHIX, B ogHOM JIOD MOXHO O0OBEIWHUTH
HECKOJIbKO 3JIEMEHTOB, BBINOJIHSIIOMINX CII0XKHbIE (YHKIMH, KOTOpPbIE YacTO HEBO3MOXKHO
BBINOJIHUTH C TOMOILBIO 00BEMHOT0 ONTHYECKOTO 3JIEMEHTA.

OnTHyeckue IEMEHTBI, BKJII0Uasi JIMH3bI, IPU3MbI U BOJHOBBIE IJIACTUHBI, MOT'YT U3MEHSTh
CBETOBOE I10JI€, IMOCTENICHHO HaKarjMBas ¢a3y 3a CYeT pacHpOCTPAHEHUS B JUIIEKTPHUUECKUX
MaTepuaiax, B KOTOPBIX 3aJaHbl WIM cHenuaibHas (opMma MOBEPXHOCTH WM paclpelesieHue
nokasaress npenomiieHus. Takue 371eMeHTs! ObUIH CO3AAHBI U 10 CUX IOP IIUPOKO UCTIONb3YIOTCS,
XOTS UX pa3Mep U BeC HE MO3BOJISIOT UCHOJIB30BATh UX B MPUOOpax, TPeOYIOIIMX OTHOCUTEIBHO
HeOospmiol  onTukK. OJHAKO  ONTHYECKUWE  YCTpoiicTBa  HeOONmpIIOTO o0beMa W
MHOTO()YHKIIMOHAJILHOCTU CTaHOBSTCA Bce 0oJjiee BOCTPEOOBAHHBIMH B CBSI3U C PACTYLIUMHU
COBPEMEHHBIMU TpPEOOBAHUAMU HAyKHM M TEXHUKH K CKOPOCTH M MOILIHOCTH OINTHYECKOM
00paboTku nHpopmarmu. boiee COBpeMEeHHBIH MOAX0 K YIPaBICHUIO (a30i, TaK Ha3bIBAEMBIN
«TeOMETPUYECKUN CIBUT (Da3b», KOTOPBINA, TOMUMO JTUHAMHUYECKON (ha3bl, BOSHUKAIOIIEH H3-3a
pPa3sHOCTH ONTHYECKUX IIyTeH, ONUCBHIBACT B3aHUMOCBSA3b MEXIy MW3MEHeHueM (as3sl U
peoOpa3oBaHuEM MOJSIPU3ALMH IPH IIPOXOKACHUH CBETA YEPE3 AaHU30TPOITHYIO Cpely. 3HaUEeHHUE
«TeOMETPUYECKOH (ha3bl», MPOMOPLUOHATIBHOE YIIIy OPUEHTALUH JIOKAIBHOM ONTHYECKOW OCH,
3aBHCHUT TOJIBKO OT TI'€OMETPHUYECKHX CBOWCTB, YTO JENAET COOTBETCTBYIOLIUE ONTHYECKHUE
KOMIIOHEHTBHI IJIOCKUMHU, (PU3NYECKH TOHKMUMU U YCTOMYMBBIMU K POU3BOACTBEHHBIM JIOITYCKaM.
Kpome TOro, cocrossHue mojspu3aliid W BOJHOBOW (POHT IepeaaBaeMOil BOJHBI MOTYT

npeoOpa3oBhIBaTbCA OJHOBpPEMEHHO. Takue yCTpoiicTBa, Ha3blBaeMble «IU(PPAKIMOHHOM

10



BOJIHOBOIl TUJIACTUHKON», O0ECIeunBalOT MHOXKECTBO YHHMKAJIbHBIX (POTOHHBIX MPUMEHEHUN U
CTaHOBATCA 3(PPEKTUBHBIM CIIOCOOOM MHUHUMH3AIUU U UHTETPAIMK ONTHYECKUX KOMIIOHEHTOB
[2]. Hecmotpss Ha Hammuue OONBIION MOTPEOHOCTH B MHOrOoQyHKIHOHaNbHBIX J[OD, T.e.
o0JIaflaloIuX M CKAISPHBIMH M BEKTOPHBIMH CBOWCTBaMHM, NpoOiieMa BbIOOpa MaTepHajoB H
COOTBETCTBYIOIIUX UM METO/IOB 3aIlIUCH, OCTAETCS] OTKPHITOM.

Xanpkorenuaable crekia mo (XC) sBISIFOTCA BaKHBIM KJIacCOM aMOpP(HBIX MaTepuasos,
WCIIONB3YEMBIX B KayecTBe peructpupyrommx cpen [3]. Ux npumeHeHne OCHOBAHO Ha UX
YyBCTBUTEIBPHOCTH K pA3JIUYHBIM BHJIAaM OOJIy4eHHUs, TMPUBOMASAIIEE K CTUMYIHPOBAHHBIM
CTPYKTYpHBIM W3MEHEHUSM B Marepuaie [4], 4To BaxkHO I OoJjiee TIIyOOKOro MOHUMAaHUs
OPUPOABI ATUX CTUMYJIMPOBAHHBIX H3MEHEHUH U CYIIECTBEHHO pACIIUPUT O00JIaCTh UX
MPUMEHEHHS B Ka4YeCTBE MHOTO(YHKIIMOHAIBHBIX ONITUYECKUX MaTepuaios [5,6].

NzBectno, uto B XC HaOMIOZAIOTCS KaK CKAISpHBIE (OTOWHIYLIHUPOBAHHEIC SIBICHUS
(¢poTomoTemuenue, dhoTtopedpakius, (dboToJIerupoBaHue), TaK " BEKTOPHBIE
(boTounmyIMpoBaHHAS AHU30TPOIIHS, dboToOMHIYITUPOBAHHAS TUPOTPOTIHS,
(hOTOMHAYIIMPOBAHHOE CBETOPACCESHUE), CBA3aHHBIE ¢ (DOTOMHIYIIMPOBAHHBIMU CTPYKTYPHBIMHU
MpeBpalieHusIMH, co3aanneM aedexToB u quddysueit aromos. C o011ei TOUYKK 3pSHHSI OCHOBHBIE
spdextsl o0myueHuss Ha XC aHANOTMYHBI M3BECTHBIM PaJUallMOHHO-MHAYLHUPOBAHHBIM
MpEeBpalICHUsIM, TPOUCXOIAIIMM KaK Ha HayallbHOM YPOBHE 3JIEKTPOHHO-IBIPOYHOTO
BO3OYXKIEHUS, TaK H JAITbHEHIIUM CTPYKTYPHBIM MPEBPALICHUSAM, BBI3BIBAIOIINM TE K€
¢bu3nuecKkue W/WIUM WIA XUMUYECKHE HW3MEHEHUs, BKIIOYas ONTHYeCKHWe (IMOTeMHEHUE |
ONTHYECKass aHWU30TPOMHS), MEXaHMUYECKHE (pa3MsAT4YeHHE) U TreoMeTpuueckue 3P EKTHI
(pacuupenue wim cxkarue). M3-3a amopdrOil cTpykTyphl XC H3y4eHHE HX CTPYKTYPHBIX
mpeBpamieHnii  TpeOdyeT  CO3/MaHus  HAHOMACIITAaOHBIX  CTPYKTYp, COBMECTHMBIX  C
HaHOPa3MEPHBIMU pazMepaMu CTPYKTypbl XC cpeaHero mopsaka.

bonemass wuccnengoBaTenbckas paboTa  OblIa  cocpenmoToueHa Ha  (HDOPMUPOBAHHH
HAHOCTPYKTYP, MOAXOASAIINX JJIs MPHIOKEHUH MUKPO/HAHOANEKTPOHUKU U (poToHuKH. CTekna
3]1eCh SIBJISIFOTCSI TEPCIIEKTHUBHBIM MAaTEpUAIIOM [0 JIBYM MpUYMHAM. Bo-TIEpBBIX, KOHTPOJb
HAHOCTPYKTYP MOT ObI IaTh HH()OPMAIIHIO O CTEKJIOBHIHOM CTPYKType. Bo-BTOpHIX, B OTINYHE OT
KPUCTAJIMYECKUX MAaTepuajoB, B KOTOPbIX MOXXHO CO3/aThb aTOMHO-KOHTPOJIMPYEMbIE

MOBEPXHOCTH, aMOpdHas CTPYKTypa HeyIops10ueHa Ha aTOMHOM ypoBHE. AMOp(dHast CTpyKTypa
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HE SIBJISIETCSA HU NEPUOIUYECKON, KaK B KPUCTaJlIe, HU COBEPLUICHHO CIy4aiiHOM, KaK B UA€abHOM
raze. B XC cymniecTByer Ba TUIA yIOPSAOUYCHUS:

1. 6mwxHuil mopsnok ¢ Macmradamu <0,5 HM (Tpu mapamerpa: KOOPAUHAIIMOHHOE YUCIIO
aTOMOB Z, JUITMHA CBSI3H ' M BAJICHTHBINA yrou 0);

2. cpegnuii mopsamok ¢ macmrabamu 0,5-3 HM (2D-7mMCTBI, coXpaHSIOMIME OIMKHHI
MOPSIIOK, CBsI3aHHBIC cuilamMu Ban-nep-Baanbca).

HecmoTps Ha npu3HaHuE KOHLENIMH CPEIHErO NOPSAIKa, MHOTME HEPELIEHHBIE BOIIPOCHL,
Kacaloluecss CTPYKTYpbl CTEKJIa M OCOOEHHO BIHUSHHMS CTPYKTyphl Ha MaKpPOCKOIHMYECKHE
CBOWCTBA, BCE €I1I€ OCTAIOTCH.

MHoOrocnoiHple CTPYKTYpbl MPEICTaBISAIOT CO00H HCKYCCTBEHHBbIE HAHOCTPYKTYPBHI,
KOTOpbIE€ HW3rOTABJIMBAIOTCA C KOHTPOJUPYEMBIMM T'€OMETPUUECKMMU IapaMeTpamMu U
UCCIIEIYIOTCS B BHJI€ TOHKHX IIEHOK. OTO BaXHO, IOCKOJBKY HM3MEHEHHMS ONTHYECKUX
napaMmeTpoB (CHHUHM CIBUT Kpas (yHIAMEHTAJIbHOTO IOTJIONIEHUSI, KBAHTOBBIE COCTOSIHUS U
JIFOMUHECIIEHITNS ), @ TAKXKE MPOBOAUMOCTH M TEMIIEPATYPHhI TJIaBICHUS (CTAOMIBHOCTH ) SIBIISTFOTCS
XapakTepHbIMU U OOBIYHO HM3YYalOTCSI B HAHOCTPYKTypax. M3BeCTHO HECKOJBKO MOJIXOAO0B K
pacupenuio uccnenoBanuii cnoeB XC B CTOPOHY HAHOCTPYKTYP, OCOOCHHO B HAHOCIOMCTBIX
MHOTOCJIOMHBIX CTPYKTypax, HO pobiieMa 3aBUCUMOCTH (OTOCTPYKTYPHBIX MTPe0Opa3oBaHUN OT
HCKYCCTBEHHOTO HAHOCTPYKTYPHpPOBAaHHUS BCe eIlle ocTaeTcs akrtyanbHoW. Kpome Toro,
HaHoCTpyKTypupoBanue XC TpeOyroT XuMHuUecKo oOpaboTku aist GopMupoBaHus penbeda
MOBEPXHOCTU M HE MOTYT OBITh U3TOTOBJICHBI ITyTEM OJJTHOCTAAUHHON MPSIMOM JTa3epHON 3aIUCH.

B nensx ganpHeiIero yay4lieHrs ONTHYECKUX XapaKTepUCTHK JaHHas paboTa HallpaBiieHa
Ha pa3paboTKy HaHOCTPYKTYp u3 XC, couerasi, TaKUM 00pa3oM, IPEUMYIIECTBA Pa3INYHBIX BUI0B
XC u HaHOCTPYKTYpHBbIE CBOMCTBaIuIeHKU. KpoMe Toro, HaHOocTpyKTyprpoBaHue XC mo3BoiseT
HCIOJIb30BaTh HE TOJBKO ONTHYECKUE, HO W HUX MOJISIPU3ALMOHHBIE CBOMCTBA, CO3/IaHHBIE
HCKYCCTBEHHBIM CTPYKTYpUPOBAaHHEM. DTO BaXHO AJisi rosorpadpuyeckoro npumeHenus XC,
MMOCKOJIBKY OHO TPOJBHIaeT CKAISAPHYIO Tojiorpaduio B MOJSIpU3alMOHHYIO o0jacte. B XC
HAHOCTPYKTYpax HAaUMEHbUIMH 00bEeM, KOTOPHIM MOXXHO MaHUIYJIHpPOBATh, MOXET OBITH
JOCTUTHYTa HE Ha aTOMHOM, 2 HA HAHOYPOBHE.

Hpyroii kiacc wmaTepuangoB, IIMPOKO HCHOIb3YeMbIM mia peructpauun J1OD, 310
CBETOUYYBCTBHUTENbHbIE TOMUMEPbl. OCHOBHAS CTPYKTYpa MOJIMMEpa COCTOUT U3 OCHOBHOM LIEeNH U

OOKOBBIX Tpymil. ATOMBI, KOTOPBIC KOBAJICHTHO CBA3aHBI U MPOCTHUPAKOTCA OT OJHOI'0 KOHIIA
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moJiuMepa K JApPYyromMy, COCTaBIISIIOT OCHOBHYIO IIeMb MMoJMMepa (KOTopasi 4acTOCOCTOMT U3
yriiepo/ia u Ipyrux aroMoB, Takux kak N, O uwnm Si). Bce ocTtanbHbIE aTOMBI SIBIISIFOTCSI 9aCThIO
6okoBbIxX Tpymm (H — camslit mpocTtoit u3 Hux, MetuwibHble (CH3), ciuproBsie (OH) rpymmsl, uTo
MPUBOAUT K IMIMPOKOMY Pa3HOOOPA3UIO MOJIMMEPOB).

[TonuMepsl OOBIYHO SABIAIOTCS IUTACTUYHBIMU MaTepuajaMHU U, CJIeJ0BaTebHO, MOTYT
OTHOCHUTENIbHO JIETKO JI€MOHCTPUPOBaTh (POTOMHAYLUMPOBAHHBIE CMEIICHUS aTOMOB U
COOTBETCTBYIOIME U3MEHEHUSI CBOWCTB. OCHOBHOM MPOIIECC OYEHD IOXO0XK HA TO, YTO MPOUCXOAUT
B XC: npu GoTOMHAYIIUPOBAHHOM BO30YXKICHHUH 3apsj nepepacmpesensercs. B pesynbrare B
CTPYKType BO3HUKAET HOBas MOJSpU3AIlMs, KOTOpas 3aTeM BbI3bIBACT Clielu(UUYECKUe aTOMHbIE
WIN MOJEKYJspHble cMmelieHus. OHO MOXKET HadaTbCsa € pa3pbiBa (OTOAIEKTPOHHOU CBSA3H U
MIOCJIEYIOLLEH TOJIMMEPU3ALIUN.

Cpemu doronomumepon monu(N-Bunmwikap6aszon) (IIBK) cramn mpeagmeTroM MHTEHCHUBHBIX
uccneaoBanuii B mociennue 50 JIET ¢ MOMEHTa OTKPBITHS €ro (OTOMPOBOIUMOCTH. bbuTo
yctaHoBieHo, uto [IBK, cencnOunm3npoBaHHbIN MOAXOASIIMME aKIIENITOPAMHU JJICKTPOHOB (T.€.
2,4, 7-rpuautpodayopeHonoM, TNF),  mokaspiBaeT  JOCTaTOYHO  BBICOKUH  YPOBEHb
($OTONPOBOAMMOCTH, YTOOBI €r0 MOXHO OBLIO HCIIONB30BATh B MPAKTHUYECKUX MPUITOKEHUSX.
Kap6azonconepxkammue mnomumepsl (KII) BbI3Bamn mupokuit uHTEpec Omaromaps UX
MOTEHIIMAJbHOMY NPHUMEHEHUI0O B TaKMX OOJACTSIX, KaK ONTHYECKOE XPaHEHHWE NaHHBIX U
obpaboTtka uHpopmaruu. B mocnexnee necstunerue mpodieMe rojorpaduyeckoil 3amucu B
MoJINMEpax yYAENsIoch 0co00e BHUMAHHUE, TJaBHBIM O0pa3oM ISl 3alIUThl JOKYMEHTOB OT
(danscudukanuy UM MOAIENKH, U peibedorpadguiaeckue METOIbl OKa3aaruCh OJHUM U3 PEIICHUMA
ATOM MPOOIIEMBL.

JlerupoBannbie ()OTOTYBCTBUTEIHHBIC TOIUMEPHI SBISIOTCS MOAXOISIIIME 110 CBOMCTBAM,
MOCKOJIbKY MX MOKHO aJalTHPOBATh C IOMOIIBI0 XUMUYECKOM TEXHOJOTHH IS OMITUMAaIbLHOTO
COOTBETCTBHUSl NPAKTHUYECKUM IOTPEOHOCTSIM 3a CUET MAaccColepeHoca IMOJIMMEpPHBIX Ieneil,
KOTOPBIN HAOIIOACTCS B BUJIE CTPYKTYPhI TOBEPXHOCTHOM pebe(HON PEIIeTKH.

CymectByer MHOro obmero B ¢GoTocTpykTypHOM moBeneHun XC U (OTOMOIMMEPOB.
Hanpumep, B o0enx cucreMax HWHAYIUPOBAHHBIE H3MEHEHHS HCYE3aIOT IMPH TeMIepaTypax
crekyoBaHusd. @OTOMHIYIUPOBAHHOE IBOMHOE JIydenpenomieHue BosHukaeT B XC u moinumepax
P OCBEIICHUH MO PU30BAHHBIM M HETIOJIIPU30BAaHHBIM CBETOM, @ TAK)KE 3aMETHbIE H3MEHECHUS

OG’bGMa, AHU30TPOITHBIC I[G(bOpMaI_[I/II/I, TCKYUYCCTb U MCXaHUYCCKHUC NBUKCHUS.
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Hpyrum acriektom, oobenuustonum XC u nerupoBanubie K11, ssBiseTcst 4yBCTBUTEILHOCTh
KaKk K Ja3epHOMYy, TaKk U K DJIEKTPOHHOMY BO3JIEHCTBHUIO, a TaKXke CIIOCOOHOCTH MPSMOM
nedopMaIui MOBEPXHOCTH MO IEHCTBUEM ITUX U3ITYICHUN.

I'nasnoii yenvro pabomwl SBISICTCS BBISBICHHE CKAJISPHBIX W BEKTOPHBIX IPOILIECCOB,
BO3HUKAIOIIMX B MHOTOCIIOMHBIX HAHOCTPYKTypax Ha OCHOBE XaJbKOT€HHUIHBIX CTEKOJI U B
TOHKUX IIJICHKaX Ha OCHOBE KapOa30JbHBIX MOJIMMEPOB MOJ BO3ACUCTBUEM HW3ITyYeHUs, IS
CO3/1aHUS. MHOTO(YHKITUOHATBHBIX TU(DPAKIIMOHHBIX ONTHYECKUX DJIEMEHTOB.

Hayuno-uccnedosamenvckue 3a0auu. {1 10CTHKEHNS ITOCTABJICHHOM LI€TH, CIEAYIOLINE
Hay4HbI€ 3a/1a4H JIOJKHBI OBITh PEILICHBI:

1. Pa3paboTka u co3gaHue HOCHUTENEH 3amvMcu Ha OCHOBe HaHoMHorociouHbx (HMC)
CTPYKTYyp U3 XalbKOreHHAHbIX CcTekol (XC) W TOHKOIUIEHOYHBIX Kap0a30JcoaepKamimx
nonmmepoB (TKII) nns 3anucu J10D;

2. UccnenoBanue ckasspHbIX GpotonHayupoBanHbix sBiaeHuii B HMC XC u TKII;

3. UccnenoBanue BekTopHBIX (horomuaynmupoBanubix seineanii B HMC XC u TKII,

4. HccrnenoBaHue MPUMEHUMMOCTH CKAISPHBIX W BEKTOPHBIX (HOTOMHAYIHMPOBAHHBIX
apnernii B HMC XC u TKII mist peructpanuu MHOroyHKIIMOHAIBHBIX JJOD.

Memoowt uccneoosanus.

Teopetnueckas yacTh JAuccepTalu ObUla oONMCaHa B pe3yjbTaTe HCCIeIOBaHUS
CHEIMAM3UPOBAHHON JIMTEpaTyphl W3 HAy4YHBIX OHOMMOTEK MONIOBBL, a TakKe HayYHBIX
KypHaioB «onliney.

Jlnia noctrxkeHus 1eneit paboThl ObLUTH UCTIOIB30BaHbI CIIEIYIONINE METOIUKH:

= ][4 nosy4deHust TOHKUX MIeHOK XC U MHOTOCIIOMHBIX HAHOCTPYKTYp U3 XC mpuMEeHsICs
METOJl TEPMHUYECKOTO HAaIbUICHUS B BaKyyMe, KOTOpBI OBbUI KOMIIBIOTEPU3UPOBAH W
MOAU(HUIIMPOBAH ISl OJHOBPEMEHHOTO HAMBUICHUS Pa3HBIX MaTEPHATIOB U3 IBYX HCIIAPUTEINCH.

= Jlnsa nonydeHust GOTOUYBCTBUTEIBHBIX OJMMEPOB OBLIM CHauaa MOJIy4YeHbl OJTUTOMEPHI
B pe3yJibTaTe MOJIMMEPU3aLUNU MOHOMEPOB HCXOJHBIX MATEPHATIOB, K KOTOPHIM ObUIM XUMHYECKH
MPUCOSAMHEHBI ()OTOUYBCTBUTEIHHBIC A30KPACUTEIIH.

= Jlng ucciaenoBaHUS TOHKUX IJICHOK IMOTYYaeMbIX MAaTEPUAIOB MPUMEHSUTUCH METOIbI
MHTEeP(HEPEHIIMOHHON MHUKpOCKOmHH  (KoMIbioTepusupoBanHbii  MUM-4), ontuyeckod u

PamaHOBCKO# CIEKTPOCKONNH, BU3YAITbHOH («imaging») 3JUTUIICOMETPUH.
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= Jlns 3amucu MHOroQyHKIMOHATBHBIX JIOD NpUMEHSUIMCh METOABl CKaJsIpHOW U
BEKTOPHOM ToJiorpaduuecKon 3amucH.

Hayunaa mnoeusna u opucunanvHocms pesynvmamos. Pa3zpaboTaHa TEXHOIOTHSA
IIOJIyYE€HHUSI MHOTOCJIOMHOIO HaHOCTPYKTypHpoBaHHOro Hocutenst Ha ocHoBe XC. [lomyden
HOBBIN  (poTomosmmMepHbIii  ToHKOIIeHOUHbIH Hocutens [IDIIK-JI0. Tlokazano, uyto o06a
pa3paboTaHHBIX HOCUTENS SBISAIOTCA S()(PEKTUBHBIMU CpelamMH, Kak IJis CKaJlsIpHOW, Tak M
BEKTOpPHOM rojorpadudeckoit 3anucu. IlpeanosxkeH MeTon U3MepeHus BEIHMYUHBI (DOTOOTKIIMKA
rojorpadguueckoro Marepuana rno CTpyKTypUpOBaHHON TU(PAKIIMOHHON KapTHHE.

OcHnoenasa nayunas 3aoaua, peuieHHas 8 ouccepmauuu, 3aKa04aemcsa ¢ yCTaHOBICHUN
poNM  CKANSIpHBIX M BEKTOPHBIX  (OTOMHAYLMPOBAHHBIX  MPOLIECCOB B  3aMUCH
MHOTOGYHKITMOHATBHBIX J[OD Ha MHOTOCIONHBIX HAHOCTPYKTYPHPOBAHHBIX HOCHTEISX Ha
ocHoBe XC u TOHKOIUIEHOUYHBIX azononumepax [1ITIK-/10.

Teopemuueckaa 3nauumocms U NPUKIAOHAA WEHHOCMb Ouccepmayuu. ViccnenoBaH
MEXaHHU3M CKaJspPHOTO U BEKTOPHOTO B3aMMOJCHCTBHUS cBeTa ¢ MarepuanoMm. [lokazaHo, yTo
METOJ MOJIAPU3ALMOHHON ToJIorpaduyecKoil 3aicH, IpU KOTOPOM (OPMHUPYIOTCS CUHTYJISIPHbIE
CBETOBBIC MyYKH (ONTHYECKHUE BUXPH) C PA3THYHBIMHU TOTIOJOTUYCCKUMU 3apsiiaMU, MO3BOJISIET
co3naBaTh MHOTO(yHKIIMOHANBHBIE []OD Ha pazpabaThiBaeMbIX PETHCTPUPYIONTUX cperax. ITo
OTKpBIBACT HOBBIE MEPCIEKTUBBI I Pa3pabOTKH W/MIM ONTHUMH3ALUU IIHPOKOrO CIEKTpa
npakTuuecknx npuioxkernit JIOD W3 JaHHBIX MaTepUaIoB B ONTOSJIEKTPOHUKE M (DOTOHHKE
(mudpakuroHHas ONTHKA, MEAWIIMHA, 3alUTHBIE TEXHOJOTHUHU, TOJOTpaPUUEeCKHe METObI
Hepa3pylIIalIIero KOHTPOJIs, H300pa3uTenbHas rojgorpadus u T. 1.).

Hayunbsie pesynomamal, npeocmasneHnbvle HA 3AULUNLY:

1. PazpaGoTran MeTOA KOMITBIOTEPHO-YIPABISIEMOr0 IOCIEA0BATEIFHOTO TEPMUYECKOTO
HCIIApEHHUS B BAKyyMe JUIsl CO3/1aHUs HOCUTENEH 3aIIMCH Ha OCHOBE HAHOMHOT' OCJIONHBIX CTPYKTYP
U3 XaJbKOT€HHUJIHBIX CTEKOJ B OJHOM TEXHOJOTMYECKOM IIMKJIE C BO3MOXHOCTHIO BapHallH
TOJILIUHBI KaXXKJIOTO MOHOCIJOSl B TpeJesiax HECKOJbKUX HAHOMETPOB. TEeXHOJIOTHS MO3BOJSET
HAaHOCUTHh TOHKHE IUICHKHM C HAaHOMETPOBOWM ToimuHONW MoHocnos oT 0,005 MM mo oOmieit
TOJIIIIUHBI 00pa3iia MHOTOCTIOWHON HAHOCTPYKTYPHI ~3,0 — 4,0 MKM.

2. CuHTE3upOBaH Psi HOBBIX KapOazoi-comepxkamux coeauHenui (I[1DT1K, T-TIDTIK, T-
II211IK:I'b) Ha ocHoBe N-snmokcunponuiakap6azona (DIIK), B koTopble sl TOBBIIMICHHS

qyBCTBUTEIBHOCTH ObUH 00OaBieHsl iogodopm (1o 10 macc.%) u aucnepc-oparkensiii (10 50
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Mmacc.%). Jng TmoiydeHHs TOHKMX IUIGHOK ONTHYECKOTO KadyecTBa M3 HCCIETYEeMbIX
¢doTononuMepoB ObUTM Pa3pabOTaHbl TEXHOJOTUYECKHE KapThl IMOJIMBA TOHKUX IUIEHOK U3
pactBopoB Ha ycraHoBke SCS Spincoat G3P-8.

3. Iloka3zaHo, 4TO MpH CKAJSIPHOH romorpaduyeckoit 3anucu B TOHKUX mieHkax XC, P
SBIIAIOTCS  aMIUIUTYJHBIMH, OOYCJIOBJIEHHBIMH  (DOTOMHIYLIMPOBAHHBIMU  H3MEHEHUSIMU
Kod(uImenTa MorJIoNmeHUs U CKAISIPHOTO TOKa3aTess MpeioMyieHus: B o0beMe Marepuaina. B
TOHKHX TUIEHKaX MCCIETYyEeMBIX (POTOMONIUMEPOB CKaIIpHast rojorpadudeckas 3amuch NPUBOIAUT
K 00pa3oBaHuIO aMIIUTYAHBIX JIP B oObeMe monuMmepHO# ruieHkd. [l momyudeHus penbeda
HE00X0IUMO JTOTIOJHUTEIBHOE TPaBIICHUE.

4. Tloka3zaHo, 4TO KaK IIPU pacTPOBOM, TaK U MpH rpapuueckoM 00TyUYEeHUHN FIEKTPOHHBIM
aydyoM MHC XC-Se 1 TOHKHX IUIEHOK (POTOIOIUMEPOB, 00pa3yloTcsi aMILIUTy JHO-(a3oBbIie [P,
00ycJOBJIeHHbIE 00pa30BaHUEM 3JIEKTPOHHO-IBIPOYHBIX Tap B o00beMe 00pa3loB H
“BCITyYWBaHUsA’, T.€. M3MEHEHHsI OO0beMa MaTepualia 3a CUYeT OOJBIIONW SHEPTUH U TIIYOWHBI
MIPOHUKHOBEHUS JIEKTPOHHOT'O 00TyUeHUSI.

5. Ilpeanoxen crnoco® U3MepeHHs BEIMUYMNHBI (POTOOTKIIMKA TOJIOTpapUUECKOro MaTeprasa
[0 CTPYKTYPHPOBAHHOW AM(PPAKIMOHHONW KapTuHE. I TaycCOBBIX T'OJOrpPaMM MaKCHMAJIbHO
noctuxumas /19 orpannunBaercs 3 dextom popmakTopa, KOTOPHIN IPUCYI KaK TOHKUM, TaK U
TOJICTBIM pEIIETKaM.

6. Iloka3aHo, 4YTO, KaK aHAJOrOBble, TaK W LU(PPOBBIE METOJIbl MOJSPU3ALNOHHOM
rojiorpauuecKoil 3anucu, (GOpMUPYIOIINE CUHTYIISAPHBIE CBETOBbIC MMYUYKH (ONTHYECKUE BUXPH)
C pa3IUYHBIMU TOIMOJIOTUYECKUMU 3apsiiaMy, TO3BOJSIOT CO3/1aBaThb MHOTO(YHKIMOHAJIbHBIE
J1OD Ha pa3zpabaThIBa€MbIX PETUCTPUPYIOIINX CPEaax.

Anpobayus nayunvix pesynomamos: Pe3ynbTaThl HCCIe0BaHUs ObLIM MPEACTABICHBI Ha
Hay4YHBIX ceMHuHapax MWHcTuTryTa npukinaaHoi ¢usuku MongaBckoro ['ocynapcTBEHHOTO
VYHuBepcurera, a Takke Ha CIEAYIOIUX KOHPEepEeHIUAX:

6th International Conference on Nanotechnologies and Biomedical Engineering, September
20-23, 2023, Chisinau, Moldova; 14th International Conference on Physics of Advanced
Materials, September 8§ — 15, 2022, Dubrovnik, Croatia; Sth International Conference on
Nanomaterials Science and Mechanical Engineering, July 5-8, 2022, University of Aveiro,
Portugal; 11th International Advances in Applied Physics &. Materials Science Congress, 17-23

October 2021, Mugla, Turkey; 5th International Conference on Nanotechnologies and Biomedical
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Engineering, 3—5 November, 2021, Chisinau, Moldova; XVII MmexxnyHapoaHas KoHGEPEHITUS 110
rojiorpaduy ¥ MPUKJIAHBIM ONTHYECKUM TexHoJoTusM, 8—9 centsops 2020, Mocksa, Poccus;
Oth International Conference on Materials Science and Condensed Matter Physics, Ed. 9, 25-28
septembrie 2018, Chisinau, Moldova; 9th International Conference "Advanced Topics in
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1. ®OTOCTUMYJUPOBAHHBIE TITPOHECCbBI B XAJIBKOI'EHUJIHBIX
CTEKJIOOBPA3HbBIX IIOJYINPOBOJHUKOBBIX HAHOCTPYKTYPAX H
TOHKUX IINIEHKAX U3 KAPBA3OJI-COAEPXAIIUX TOJIUMEPOB.

1.1 XaabpKkoreHuJaHble CTEKJI000Pa3HbIe MOJYNPOBOAHMKOBbICE HAHOCTPYKTYPbl U TOHKHE

IUVIEHKHM HAa OCHOBE CBETOYYBCTBUTEJIbHBIX Kap0a3o/-cofepKalux IOJHMEPOB M HX

NpuMeHeHHs B KauecTBe QYHKIMOHATBbHBIX TU(GPAKIMOHHBIX CTPYKTYP.

Marepuan, HWCHONB3YEeMBIH JUISI PETUCTPAlMU AUPPAKIHOHHBIX CTPYKTYp, TOJIKECH
pearupoBaTh Ha BHEIIHEE BO3ACHCTBUE (CBET, AMEKTPOHHBIA JIyd U Ap.) U3MEHEHHUEM CBOUX
onThyYecKkux cBoicTB. Tak, Hampumep, MoOKa3aTellb MOIJIOMICHUS M3MEHSETCSI B aMIIUTYIHO-
MOJYJMPYIOIIMX MaTepuajaX B pe3ysbTaTeé OCBEIICHHS, B TO BpeMs Kak B (a3oBo-
MOJIYJIMPYIOIIMX MaTepuaiax H3MEHSIOTCS TOJIIWHA WJIW/M TIOKa3aTellb MPEIOMIICHUS IO
BHEITHUM BoO3JciicTBrueM. Ha mpakTuke, HOCHTENh 3alHCH MOXXHO paccMaTpuBaTh Kak
KOMOMHAIIMIO 3TUX JIBYX TUIIOB MaT€pHAaJIOB.

K XC oTHOCcsTCA MaTepuaibl, B COCTaB KOTOPBIX BXOIAT XaJIbKOTeHUIbl VI-0il rpymibl
MEePHONYECKON crcTeMbl deMeHTOB: S, Se, Te B komOuHaiuu ¢ snemeHtamu [V-oit u V-oii
rpynn. OTH CTEKJa, MPEACTABUTENSIMU KOTOPBIX SIBISIOTCS CYIb(UI, CENECHUI U TEILTypUI
MbIIbsKa (As2S3, AsaSes, AsyTes), o6magaroT cBOHCTBaMH MOTYPOBOIHUKOBH TUIICKTPUKOB.

OC0OEHHOCTBIO CTEKJI000PAa3HOTO COCTOSHUS SIBIISIETCS COXpaHEHUE OJMKHETO mopsiaka (B
npenenax 0,3 — 0,5 HM jokanpHas aTOMHasi CTPYKTypa B KpHUCTallax M aMOp(HBIX cpenax
onuHakoBa). Jlnms aMOpdHBIX TBEpAbIX TEN C MPEUMYIIECTBEHHO KOBAJECHTHBIMU CBSI3SIMU
ONMMKHUI TOPSAIOK OMMCHIBAETCS JIOKAJIBbHBIMU KOOPJAWHAIIMOHHBIMH MHOTOTpaHHUKaMH,
Hanmpumep, NMUpaMUAaIbHbIE CTPYKTYypHbIE eauHuIlbl AsS3 B As2S3. B Takom omnpeneneHuun
ONMKHETO MOpPsIKa OTCYTCTBYET JeTalbHas nHpopMals 00 0COOCHHOCTSAX CBSI3bIBAHHS TaKUX
JOKAJIBHBIX CTPYKTYpPHBIX €OUHUIL. Bo MHOTMX aMop(HBIX Marepuaiax Hu, OCOOCHHO B
XaJIbKOTEHU/IHBIX CTEKJaX, MOpSAJOK COXPaHAETCd W Ha pAacCTOSHUSAX, OOJbLIMX, YeM
XapakTepusytomye 6mmkHui nopsaok. Ha ocHOBe 3Toro ObLT onpeziesieH HOBBINA TUIT MOPsIIKA —
CpeIHUI MOPSIOK, YYUTHIBAIOIINN OCOOCHHOCTH CBSI3BIBAHHSI OCHOBHBIX CTPYKTYPHBIX €IMHHII.
OO0nacTh cylIecTBOBaHUSI CpeAHEro mopsaka monaraercs B mpeaenax 0,5 — 5 mm. Cpennuit
MOPSAZIOK OIPEAETSETCS] TUIIOM CBSA3BbIBAHUSA CTPYKTYPHBIX €IUHMII, @ TAaKXKE€ UX OTHOCHUTEIbHOM
opueHTanue. s HEyNmoOpsAJOUEHHBIX Cpell XapaKTepHO OTCYTCTBUE JalbHEro IMOpsiKa

(TpaHCISALMOHHON CUMMETPHH).
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OtkpeiTeie  Oonee 70 mer wazang b.T. Komomumittem wu H.A. ToproHOBOM,
MOJYyIPOBOJAHUKOBBIE cBOMcTBA XC cTamyM NpeaMEeTOM HAy4YHBIX HCCIEIOBAHMI BO MHOTHX
nabopatopusx mupa. CocraB XC MoXKeT ObITh BBIOpaH JUIsl afanTalii ONTHYECKUX U (PU3HKO-
XMMHAYECKHX CBOWCTB, TaKMX KakK KOI((UIMEHT NPONmycKaHUs, KO3()(UIMEHT OTpakeHus,
ONTUYECKas 3allpellleHHasi 30Ha, M0Ka3aTeab MPeIOMIICHHs, XUMUYeCKasi CTOMKOCTb U T. J. AJs
KOHKpeTHoro mnpumeHeHus. Kpome toro, XC Moryt ObITh JIErMpOBaHbl JTOMOJHUTEIbHBIMU
JNeMeHTaMu (Hampumep, MeTaiamu, TakumMu kKak Ag, Cu, Zn uIU penKo3eMelbHBIMH
ajeMeHTaMu, TakuMu kKak Nd, Yb um T. 1), 4ToObl oOOecIeYyuTh HOBBIC CBOWCTBA M
MHOTO(YHKIIMOHATBHOCTb.

OnHako OOJBITMHCTBO MCCIIEIOBAHUI TIPOBEICHO C MJIEHKaMH TONIMUHON 60see 0,5—1 MKM.
UccnenoBanmne doTtonoTreMHeHus B HaHOpa3MepHbIX XC a0 MPOTUBOPEUYUBBIC PE3yIbTATHI.
Xasmu w Munyucu [7] HaOmomanmu WCYE3HOBEHHE (OTOMOTEMHEHUS MpPH KOMHATHOMN
TeMIiepaType, Korjaa TOJNIHUHA TIeHKH As>Se; Obuta menee S0 HM. B To xe Bpems Oryuu u nip.
HaOmoganu (GOTOMHIYIIMPOBAHHBIC W3MEHEHHUs IMPO3PAYHOCTH HaHOpa3MepHBIX (65-200 HM)
mwieHok As2S3 npu ~80 K [8]. Hakonen, MnayTHbiil u LllenensBplil nokasanu, 4To Ja)Xe O4YEHb
tonkue (0,7-2,5 HM) mueHku As>S3, BHEApeHHbIe B mpo3pauHbie ciou SiO, ob6magaroT
cymecTtBeHHbIM (poTtonoTemuenueM mpu 80 K [9].

MmHorocioiiHasg cucreMa Ha ocHOBe XC dABIIsIeTCS HAa CErONHSIIHWI OeHb HauOoliee
M3y4aeMOl HAHOCTPYKTYpOH ¢ (yHIAMEHTalIbHOM M TEXHOJOTMYECKOW TOUKM 3peHus. s
M3TOTOBJEHUS! TOHKUX IJIEHOK XC MPUMEHSIOT pa3IMYHbIE METOJbl OCAXKICHHS: BAaKyyMHOE
TEPMHUYECKOE HAIbUICHHE, XUMUYECKOE OCaXJACHHE W3 MapoBoil (a3bl, IeHTpUyTUupoBaHUE U
HMITYJIbCHOE Jla3epHoe ocaxaeHue. B pabore [10] aBTOphl mMOKa3zaiud, 4TO HAHOCTPYKTYPHI
XOPOIIIETO Ka4eCTBA MOT'YT OBITh MOJyYEeHbI METOIAMU TEPMUYECKOT0 UCIIAPEHUS U UMITYJTECHOTO
JIa3€PHOT0 OCAKICHUS.

[lensto paboter [11] ObUTO GopMHpOBaAHHWE C TOMOIIBIO JIA3€PHOTO OOJyYEHUS U
AJICKTPOHHOTO MyYKa TMOBEPXHOCTHOTO PUCYHKA Ha MHOTOCIOWHBIX HaHOCTpYKTypax (MHC) na
OCHOBE aMOP(HBIX XaIbKOTEHUIOB, cocTOSAMUX U3 ~100 OrcIoeB MaTepralioB, pa3IHYAIOIIUXCS
M0 XUMHYECKOMY cocTaBy. Jljis CpaBHEHHUs CBOWMCTB ObUIH BBIOpaHBI CTPYKTYPBI OJHOTO
XHUMHUYECKOro coctana (AsS/Se), moyuyeHHbIE pa3HBIMH METOJaMH, U CTPYKTYPBI pa3HOT'0 COCTaBa
(AsS/Se vs. GeS/GeSe), U3rOTOBICHHBIE TOJIHKO UMITYJIBCHBIM JIA3€PHBIM OCaKIeHHEM. Br1Oop

HaHOCJIOeB Ha ocHOBe AsS/Se 00ycliOBIIEH XOpOLIO ONUCAHHBIMH CBOWCTBAMM OTIEIBHBIX
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koMrmoHeHToB. C nipyroit croponbl, HaHocnou GeS/GeSe OpuTH BRIOpaHbI M3-32 UX HETOKCUYHOCTH
u Oojee BBICOKHMX TEMIIEpaTyp CTEKJIOBaHHWS, YTO BaXXHO C TOYKHM 3PEHHS] MX MPAKTUYECKOIO
npuMeHenns. Hanbonee spdexTrBHOE POpMHPOBAHUE TEOMETPUUYECKOTO penbeda ¢ rIIyOnHOM
npodmiis 10 HECKOJIbKMX COTEH HAHOMETPOB U CYOMHKPOHHBIM IPOCTPAHCTBEHHBIM
paspenieHueM OBLTO OCYIIECTBICHO HAa HAHOCIOWHBIX IUIeHKaxX Se/As»S3 3a cuer, Kak
MPENOoJIaraloT aBTOPbI, BBIHYKIECHHOW B3auMHON nud@dy3un npu OOIy4eHUH OTHOCHTEIHHO
HU3KOAHEPTeTHUECKUMH (POTOHAMH.

UroObl cBsI3aTh M3MEHEHUS TOJIIMHBI HAHOCIOEB C M3MEHEHUSMH ONTHYECKUX CBOMCTB
MHC (moxa3arens mpenomyieHHss W Kod(D@UuImeHTa MpOMmyCcKaHus), CHEKTPhI MPOITYCKAHHS
U3MEpSUINCH In-situ BO BpeMsl MX 3acBETKH. [IpuMepbl TakuxX CHEKTPOB O U IOCIE OCBEIICHUS
npuBeneHsl Ha puc. 1.1. Bpemst ocBemenus 10 JOCTHXKEHUs HachIeHus it oopasuos GeS/GeSe
u AsS/Se cocraisno 3600 u 400 ¢ coorBercTBenHo. Ha puc. 1.1 oTuernuBo HabI0AaeTCs CIBUT
MOJIOXKEHUS Kpasl TIOTJIOIIEHHS B CTOPOHY 0oJiee KOPOTKUX BOJIH, a TAKXKE U3MEHEHUS aMIUIUTY
MHTEP(PEPEHITMOHHBIX M10JIOC, 00YCIOBIEHHBIE H3MEHEHUEM 3HAUECHUI MTOKAa3aTels MPEIOMIICHHUS
n (ymensiienue ~4% B cnyuyae GeS/GeSe, yBenuuenue Ha ~8% B cirydae HaHOCIIOeB AsS/Se) u3-
3a TMepeMEeLINBaHUs CIIOE€B, MHIYLIMPOBAHHOIO CBETOBBIM OCBELICHHEM. 3HAYCHMS ONTHYECKOM
3amnpelIeHHON 30Hbl UMEIOT T€ K€ 3HaueHUs (B Mpejaesiax dKCIMEePUMEHTAIbHON OIMMUOKN), 9TO U
st HaHomHorocnoeB AsS/Se, a s GeS/GeSe aBrops! HabmogaMM yBenmuueHnue Ha 0,14 5B mpu

OCBCIICHUH.
80
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Puc. 1.1 Cnexkrpsl nponyckanuss MHC, nmosy4eHHO#l UMIYJILCHBIM JIa3€PHBIM
HanblJIEHHEM 10 U NocJjie 3acBeTKHu: 1 - AsS/Se 10 3acBeTKH, 2 - AsS/Se nmocJie 3aCBeTKH;
3 - GeS/GeSe 10 3acBeTKH, 4 - GeS/GeSe nocie 3acBeTku. J[JIMHA BOJHBI 3ACBETKHU
yKa3aHa Ha pucyHke [11].
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C yMeHbIIEHHEM TOJIIMHBI CIIOSI MHOTOCJOWHAs CTPYKTypa HMeEeT TEHIEHIUI0 K
MOSIBJICHUIO «CUHET0» CMEIIEHUS KPaeB ONTUYECKOTO MOIJIOMIEHUs (MK onTudeckoi menu Eg),
YTO YaCTO MHTEPIPETUpyeTcs Kak APPeKT KBaHTOBOM siMbl. O1HAKO 3(PPEKT MOXKET MPOSIBUTHCS
TOJIBKO TOT/1a, KOTJ1a JUTMHA CBOOOTHOTO MPOOera 3IEKTPOHOB U/WIIN IBIPOK MPEBBILIAET TOJIIIMHY
cinosi. CUHMI CABHT, BO3MOXHO, MOSBISETCS B pe3yJbTaTe HEUETKUX TPaHMI] CJIOEB, KOTOPHIE,
BEPOSATHO, OMPEIENISIIOT MAaKpOCKOIMYECKHUE CBOWCTBAa B 00Jiee TOHKHX CIOHCTBIX CTPYKTypax,
MOCKOJIBKY B TaKMX cucTeMax nu¢dy3ust Mmarepuana CTaHOBUTCS 0ojiee OUEBUIHOM.

XC [eMOHCTPUPYIOT PsII 3aMETHBIX CTPYKTYPHBIX W ONTHYECKMX HW3MEHEHHMH I0J]
BO3/JICMCTBUEM KaK CBETa, TaK M JJEKTPOHHBIX Jiyded [12]. Cpenm »TUX SBJIEHUU WHTEpEC
MpeiCTaBIsaoT (poTonHaynHpoBaHHas IU(Qy3uss U MacCONEPEHOC B CBSI3M C BO3MOXKHBIMHU
npuMmeHeHnsiMd  XC B nudpakuMoHHOM u uHTerpainbHoM ontuke [13]. Hecmorps Ha
HE/I0CTaTOYHOE MOHUMAaHKUE aTOMHOTO MeXaHnu3Ma (GoTouHynrpoBanHoU nuddysuu [14], Obutu
M3Y4YEeHbl HEKOTOphIe 3aKOHOMEPHOCTH MAacCCOINEpPEHOCa, OMMCHIBAIOIIUE €ro KHHETUKY IpH
pPa3IMYHBIX MHTEHCHUBHOCTAX cBeTa [15]. ABTOpBI mpeAanosiararoT, 4YTO OH YCKOPSIETCA.
HEKOTOPbIMHU CTPYKTYPHBIMHU Je(eKTaMH, cO3JaHHbIMH ocBenieHueM [16]. Torma oGmydenue
3JIEKTPOHHBIM MYYKOM, BO30YKIAIOIIUM IEKTPOHHYIO nojacucteMmy B XC, mogoO6HO 00IydeHUIo
CBETOM C dHEprueH 3anpenieHHON 30Hbl, TAK)Ke JOHKHO MPUBOIUTE K YCKOPEHUIO MaccolepeHoca.

Jlpyroii Kiacc MarepuajoB, IUPOKO HMCIOIB3YEeMbIN isd MU(PAKIMOHHONW ONTHKU, —
(oTOUyBCTBUTENbHBIE MOJUMEPHL. B mocnenHue roasl (GOTOMOIMMEPHI MPHUBIEKIN OOJBIIOE
BHUMaHHE UCCIIeIoBaTeNe Kak HOCUTENH MHpopMalnuu Oj1aronaps MMPOKOMY CHEKTPaTbHOMY
JMarna3oHy ONTHYECKOM MPO3pavyHOCTH, BHICOKOMY Pa3pelIeHUI0, BHICOKOW UyBCTBUTEIILHOCTH U
HU3KOH CTOMMOCTH. DOTOMONMMEPHI 0OBIYHO TIPEACTABIISIIOT CO00M «softy marepuansl U u3-3a
(bOTOMHIYIMPOBAHHBIX CMEIICHUIH aTOMOB, U3MEHSIOT CBOICTBA.

[Momu(N-BunMnkap6azon) (I1BK) cran mpeameToM HHTEHCUBHBIX UCCIICIOBAHHUIA B TCUCHUE
nocnenaux S50 jeTr ¢ MOMeHTa OTKpbhITHUsA Xériem ero (orompoBogumoctu [17]. UHTepec
MIPEACTABIISIIOT KapOasoscoaepxaiiue cornoaumepsl [18], B vacTHOCTH, 1oH-N-BUHHIIKAp0Oa30J1
(IIBK), mosiu-N-3MOKCUTTponTHIKap6a3omn (IT2IIK) u COIOJIUMEPHI
kapOazonunankuiMmerakpuinatoB (KAM), cencnbunmm3npoBaHHble (POTOXPOMHBIMU 100aBKaMU B
KadyecTBe akTUBaToOpoB. B pabore [18] wmcciaenoBaHHBIE MaTepHasibl MPEICTaBISIN COOOM
comonuMepsl  2-(N-kapOazonun)stuinakpuiatoB (CEM), conmepkamme Wiad HE COJAEpIKaIINe

OKTHJIMeTaKkpuiatHble 3BeHbs (OMA), CHHTE3MpOBAaHHBIE METOJOM CBOOOIHOPAIAUKAIBLHOMN
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nonmumepu3anuu. Poms OMA 3akimrodanack TJIaBHBIM 00pa3oM B OKa3aHUHW CTAOMIM3UPYIOIIETO

NEWCTBUSA HA 3alUChIBAEMYIO rojorpammy [18].

& &
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Puc. 1.2 CuHTE3 MOHOMEPOB, HECYIIMX Kap0a30JbHOE SAPO.

Kapb6a3zonconep:xaiue moauMepbl MOTYT OBITh UCTIONB30BAHbI KaK JUISl ONTHYECKOH, TaK U
JUTSL DTIEKTPOHHO-TTy4eBOM 3amucu. JJis MOBBIICHUS (POTOUYBCTBUTEIHHOCTH ATHX MaTEpPHAIIOB
BOKHOE 3HAa4YeHUE NpHUOOpeTaeT uxX ceHcuOunmzanus. B Hacrosmee Bpems mienku [IDITK
UCIOJIL3YIOTCA JUISl M3YUYEHUsI MEXaHH3Ma CHEKTpalbHOM ceHcuOmnu3anuu GoTonpoOBOAUMOCTH
OpPraHUYECKUX MOJYIPOBOJHUKOB [19]. B kKadecTBe CEKTpalbHBIX CEHCHOMIM3AaTOPOB MOIU-N-
SMOKCUIIPONMIKap0a3oia HUCHOJB3YIOTCA pa3iuyHble KpacuTenu U Jo6aBku  (flogodopw,
opoModopM uau XJI0podOpM, TOJHUTaJIOTeHO-TIPOU3BOIHBIE METaHa, MOJMMETHHOBBIE W JIp.
KOMIUIEKCHI Kpacureneit) [20].

[Tomumeps! conepxkamue asokpacurenn (azomoiumepsl All) mpenctaBiasioT coOoi
MaTepuaibl, B KOTOPBIX MOJICKYJIbI a300€H30J1a CBSI3aHbI WM JUCIIEPTUPOBAHBI B TIOJTUMEPHOM
Marpuile. MHOTHE U3 CBOCOOpa3HBIX (U3UYECKHUX CBOWCTB ITHX MATEPHATIOB OOBSICHSIIOTCS
0CcO00¥ KMHETUKOW, KOTOpas MpPHCYIa MOJEKyJIaM a30KpacuTess, moja BosnercTBueM YD u
BUauMOro cBera. lloryomenue (OTOHOB C COOTBETCTBYIOIIEH JHEPrHEd MPOU3BOIUT
[UKINYECKUM CTPYKTYPHBIM TIEpEXOJaM CBSI3H MOJEKYJ MEXAY MpaHc- N yuc-u30Mepamu.
[TockonbKy 3T JBa COCTOSIHUSA CYIIECTBEHHO PA3JIMYAIOTCS C TOYKU 3PEHUS UX CTPYKTYPHI U
obbema, (QoromzoMepuzamnus a300€H307a COMPOBOXKAACTCS  OOJBITUM  CMEIIEHHEM Ha
MOJIEKYJISIPHOM ypoBHE. Takoe HAHOCKOMUYECKOE IBIKEHUE BIUSET HA OKPYKAIOIIYIO CTPYKTYPY

1 MOKET OBITh 3HAYUTEIHHO YCHUJICHO 3a CUCT B3aI/IMOI[eI‘;ICTBI/I$I Q)OTquBCTBHTGHBHBIX CAHUHUIT C
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COOTBETCTBYIOIICH OKpYy kKaromieil Marpuiieid. Takoe nBrmkeHre (HOTOM30MEPU3YIOMINXCS MOJIEKYJT
a300€H30J1a MOKHO paccMaTpHUBaTh KaK OCHOBHOE JBM)KEHHE, IPOUCXO/sIIee Ha HAaHOYPOBHE B
azomojauMepe Ioja  JeicTBMEM cBeTa. B 3aBUCMMOCTH OT  CTPYKTYpbl —MaTepuaia
MHUKPOCKOMYECKOe (POTOUHIYIIUPOBAHHOE JBI)KEHHUE MOXKET B KOHEYHOM HTOTE BBI3BaTh P
Makpockonuueckux 3¢ (HeKToB, TAKMX Kak KOJUIEKTUBHAS EpEerpynnupoBKa MOJIEKYJI a300eH301a
U CTPyKTypHasi pekoHdurypamus nonuMmepHoil Matpuubl. [Ipouecc ¢doTononumepusanuu
COIIPOBOKAAETCS M3MEHEHHEM K03(pUIMEeHTa IMOTIIOMIEHUS U TOKa3aTeNs MPEeTOMIICHUS, YTO
UCIIONIB3YeTCS sl Tosnorpaduu, Kak MOJISPU3AIUOHHON (BEKTOPHOM), TaK M ONTHYECKOM
(cxanspHoif). @oTonzomepusalys HPOU3BOAHBIX a300€H3051a SBISETCS HETMHEHHBIM ONTHYECKUM
Beiirepra sddexkrom B azomonmmepax (ONTHYECKas AaHW3OTPOINHUS TPHU B3aMMOJICUCTBUH C
MOJISIPU30BAaHHBIM CBETOM), KOTOPBIH O0YCJIOBJIEH (POTOCEIEKTUBHOCTHIO U (HOTOOPHEHTAIHEH
MOJIEKYJI a30T10JIMMeEpa.

B cratee [21] uccnmemoBaHa CBsI3b MEXIy OOpa30BaHUEM IMOBEPXHOCTHBIX PEIIETOK B
a30MOJIMMEPEe M Macc-IIEPEeHOCOM B MaTepuasie, KOTOPbIA, B CBOIO OYEpEelb, pEryIupyercs
¢doroopuenTamment azokpacurens. s u3ydeHus J0KaaIbHONW OPUEHTAIIMH a300€H30JIbHBIX TPYIIT
BHYTpU (DOTOUYBCTBUTEINHHOTO TMOJMMEpa NPUMEHSIACh MOJISPU30BaHHAS KOH(MOKaIbHAs

paMaHOBCKasl CIIEKTPOCKOTIHSI

Qptical Finer

Ohbjective

Puc. 1.3 DxcniepuMeHTAIbHAS YCTAHOBKA Puc.1.4 (a) OnTuyeckoe n3o0pakenune
A1 u3MepeHust PaMaHOBCKHX CIIEKTPOB pemietkn Ha All nienke; (0)
3alUCAHHBIX peleTok [21]. HenoJiApu3oBaHHoe PamaHoBCcKoOe

u300paxkeHue B 00,1aCTH KPACHOI0
NpsIMOYTroJIbHUKKA Ha (a) [21].
ABTOpBI pa6OTBI ACIAa0T BBIBOA, YTO AHU3OTPOIHNA, HABCICHHASA B 06p8.311€, ABJISACTCA
Pe3yJIbTaTOM Pa3IMUHBIX OPHUEHTAIIMOHHBIX PAaCpeAeTIeHUN B pa3HbIX 00IACTIX pemIeTKH. XOTs

oO1Iee BHIpaBHUBaHUE XpPOMOGOPOB €[Ba BBIPAXKECHO, MEepepacipeieiecHue a30KPaCUTENSI UMEET
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YeTKHUE OCOOEHHOCTH: OpPUEHTAIMOHHOE paclpeiesieHHe XpOoMO(QOpOB OCTAeTCA MPAKTHUYECKU
M30TPOMHBIM BHU3Y PELIETKU, B BEPXHEH 00acTH OHO UMEET aCHMMETPHUUYHBIN MaKCUMyM IpH
55° oTHOCMTENBHO AKTHMHHMYHOIO CBETa, a Ha CKJIOHAX OOHapyxkeHO O0ojee 3aMeTHOE
nepepacipeesICHUE.

Kapb6azon-conepkaiine a3omnonuMepsl ABISETCS XOPOUINM rosiorpadudeckuM MaTepruaioM
M3-32 BBICOKOW MOJyJsuuu Kod(d@uimenTa npeaoMiIeHHs], BHICOKOTO pa3pelieHHs] OTHOLICHUS
CUTHAJI/IIIyM, M XOPOIIIeH CTaOMIBHOCTH TOJIOTpadUIECKUX MapaMeTPOB B OKPYIKaAIOIIEH cpeie.

OnHako, 3TOT PEruCTPUPYIOUIMHA MaTeprall MaKCUMaJIbHO 4YyBCTBUTENIEH K Y® obnacTtu
cektpa. IlosToMy  akTyalnbHOM  SIBISIETCS  3aJada  pacHIMPEHUs]  CHEKTPaJIbHOM
CBETOYYBCTBUTEJILHOCTH B BUIAUMYIO O00JacTh CIEKTpa, B YaCTHOCTH JJsi  3alucu
rojorpaguueckoii  MHPOpPMALMU  M3TYyYEeHHMEM  aproHoBoro  Jjazepa  (A=488  HM),
MOJTYIIPOBOTHUKOBBIX J1a3epoB (A=440 - 480 HM) miu renuii-kaaMueBoro yazepa (A=441 um) [22].

B paGote [22] mokazanbl uccienaoBaHusi yibTpaduoneToBoil dyBcTBHTEeNbHOCTH KII 1
BO3MOXXHOCTH ONTHYECKON CEHCHOMJIM3AallMd BBEICHHEM OpraHMYecKux Kpacutenen. [ns
pacuIpeHusl CHEeKTPAIbHOM UYyBCTBUTEIBHOCTH LEIECOOOpPa3HO HMCIIONB30BaTh ONTHYECKYIO
CEHCHOMITM3AIMIO TOJMMEPHOTO PETUCTPUPYIOIIETO CJIOS MOCPEICTBOM BBEACHUS KpPACHUTEI,
MMEIOIIETO TIOTJIONIEHUE B HYXXHOH oOmactu cnekrtpa. [IpencraBisier uHTEpec 3aBUCUMOCTH
(dboTouyBCcTBUTENBHOCTH OT KoHMeHTpammu Homodpopma CHI3 B KII. B 0Oonee panHuX
uccnenoBanusax [23] n3ydeHa 3aBUCUMOCTH (POTOUYBCTBUTEIBHOCTU CJIOEB Ha OCHOBE TOJH(N-
SMOKCUIponuiIkapbaszona) oT coxaepxkanus Homodopma u nu-f-Hadrocnuponupana. dotonus
(300-460 aM™M) 11eHTPOB (HOTOUYBCTBUTEIBHOCTH, BKIIOYAIONINX KOMIUIEKCHI C TIEPEHOCOM 3apsiia
nonmu(N-smokcukap6azona) u CHI3, npuBommnm k oOpazoBanuio HI, koTopbrii okucisn
11BeT0o00pasymomyo 100aBKy. ONTHUECKOE YCUIICHHE CKPBITHIX M300paXeHUI OCYyIIECTBISIIOCH
KPacHBIM CBETOM UHTeHCHBHOCTBIO 0,2 BT/cM?. POTOUYBCTBUTENLHOCTD STHX CHCTEM JOCTHTaja
10* x/cm?. Kak 6blno TmokasaHo B [24], Bo3jeiicTBue TaszepHbIM 001ydenneM Ha CEM:OMA
BBI3bIBACT JIOKAJIbHBIE XUMHUYECKHE MOAM(PHUKAIMYU, 3aTparuBaroliie TOJIbKO Homodopwm,
Kap0Oa30IWIbHBIC TPYIIIEI U KUCTOpOA. Hukakux npyrux Moaudukanuii moJIuMepHOH MaTpPHUIlbI
OOHApY>XUTh HE YAaJOCh. ABTOpBI JIENAIOT BBIBOJ, YTO MPOUCXOAAIIast (POTOCTPYKTYpPH3AIHS
TeHepUpyeT MOIMEpEUHble BHYTPU- WM MEXK-MaKpoMoOJIeKyJsipHble cBsizu ¢ yyactueM CHI3 u
Kap0a30JbHBIX TPYIIT. ITO MOXKET OBITh UCITOJIH30BAHO JIJIsl TT0100pa KOHIIEHTpAIuu ionodopma,

JI03bI JIa3epa JJIs OTY4YeHUsT HAaWTy4IIuX yCIOBUHN ToJIorpaduueckoit 3ammcH.
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B o0030pHOii cTathe [25] mpuBemeH TOAPOOHBIM aHAIM3 CBETOYYBCTBUTEIBHBIX
MOJINMEPHBIX TMOJIYIPOBOJIHUKOB, BKJIIOYAIOMIMA B ceOs, B YAaCTHOCTH, OMHCAHHE MeEXaHHU3Ma
IIPOBOAMMOCTH U CpPaBHEHUE MOJIMMEPOB Pa3IMUHBIX psAnoB. OTMeueHo [26], 4TO MpaKTUYECKOe
MIPUMEHEHHE CBETOYYBCTBUTEIBHBIX IMOJTMMEPOB 00YCIOBIEHO BO3MOKHOCTHIO ()OPMUPOBAHUS B
HUX JOHOPHO-AaKIENTOPHBIX KOMIUIEKCOB C NEepeHocoM 3apsana. Mcxoas U3 BBISBICHHBIX
NPUHIIMIIOB  BBIOOpAa  cOoCTaBa  MOJUMEPOB,  OOJNAJAIONIMX  CPABHUTENBHO  BBICOKOM
(OTOYYBCTBUTEIHLHOCTEIO, B YHCIIE APYTUX OTMEUCHBI Kap0a3oIl - COAEPIKAIIHE MOJIUMEPHIL.

B psiny KII HanbGonpiiiee BHUMaHUE TMPUBIEKIN OJM3KHE 110 XUMHUYECKOMY COCTaBY ITOJIH-
N-Bununkap6azon (IIBK) wu  momu-N-snmokcunmpormnkap6azon  (II9I0K).  Cpeam  ux
OTJIMYUTENBHBIX CBOMCTB OTMeuaercs [27], uro Hamuuue B MOoHOMepHOM 3BeHe [IDIIK aroma
KHCIIOPOJIa JIeTaeT 3TOT MmoJmMep OoJiee yCTONYMBBIM K OKUCIeHHIO 110 cpaBHeHuio ¢ [IBK, uto
o0ycroBiIMBaeT 0oJiee CTAOMIbHBIC IIEKTPUIESCKUE U ONITHYECKUE XapaKTEPUCTUKH.

Ha puc. 1.5 npencrasiensl n300paskeHusi OJJHO- U ABYMEPHBIX MOBEPXHOCTHBIX pPeNibe(HbIX
pemetok (ITPP), 3amucaHHBIX Ha CIOSX a30MoJuMepa, riae BuaHa Bbicokas (~600MkM) riryOuHa
MOJYJISIIIAA TIOBEPXHOCTH aszomonuMmepa [28]. Bo3mokHa Takke 3amuch 0OJee CIOXKHBIX —
FEKCarOHAJIbHOM M TETPArOHaJbHOW - MHOTOCIIOWHBIX CTPYKTYpP, CO3JAHHBIX C IIOMOILBIO

azonojgumepHbix [1PP

Puc. 1.5 MWH3o00paxenusi, mouaydeHHble ¢ Puc. 1.6 MukpocKkonHbIe "
nomombio ACM, (a) ogHo- 1 (0) AByMepHbIX IM(pakIuOHHbIe  U300pakeHuss  (a)
azonosumepHusbix I1PP [28]. reKcaroHaJbHoOu, (0) TeTparoHaJbHOM

ITPP na a30moiMMepHBIX MHOTOCJIOMHBIX

CTpYKTypax [28].
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1.2 Metoapl 3anucu JUPPAKIMOHHBIX CTPYKTYP B Cpedax HA OCHOBE XaJbKOTeHUIHbIX
CTEKJI000pa3HbIX MOJYNPOBOAHMKOB M CBETOYYBCTBUTEJIBHBIX Kap0a30J/i-coaepKaimx
MOJIUMEPOB

[ToreHanbHbple BO3MOXKHOCTU IIUPOKOTO MPUMEHEHHS AU(PPAKIIUOHHBIX 3JIEMEHTOB J0
IIOCJIEIHETO BPEMEHU CHIEPKUBATUCh OTCYTCTBUEM TEXHOJIOTMM CO3[aHUS MOBEPXHOCTHOTO
MUKpopenbeda, UMEIOIIET0 MUHUMAJIbHBIE pa3Mepbl (AOJIM MUKpOHA U JAECATKH MHUKPOH), U
CIIO)KHYIO TpexMepHyio Gopmy. OnHUMHU K3 Hanbojee pacHpOCTPAaHEHHBIX METOJOB CO3JIaHHS
J1O3 Ha XaJbKOT€HUIHBIX CTEKJIaX U MOJIUMEPAaX SBJISIOTCS ONTHYECKUE U 3JIEKTPOHHO-TYUYEBOU
meTomsl [29,30].
1.2.1 CxansipHas ¥ noJApU3alMOHHAsA (BEeKTOPHAsA) rosiorpagus

I'onorpadust, Hanbosee pacnpocTpaHEHHBIH METO] CO3/IaHUS TPEXMEPHOTO U300pakeHus,
Obu1 BriepBble OTKpHIT Jlennucom ['abopom B 1948 romy, To ecTh eme 10 U300peTeHus Jazepa.
[Tocne n3o0peTeHus J1azepa Kak KOTEPEHTHOTO MCTOYHHMKA uaew ['abopa cramu mpakTHYeCKOM
pEaNnbHOCTBIO.

OCHOBHOW TPUHIMI ToNOrpaguu, KOTOPHI TakKe Ha3bIBACTCS KOTEPEHTHOW 3alHChIO
BOJIHOBOTO (pOHTA, MpH KOTOPOM JBE KOTEPEHTHbIE BOJHBI (IIPEIMETHAsT M OIOpPHAas)
UHTEPPEpUPYIOT Ha TOBEPXHOCTU PETUCTPUPYIOIIECH Cpebl, YyBCTBUTEIbHON K HHTEHCUBHOCTH
MaJAIOIIEr0 M3JIydeHHs. VMIHTEHCHBHOCTD IOJIyYEHHOM HMHTEp(PEPEHIIMOHHON KapThHbl (X, V)
OMMCBIBAECTCS BBIPAXKEHUEM:

I1(x,y) = |A(x,Y)I> + |B(x, y)|* + 24(x, y)B(x,y) cos(4¢(x,y))  (1.1)
rae A(x,y) - aMIuuTy1a OmopHou BoHbL, B (X, y) - aMImuinTyaa npeaMeTHoOM BoHbI U A (X, y) -
YTOJI MEXAYy OMOPHON M MPEIMETHON BOJIHAMH. JTa UHTEp(EPEHIMOHHAS KapTUHA HA3bIBAETCS
rOJIOTPaMMOM.

Ontuyeckass 3anuch B XC ocHOBaHa Ha (OTOMHIYLMPOBAHHBIX CTPYKTYPHBIX
npespamieHusx (PCII), koTopble MPUBOAAT K U3MEHEHUIO ONTHYECKUX MapaMeTPOB MaTepuaa.
[Ipu cTpyKTYypHBIX MpeBpalleHUsX, 100 B cieacTBUe (HOTOKPUCTAIIU3ALNN WIH 00paTHUMbIX
CTPYKTYPHBIX W3MEHEHHMH, MOMHUMO ONTHYECKHX MapamMeTpoB (OTpaskaTelbHasi CIIOCOOHOCTD,
MOKa3aTeiab MPEJOMICHHs, KOX(QQHUIMEHT TMOTJOMICHUsI) MOTYT W3MEHATHCS IUIOTHOCTH,
XUMHYECKass yCTOMYMBOCTh (IO OTHOIIEHMIO K TPaBJICHHMIO) U BA3KOCThb. brmaromaps Takomy
MHOT000pa3uto (HOTOMHIYIIMPOBAHHBIX M3MEHEHHUU CBOMCTB, B XC 1Oa BO3JIEHCTBHEM CBETa

MIPOUCXOIUT Macc-IIepeHOC, MTPUBOAALINM K OOJBIINM MOBEPXHOCTHBIM JedopManusiM. YToOsI
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M3YYUTh POJIb MAacCONEepeHoca B ONTHUYECKOM 3amucH, aBTopamMu paboTel [31] mpenmaraercs
BBIOpaTh CHCTEMY, B KOTOPOW MPHUCYTCTBYIOT XHMHUYECKHE HEOJHOPOIHOCTH. DTOTO MOXKHO
TOOUTBCS C TOMOIIBI0 MHOTOCIOMHON CTPYKTyphl. BakHO Takke, 4TO KOMIIOHEHTHI OIHOM
CTPYKTYpPBI JOJDKHBI OBITH B3aMMHO pAacTBOPUMBI Apyr B apyre. Takum oOpa3oM MOKHO
UCKITIOYUTH POJIb XMMHUECKUX peaklUid Ha rpaHulle paszena. [ neranbHBIX HCCIeIOBaHUN U
MozenupoBanus B [31] Obuta BeIOpaHa cuctema a-Se/As»S3, MOCKOJIBbKY Ha AUarpaMMe COCTOSTHHS
MPUCYTCTBYET HENPEPHIBHBINA TPOMHOM TBEpPBIN PacTBOP, M 3TO HaubOJIee MPOCTast CUCTEMA JUIS
TEOPETUYECKOr0 aHaJIW3a. bbulM IPUTOTOBJIEHBI CJION € Pa3JINYHBIM COOTHOLIEHUEM CIIOEB S€ U
As2S3, 1 OBUIO ITOKA3aHO, YTO M3MEHEHHE OOIISH TOMIMHEI d MOCIe JIUTEIHLHOIO OCBEIICHUS
MPUBOJIUT K TIOJHOMY T[EpPEMEIINBAHUIO CIOEB. 3aBUCHUMOCTh W3MEHEHHUS OTHOCHTEIbHOM

TOJIIMHBI OT BPEMEHH MpeCTaBiIeHa Ha puc. 1.7 11t CTpyKTypsl ¢ iepuoaoM D= 9 Hwm.

Adfd, %

T T T T
0 s000 10000 15000 20000

t, s ’
SCALE X:1000 pM Y:1000 uM Z: 100 pM

Puc. 1.7 3aBucumocTb H3MEHEeHUsI Puc. 1.8 lIpopuas penbeda noBepxHoCcTH
OTHOCHUTEJIbHOM TOJIIMHBI OT BpEMEHHU JII  HA MHOTOCJIOIHOM CTPYKTYpe a-Se/As2S3

CTPYKTYPBHI ¢ nepuoaom D=9 um, [31].

npeacTaBjeHHol Ha puc. 1.8 [31].

Jlst penbedHBIX ToJIOrpaMM HauOosbIast /19 mocturaercs npu riyouHe penbeda 185 am B
peXuMe CUUTHIBAaHHMS Ha oTpakeHHe ¢ momoibio He-Ne mazepa. 3apeructpupoBanbl ObLTH
rojiorpapMuecKue pemeTKy, JOCTUTAIONINE WK aXe MPEBIIAIONINE TTyOuHY MOIYJISIHUA (CM.,
HarpuMmep, puc. 1.8). ABTOpHI JIeiar0T BBIBOJI, UTO pa3padOTaHHBIC MU METOJl M MaTepHabl HE
MOAXOJAT JJIsi BBICOKOCKOPOCTHOW ONTHYECKOW PEerucTpanuy, HO OHM BeChbMa TMOJIE3HBI JUIS
IPSIMOTO OJHOCTAUIHOTO Ipolecca (OpMUPOBAHUS pelibedha MOBEPXHOCTH.

B pabore [32] Obulo mokazaHo, 4TO Ha KapOaszicoaepkamux (OTOMOIMMEpax MpU
CKaJIIPHOM ToJorpaduuecKor 3amucu 00pa3yeTcsl MOBEPXHOCTHBIN pelibed), COOTBETCTBYIOIIHIA

WHTEep(hEPEHIIMOHHON KapTHHE 3aMuchIBalomux jtydeit (puc. 1.9). OnHako, cper HETOCTAaTKOB,
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KaK OTMEYAIOT aBTOPBI, TPYIOEMKHI MpoIriecc 00pabOTKH MOCie ToorpapuiIecKoi 3amucu s
MTOJTyYEHUS TIOBEPXHOCTHOTO penbeda u Hu3kas /D pemeTku.

2.5 um 10

(um)

Diffraction efficiency (%)

200 400 600

Spatial frequency (mm™!)

a 0
Puc. 1.9 ACM ¢opma noBepxHocTHOro peaseda PTP ¢porononnmepa Toammunoi 1,8 Mxm
nocJje TepMuYecKkoil 00padorku (a); nuppakuuoHHas 3PpPeKTHBHOCTH MOBEPXHOCTHOM
rojorpagpuyeckoii pemerku PTP ¢poronosumepa npu ronmunax: (1)1.8, (2)1.6, (3)1.4
MKM (0) [32].

B TpaguumonHoil (ckanspHoi) rojorpaduu, Omarogapst perucTpaly pacrpeneseHus
MHTEHCUBHOCTH JIByX MHTEP()EPEHLIMOHHBIX BOJIH, BKJIIOYAs aMIUTUTYAY U (a3y, HCIOIb3YIOTCS
napajyiesibHble  HAlpaBJICHMsI MOJSPU3aLUi  JBYX MHTEpP()EPEHLMOHHBIX BOJH. A B
HOJIIPU3ALIMOHHON rosorpaguu aMIuInTya U ¢a3a IByX BOJIH, a TAK)XKE COCTOSHUS MOJISIPU3ALIU
IBYX BOJH 3anuchiBaioTca. IlosToMy mossipu3anMoHHas rojorpagusi uMeeT Oosblie
XapaKTepUCTUK M Oojiee MIMPOKUHM CHEeKTp MpUMEHeHWH. XOoTd HHTep(epeHuus SBIsSETCS
TPAIUITMOHHOW TeMOW (U3HUYECKON ONTHUKH, OONbIIas 4YacTh JUTEPATyphl B 3TOM 001acTH
MOCBAILIEHA TOJBKO MHTEPPEPEHIMH JIMHEHHO MOJIIPU30BaHHOrO cBeTa. Kak mpaBmilo, Henb3s
BbIOpAaTh MPOU3BOJIBHYIO TMOJIIPU3ALMIO [UIS BCEX Jyd4el, Kak 3TO MOXHO cHenaTh Ul
KOMIUIAHApHBIX  JIydel, T[IO€  MOXHO  MCIOJNb30BaThb  HAIpaBICHUE  MOJSPU3ALMH,
HEePIEHANKYISIPHOE O0ILEeH MIIOCKOCTH BCEX BOJIHOBBIX BEKTOPOB.

PaccmoTpuM BakHBIM ciydaid, Korma OOBEKTHBIA W OMOPHBIA MYyYKH HMEIOT Pa3HYIO
MOJIAPU3ALMI0, B YaCTHOCTH OPTOrOHalbHYI0. @peHenb MU Aparo BBIIBUHYJIHM CBOJ 3aKOHOB
UHTEepEPEHIINH MOJISPU30BAHHOTO CBETA. DTO CIEAYIOIINE:

1. JIBe NMHEWHO MOJSAPU30BAHHBIC BOJHBI B OJHOM IJIOCKOCTH OT OJHOTO U TOTO K€
KOT€pEeHTHOI0  MCTOYHMKAa MOTYyT MHTep(epupoBaTh; JBE€ BOJHBI, IOJSIPU30BAHHBIC

OpPTOrOHAJILHO, HE MOTYT UHTEP(EPUPOBATD.
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2. JlBe BOJHBI, HCXOJAUIME W3 OJHOIO M TOrO0 € HCTOYHUKA U OPTOrOHAIbHO
MOJIAPU30BaHHBIE, MOTYT UHTEP(EpUPOBaATH, €CIU X MOJISIPU3ALUHU IPUBECTU B OJHY MIIOCKOCTb.

3akonbl uHTepdepeHiun Ppenens U Aparo NPUMEHHMBI K CIIy4al0 HEKOJUIMHEApHBIX
nyykoB. JIsI HEKOJTMHEAapHBIX Jydyed HMHTep(EepeHLMOHHOE TO0JIe  MPOCTPAHCTBEHHO
MOJYJHUPYETCs B IJIOCKOCTH, NMEPHEHAUKYISIPHON OuccekTpuce ABYyX Jyueil. B oOmiem ciyudae
MOJYJIMPYIOTCS KaK aMIUIMTYAA, TaK U MOJSpU3aLHsl pe3yIbTUPYIOIIETO MOJIS.

OObruHbIe (oTOMATepUaNbl YYBCTBUTENBHBI TOJBKO K HMHTEHCHMBHOCTH cBeTa. llox
BO3/CHWCTBUEM TaKOi MHTEP(HEPEHIIMOHHOM KAPTUHBI OHU OBLIH OBl PABHOMEPHO 3aTEMHEHBI UIIH
00ecCIIBEUYCHBI M Ha dTare PeKOHCTPYKIUK OT HUX He ObuT0 Ob1 Audpakuun. YToOBI HCIIOIH30BAThH
MOJYJISIIIMIO TOJISIPU3AlMK, HEOOXOAMMO HCIONIb30BaTh (oTOMaTepuana, KOTOPBIM HUMeEeT
Pa3IMYHYI0 PEAKUHUIO IIPU BO3AEHCTBUU CBETA C PA3JIMYHON MOJSIPU3ALMEN U MOKET 3alMChIBaTh
uHbopManMio O moisgpuzauuu. Takue MaTepuanbl Ha3bIBAIOTCS  (HOTOAHU30TPOIMHBIMU
Matepuaigamu. [lox BozaelCTBHEM MONSPU30BAHHOTO CBETa OHHM CTAHOBSTCS ONTHYECKH
aHU3O0TPOMHBIMU, U UX aHU30TPOIHS COOTBETCTBYET TUITY U HAIIPABIICHUIO MOJIIPU3ALIUU CBETA.

B 1977 XXnanoB um ManuHoBckuii oOHapyxkwim B AsxS(Se)s (oromHaynmmpoBaHHOE
aHM30TPONHOE HM3MEHEHHE OINTHYECKUX CBOWCTB — sBIeHHE, nogooHoe 3¢ dekty Belirepra,
TaBHO m3BeCTHOMY st pororactuHOK [33]. Ilpm Bo3xmeiicTBMU Ha TUICHKY AsS2S3 JTHHEHHO
MOJISIPU30BAHHOIO CBETA C YHEPrUei, COOTBETCTBYIOLIEH SHEPTUU 3alPENICHHON 30HbI, TOMUMO
o0bryHOTO (poTonmoToMHEeHHsI (DHeprus=>50 M3B) U CBA3aHHOIO ¢ HUM YBEJIMYEHUS NOKa3aTess
npenomiieHus Ha 0,03), IpOMCXOAUT TUXPOUUHBIM CABUT Kpas MOIJIOIIEHUs (AMXPOU3M) Ha ~5
MdB (puc. 1.10) u mosBisiercs aynydenpenomierne ~0,002 Ha nauHAX BOJH W3 00JacTH

MIPO3PAvyHOCTH.
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Puc.1.10 ®oTouHAYIMPOBAHHBIN JMXPOU3M B 0TOX:KeHHOH Mi1eHKe As2S3 npu 25°C. E(//) n
E(l) moka3pIBalOT M0JI0:KeHNSI KpaeB MOIJIOIIeHUs, 30HANPYeMbIX JIMHEHHO
MOJIIPU30BAHHBIM CBETOM C NAPAJUIeJIbHON U MEPNEeHAUKYJISIPHON MoJsApu3anuen K
030yK/1aK01eMy JMHEHHO MOJSIPU30BAHHOMY CBETY U3 3alpelleHHoi 30Hbl. PasHuIa Mex)
«OTOXKEHHBIM)» H «3aCBEYEHHBIM» COOTBETCTBYET 00bIYHOMY (hoTONOTEMHEHHIO [33].

ITockonbKy aHM30TPOIHOE HM3MEHEHHME COCTaBIseT BenuuuHy ~0,1 OT M30TpomHOro mno
BEJINYMHE, HEKOTOPBIE MCCIIEIOBATENN MPEAIOJIONKWIN, YTO aHU30TPOITHOE U3MEHEHUE SABIISIETCS
YacThl0 M30TPONHOro. OIHAKO W3MEHEHUs aHW30TPONUHM B 3aBUCHUMOCTH OT WHTEHCUBHOCTH
CBETa, TEMIIEPATYyPHhI U T. 1. BHISIBUJIA HEKOTOPbIE KaY€CTBEHHbIE pa3inyus Mexx 1y HUMu. [losTomy
B HACTOSIII€E BPEMSI PUHATO MPEIO0JIaraTh, YTO PA3IHMUYHbBIE CTPYKTYPHbBIC U3MEHEHHUS BBI3BIBAIOT
AHU30TPOIHBIE U U30TPOMHBIE ONTHYECKKHE n3MeHeHus [34,35].

boun npoBeieHbl MHOTOUHCIIEHHBIE SKCIIEPUMEHTHI IO UCCIEA0BaHUIO0 (POTOCTPYKTYPHBIX
M3MEHEHUH, HO pe3yJIbTaThl MPOTUBOPEUMBBL. BEposSTHO, UTO OIpeAesieHne CTPYKTYpPhI JJIEMEHTA
SBJIAETCS CJIOKHOM 3aaueil, TOCKOJIbKY N3MEHEHUE BEKTOPHBIX CBOMCTB cocTaBiseT Beero ~0,1
OT CKaIpHBIX u3MeHeHHi. C Japyroil CTOPOHBI, OBLJIO TPEMITOKEHO HECKOIBKO HICH
OTHOCUTEIBHO MHUKPOCKONIMYECKUX M3MEHEHWH, Kak TMoka3aHo Ha pwuc. 1.11, Bkimrouas
OpPHEHTAIMIO Je(PEKTOB U CIOUCTYIO (LEHNOYHYIO) CTPYKTYpy. MoJenb OpUEHTALuu LenH

coryacyercs ¢ (POTOMHIyIIMPOBAaHHON OPHEHTUPOBAHHOM KpucTajun3anueil B a-Se [36].
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Puc.1.11 Ilpennonaraembie aTOMHbIE CTPYKTYPbI AHU30TPOIHBIX 3JICMEHTOB,

“1

o0pa3ymommecs NPU OCBELIEHUN JIMHEIHO MOJIAPU30BaHHBIM cBeToM. Ha pucynke
MOKAa3aHbl 0T aTOMHOTO0 (~ 0,2 HM) 10 cpeHero NOpsiaAKka (~ 2 HM) OpMeHTaIuH () He
Mo/1eJIEHHBIX JJIEKTPOHOB, (b) KOBaJIeHTHBIX CBsi3eH, (C) 3apsizKeHHbIX JedeKkToB, (d)
AsS(Se) TpeyroJqibHble eqiMHMLbI 3/2, (€) nenouku, (f) cermenrapubie ciaou [36].
Hy>XHO OTMETUTH TaKKe, YTO MpPH JBYJyu4eBOW MHTEP(HEPEHIIUH MOIIPHU30BAHHOTO CBETA
o0pa3oBaHKEe PENIETKH B XaJIbKOTEHUIHBIX TJICHKAX 3aBUCUT OT COCTOSIHHM moJsipu3anuid [37].
CoBpeMEHHBIM  CIIOCOOOM  TIOMYYEHHs] 3HAYUTEIBHBIX BEKTOPHBIX A((PEeKToB B
(OoTOUYBCTBUTENBHBIX MOJMMEpax sBJIseTcs uX jerupoBanue. B ciydae KII, ¢ npousBogHbMu
a300eH307a, IUKINYecKas (OoTOM30Mepu3alus TPYI HAa OCHOBE a300€H30J71a TaKXKE MOXKET
MPUBOJIUTH K OPHEHTUPOBAHHOMY MaCCOIEPEHOCY MOJIMMEPHBIX IIeMel, KOTOpbI HabI0JaeTcs B
BHJIE CTPYKTYpPhl TOBEPXHOCTHOW penbedHOo pemerku. Ddoroxumudeckas H30MEpHU3AIHI
a300€H30J1 — MOJIEKYJIBI MEXIY mparc- U yuc-popmamu (puc. 1.12) Obita BuepBbie 0OHapyXKeHa
eme B 1937 romy. Ho mockonbKy MpOM3BOIHBIE a300€H30JIa HCIIONB30BAIUCH B KA4E€CTBE
KpacuTened, 0oJblllas 4acTh UCCIIEOBaHMM Oblla HampaBlieHA Ha MPEeNOTBPALCHUE pPEaKIUH
dboTonzomepuzanuu (M TOCIEIyIONIee N3MEHEHHE I[BETA), a HE €€ HcIoib3oBanue. OIHAKO B
HacTosIee BpeMsl (OTOM30MEpU3alus M €€ HCIOJIb30BaHHE MPU CO3JaHUH (DYHKIIMOHAIBHBIX

MaTepHaJiOB COCTABIISIIOT KIIIOYEBYIO POJIb B MCCIIEIOBAaHMIX a300eH30ma [38].
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Puc. 1.12 Tpanc- yuc- nzomepusanus a300eH30.1 — MoJIeKyJbl [38].

B 1984 r. TomopoB u nip. [39] coobmmnu o sIBIEHUH, CBI3aHHOM € (POTOM30MEpU3ALIUEH
azokpacutens (MeTHIopaHka), JUCIEPrUpOBaHHOTO B MOJMMEPHONH MaTpHile (MOJIMBUHUIOBOM
cnupte). Korma ToHKas monaumMepHas IUICHKA IOJBEPraeTcs BO3JEHCTBHIO JTMHEHHO
MIOJIIPU30BAHHOTO CBETAa, BOZHUKAET ONTUYECKAs aHU30TPOIUs B pE3yJbTaTe MU30MEpPU3ALUU U
¢doroopreHTalMM XpOMOQOPOB, MEPHEHIUKYIAPHO HAMPABICHUIO MOJSPU3ALUU CBETa, C
o0pa3oBaHHEM JBYJIYUETIPEIOMIISIOIINX U TUXPOUUHBIX TJICHOK.

A3o0eH30IIcoAepKae MaTepuanbl (UM KPaTKO a30MaTepHalIbl) MPEACTABISIIOT COOOM
MaTepHalbHbIE CUCTEMBI, B KOTOPBIX MOJIEKYJIbI a300€H30J1a CBSA3aHbI IIOCPEACTBOM KOBAJIEHTHBIX
WIA CYNPaMOJICKYJISIPHBIX B3aMMOJACHUCTBUIM C JPYrUM MarepHajoM, OOBIYHO C TOJIUMEPOM.
Haunbonee wmHTEpecHOE sBIICHHE, CBS3aHHOE C IWHAMUKOW (hoTomM3oMepHu3anuu a300eH307a,
MPOUCXOJUT B TBEPIBIX IUJICHKAX aMOP(QHBIX a30MaTepHalioB (IOJIMMEPOB U MOJIEKYJISIPHBIX
crekon), oOnydeHHbIX Y@/BumumbiM cBeToM. [lon Bo3aeicTBHEM HEOTHOPOJHOM CBETOBOM
KapTUHbl ~ CBOOOJHAs ~ NOBEPXHOCTh  IJIEHOK  asomonmumepa  (AIl)  moxaBepraercs
CTPYKTYpHUPOBAHHIO, KOTOPOE 3aBUCUT OT HMHTEHCUBHOCTH M PACHpPENENICHUS MOJSIPU3ALNN
ONTHUYECKOTO TMOJsA MO MOBEPXHOCTH. 3aBHCUMOCTh CKOPOCTHM pocTa 3anucanHbix [IPP ot
COCTOSIHUSL TOJISIpU3allMM  HUHTep(EepUpYIOUMX Jy4deid, a TakKe BO3MOXHOCTh CTHPATh
MOBEPXHOCTHBIA penbed 3aCBETKOW MOJIIPU30BAHHBIM (MJIM HEMOJSIPU30BAHHBIM) CBETOM, H
nepe3anuchiBaTh UX HOBOW HHTEP(EPEHIIMOHHON KAapTHUHOW IO3BOJIMIN OTBEPIHYThH JHOOYIO
TUIOTE3Y, KOTOpast MPUIKChIBaia Obl MOBEPXHOCTHYIO MOIYJISIIIUIO KAKUM-JIUOO0 JECTPYKTUBHBIM
SABJICHUSIM (HarpuMep, abJIsAIUN MaTepuaa).

B pa6ore [40] uccnenosana rojorpaduieckas 3amuch MOJSIPU3ALMUOHHBIX U PETbePHBIX

PEIIETOK B IUIEHKAaX MOJIMYPETAaHOBOTO MouMepa, jerupoBanHoro Disperse Red 1 (DR1). B atom
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AIl DR1 XxumMuyeckn CBsSI3aH € OCHOBHOW I1EMbIO  MOJUYPETAHOBOIO  IOJIUMEpA.
[TonapuzanmoHHyl0 rojorpaguueckylo 3amuch OCYIIECTBISUIM JBYMSI OpPTOTOHAJIBHBIMU
JIa3€pHBIMU JIy4aMH € JJIMHOM BOJHBI 532 HM ¢ KpyroBoi nossipusanueil. @oTonHIyHHPOBAHHOE
JBYJTy4EIIPEIOMIIEHUE ABIISIETCS MPEANOCHUIKON 3alIMCH NOJISIPU3ALMOHHBIX T0JIOIPaMM, I03TOMY
ObUIO TPOBEICHO JAETaJbHOE HCCieloBaHUE (OTOMHAYLMPOBAHHOTO [BYIYYENPEIOMICHUS U
W3MEHEHUS ONTHUYECKHX CBOMCTB. [l0 MHEHHIO aBTOpOB, CTPYKTypa cUHTe3upoBaHHOTO All
crepytomas: comgepxkanue DRI cocraBmser 26,6 wmac.%; pacueTHeld Ko3(ddummeHt
MIOJINMEPU3ALMU HaXOAUTCSA B npeaenax 5-7; cpennss moiekysapHas macca 7000-10000. Cxema
YCTaHOBKHM JJIi HUCCIIEOBaHMUS (POTOMHAYIIMPOBAHHOTO JIBYJIYYETIPEJIOMIICHUSI M  CIEKTP
nmpomyckanusi obpasia nojauyperana, erupoanHoro DR1 nmokaszansr Ha puc. 1.13. B kauectBe
nazepa Hakauku (Lsl) wucnomp3zoBancs mnazep Verdi-6 ¢ jgoumHOW BOmHBL 532 HM,
MOJIYTIPOBOIHUKOBBIE JIa3epbl ¢ JuiMHOW BoJHBI 448 HM, 375 uM u Ls2 He-Ne nazep ¢ qiauHOiM

BOJIHBI 632,8 HM. VI3MeHeHus moka3atess mpesioMIeHusT An pacCunuThIBAIM 10 popmyiie:

An(t) = %sin"1 /Ig—t) (1.2)
0

Lsl ’A 1 / \\‘_

Puc. 1.13. YcraHoBka /151 3aIMCH M M3MepeHust GOTOMHIYIHMPOBAHHOIO
AByay4denpesomieHusi. Ls1 —nasepbl Hakauku; Ls2 - 3onaupyrommii jgazep; P —
noJsipu3zarop; S — oopaseun; G — orpakaoumss mJiacTuHa; A — anaauszarop; D1-3 —
¢oToauoan! 15 KoHTPoJIsA; CrieKTp NponycKaHus o0pas3na noJIuypeTaHa, JeripoBaHHOI0
DR1 [40].

SBnenue HOTOMHIYLHPOBAHHOTO JIBYJIyUenperoMiIeHus Bo3HukaeT B All mpu o0inydenun
JIMHEWHO NOJIIPU30BAHHBIM CBETOM. [IpH Hakauke CBETOM a30COEIMHEHUS UCIIBITHIBAIOT MPOLECC
¢dboTonzomMepusaly, YTo MPUBOJUT K MU3MEHEHHIO AMIOIBHOIO MOMEHTA U TMOJISIPU3YEMOCTH.

Ilocne B3auMoAeMcTBHS C  DJJIEKTpUUECKUM moseM Hakauku All  BeicTpamBarorcs
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MEPIEeHIUKYIISIPHO HAMIPABICHUIO AJIEKTPUUYECKOTO TOJIsA, 3aHUMas1, TAKUM 00pa3oM, MOJIOKEHHUE C
HauMeHbIIeH 3Hepruei. PesynpraToM Takoro (OTOCTPYKTYPHUpPOBAHUS SBISETCS H3MEHEHHE
ontuueckux cBoiicTB All IlepeopuenTanus BbI3bIBA€T AaHU30TPOIINIO, T.€. PA3HULLY IIOKa3aTesen
MPEIOMIICHHUsI, MApajUIeTbHOTO ¥ TEPHEHANKYJISIPHOTO  HAMPABJICHUIO  TOJSPU3AIAH
oOnyyaromero  cBera. XOTS ~ MHOTHME  HCCIEAOBaHHA  OBUIM  COCPEIOTOYEHBI  Ha
HU3KOMOJIEKYJIApHBIX All, cTaOMIBbHOCTS HABEACHHON aHMU30TPOITMU ObLIIa HU3KOM.

1.2.2 Dy1eKTpOHHO-/Iy4YeBasi 3allUCh

Hpyrum acniekrom, ooseauastonmM XC u All, SBISIOTCS 4yBCTBUTENEHOCTD HE TOIBKO K
Ja3epHOMY, HO M DJJIEKTPOHHOMY BO3JEWUCTBHUIO U CIHOCOOHOCTH MpsiMOM nedopManuu
MMOBEPXHOCTU TIOJ JEHCTBHEM OTUX H3TydeHuid. Da3oBbIii penbed MOXKET OBITH JOMOTHEH
W3MEHEHHEM TOJNIMHBI, T.e. (OPMHPOBAHHEM TI'€OMETPUYECKOTO peibeda MOBEPXHOCTH
HEMOCPEACTBEHHO BO BPEMS PErHCTpPAllMU DSJCKTPOHHBIM JY4OM WJIH TOCIE HEro IyTeM
CEJIEKTUBHOI'O XMMHUYECKOTO TpaBieHus. PopMupoBaHue NpsSMOro penbeda 0e3 TpaBiIeHUs WIn
abJIAIMu BO3MOXKHO Oyaromapsi u3BeCTHOMY J(QEKTy pacmupeHuss WM CKaTusg o0beMma,
CTUMYJIHUPYEMOTO CBETOM/IJIEKTPOHHBIM JTy4OM, HO OOBIYHO OTHOCUTENBHBIN 00heM N3MEHSETCs
MeHee 4eM Ha 1%, a mpoCTpaHCTBEHHOE pa3pelIeHne JIEMEHTOB OTPAHUMYUBACTCS MU PAKIUEH.
3HaunTenbHO Ooybmuit  3ddexT nmedopManuM  MOBEPXHOCTH HAOMIOJAeTCS 3a  CYET
CTUMYJIMPOBAHHOT'O CBETOM/3JIEKTPOHHBIM ITy4YKOM Maccomnepernoca B meHkax XC u All [41,42].

3anuch 3MEKTPOHHBIM JIy9OM — 3TO TEXHOJOTHSI BBICOKOTO pa3pelIeHUs s CO3TaHHUS
JOD. Hcnonb3yeTcss CKaHUPYIOUIUN 3JeKTpOHHBIM Mukpockon (COM), ¢ HAaHOMETPUUYECKUM
pa3MepoM IsATHA U BBICOKOM CTaOMIBbHOCTHI0. OCHOBHBIE XapaKTEPUCTUKH 3aITUCH SJIEKTPOHHBIM
nydoM: (1) obecreunBaeT BBICOKOE pa3pelieHue; (2) paboTaeT ¢ pa3aTuYHBIMH MaTepHalaMH U
pucyHkamu; (3) MeIUIeHHEe M0 CPaBHEHHIO C ONTHUYECKOW 3amuchio; U (4) moporo. TUnUYHBIN
COM cnocobeH SKCIOHUPOBATh U300paKEHUS JIyYOM C TMAaMETPOM IIsITHA 0KoJ0 10 HM.

B pa6ote [11] ucciienoBanoch B3auMOICHCTBHE MHOTOCIIONHON HAHOCTPYKTYPHI Asy S3/Se
C JIEKTPOHHBIM JTy4OM. 3aBUCUMOCTh U3MEHEHUS TOJIIMHBI BO BpeMsi OpMUPOBAHUS PUCYHKA C
MOMOIIBIO 3JIEKTPOHHOTO Jy4ya OT TOTJIOIIEHHON 103bl st HaHocnoeB AsS/Se u GeS/GeSe,
MOJTy9E€HHBIX UMITYJIbCHBIM JIA3€PHBIM OCaKJeHUEM, n3o0pakeHa Ha puc. 1.14. [Ipu HackIeHNH
OTHOCHTEJIbHbIE U3MEHEHHUS TOJIIIMHBI HE 3aBUCIT OT XUMUYECKOro coctasa. [lornomennas no3a,
HeoOXxoauMas JJIsl JOCTYoKeHMs Hackimenus npu Ad (2,5 CM‘Z) HE 3aBHCHUT HU OT XMMUYECKOMH

MpUpoaAbl HAHOCIIOCB, HU OT MCTO/1a IMMOJTYYCHH A 06pa3ua.
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Puc. 1.14 U3mMeHeHuHe TOMMHBI B 3aBHCHUMOCTH OT MOTJIOIIEHHOI 103bI 1JI1 00pa310B,
NMPUTOTOBJIEHHBIX METO0M UMITYJILCHOIO Ja3epHoro ocaxaeHus (GeS/GeSe u AsS/Se
CcOOTBeTCTBEHHO) [11].

B3anmMopeicTBiE 3IEKTPOHHOIO JIy4a C TOHKMMH IieHKamMu u3 XC uMmeeT 0COOEHHOCTH,
HarnpuMep, 3aBUCUMOCTb OT TepHoJia 3anuceiBaeMoil pemetku [43]. DT1oT 3¢ ekt oObsIcHsaeTCs
KOHKYPEHIIMEW JBHWKYIIMX CHJI, BBI3BIBAIOIIMX MPOJOJIBHBIA MacCCONEPEHOC, YCKOPEHHBIN
ANEKTPOHHBIM 00dyueHHeM. OCHOBHBIMU ABWXKYIIMMH CHUJIAMH  SIBIISIFOTCSL  KaNWJUISpHAs
(marutacoBcKasi) cuiia, BBI3BaHHAs W3MEHEHUEM Npo(GuUis MOBEPXHOCTH (OHA OMpeAesseT
CTTIQ)KMBAHKE), U XUMUYECKas CHJIa, BRI3BaHHAS JeopMalmeil 1 pa3pbIBOM XUMUYECKUX CBSI3EH

10J1 BO3JICHCTBUEM OOJTyUEHUS.
1.3 Meroabl wucciaenoBanuss IMPPAKUUOHHBLIX CTPYKTYP B Cpelax Ha OCHOBe
XaJIbKOTeHUJIHBIX CTEKJI000Pa3HbIX MOJYNPOBOJHNKOB U CBETOYYBCTBUTEILHBIX KAp0a30.1-
coiep KaluX MOJTUMEPOB

HccenenoBanue HOBBIX MAaTE€pUAIOB, HCIIONb3YEMBIX B Kay€CTBE PETUCTPUPYIOIIMX CpPE.
ONTUYECKON MHPOpMAIK TpeOyeT UCIIOIB30BaHUS 1IEI0r0 KOMIUIEKCa aHAIUTUYECKUX METO/I0B
JUTSL ICCTIEIOBAHUSI XUMHUECKOTO COCTaBa M CTPYKTYPBI HA KaXKJIOM 3Tarie MOATOTOBKH 00pa3iioB
U romorpaguveckor 3amuch. B ONTHYEeCKOM MaTepHalOBEICHUU HWCIIONB3YIOTCS METOIBI
yIbTPapUOIETOBOM, BUIUMON U MHPPAKPACHOW CHEKTPOCKONHUHU, ONMTHYECKOW, CKaHUPYIOIICH
3JIEKTPOHHOU U aTOMHO-CUJIOBON MUKPOCKOITUH, SIUTUTICOMETPUH, PAMaHOBCKOM CIEKTPOCKOTTUU
1 MUKPOPEHTI€HOCIIEKTPAILHOTO aHAJN3a.

[Iporeccrl 0IHOCTAAUNHOTO CTPYKTYPUPOBAHUS IOBEPXHOCTH B HACTOSILIEE BPEMSI aKTUBHO
HCCIIEIYIOTCSL I Pa3IMYHBbIX CBETOUYBCTBUTEIBHBIX MarTepuanoB, Bkitouas XC u All, HO

¢bu3nueckas UHTEPHPETAUs U MOJHBI MEXaHU3M CTPYKTYPUPOBAHUS MOJTHOCTHIO HE MOHSTHL
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XoTtst ObuT pa3zpaboTaH psii MaTEpPHAIIOB, HM OJWH W3 HUX HE OTBEYaeT BCEM TPeOOBAHUSM, H,
CJIEIOBATEIBHO, 3TO OCTAETCS OJTHUM U3 OCHOBHBIX MPEMSTCTBUM /1715 ycriexa JaHHON TEXHOIOTHH.
1.3.1 AKTyajbHble HMCCICAOBAHUS KHUHHETHKH 3alHUCH T0JOrpaMM ¢ HCHOJb30BAHUEM
(¢popmpaxropa.

OmauM W3 TJIaBHBIX KpuTepueB kadectBa JIOD sBmsercs ero audpaximoHHas
addextuBHOCTh (/ID), KOTOpas ompenenseT OTHOIMIEHHE NU(PPArHpOBAHHOW IHEPTUU KO BCEH
sHepruy, nagatomied Ha JIOD. 3aBucumocts /IO OT MOAYISIMU ONTHYECKMX IapaMeTpOB
orpeieNaeTcsl Kak TUIIOM (popMupyeMol TU(pPaKIHOHHON pemieTkd (00beMHasi WM IJI0CKas),
Tak M TUIIOM MOJYJIMPYEeMOro mapameTpa Cpeibl M €ero 3HadeHus (aMIUIMTyIHas, (a3oBasd,
CMeINIaHHasi aMILTUTYAHO-(ha3oBas, penbedHo-(hazoBas). Xapakrep u3MeHeHus J[D 3aBUCUT Kak
OT MapaMeTpoB MaTepHalia U PEIIeTKU, 3alMCaHHOW B MaTepHualie (ToKa3aTellb MPEIOMIICHUS U
K03 (QUIIMEHT MOTJIOICHHS MAaTepUalia, CTENeHb MO TYJISIIHS IOKA3aTells IPEIOMIICHUSI, TOJIIIHA
CJI0s1, TIEpro, TIyoruHa u popmMa mpoduIIs PEemIeTKH), TaK U OT IJTUHBI BOJIHBI TTAJAI0IEr0 CBETA.
BBuay Toro, 4to mpu roiorpaguveckoi 3amnicu peneTok GopMUpyeTCs CHHyconaanbHas Gopma
npopuia (M3-3a CHHYCOMJAIBHOTO pPACHpelesieHHs] MHTEHCUBHOCTH B HHTEP(EpPeHLIMOHHOM
KapTUHE), IU(paKIUs CBETa HAa pelIeTKax C TaKUM MpoQuieM MOXKET OBITh CBeleHa K JIBYM
MpEeACIIbHBIM CITy4asiM: K pexxumy audpakunn Pamana—Hata (11t ToHKHX perieTok) [44] u bparra
(st 06 beMHBIX pemieTok) 1mo kputeputo Kneitna [45]. 111 00beMHBIX penieToK 3aBUCUMOCTh J[D
nostyuns KoreiabHUK B IPeJI0KEHHON TEOPUH CBSI3aHHBIX BOJIH [46].

HecMmotpst Ha TOBOJBHO JJIUTENHHOE U3YUYCHHIE KUHETUKH JID pa3snudHbIX ToI0rpad@uuecKux
MarepuaioB, Toiabko B 2016 romy [47, 48] ObLIO TPENIOKEHO OOBSICHEHHWE XapakTepa
AKCTIIEPUMEHTAIbHO-HAOIIOAaeMO KHHETHKHY [, OTIIMYHON OT TEOPETUIECKOM 3aBucUMOocTH /1D
s audpakimu bparra B pesxume npornyckanus. Bausiaue dakropa GopMbl roJorpaMMbl MOXKET
CYIIECTBEHHO OTPaHWYMBATH JOCTH)KMMBIE 3Ha4deHus /1D romorpamMm, HECMOTps Ha OoJbIIMe
3HAYeHUs JUHAMHUYECKOTO AMana3oHa (OTOOTKIMKA rosorpadudeckoro marepuana. [Ipuunnoii
ATOrO SIBJISIETCS HAMYHME MEPEeKpPECTHOTO B3aUMOJEWUCTBUSA ABYX (PAaKTOPOB — HEIMHEHHOCTH
OTKJIMKA Ha SKCIO3UIMIO M HEPABHOMEPHOCTH CAMUX TOJIOTPaMM MO MO0 - (opMdaxrTop
roiorpamMm. Brmsiaue ¢dopmdakTopa ompeaesnsieTcs, BO-IEPBbIX, HEOJHOPOIHOCTHIO SPKOCTH
OOBEKTHOTO M OIOPHOTO IYYKOB IO TMOJI0 TOJOTPaMMBbl, YTO CBSI3aHO HE TOJIBKO C
HEOJIHOPOJAHOCTBIO SPKOCTH OCBELIAEMbIX OOBEKTOB, HO MPUCYIIE HEOJHOPOAHOCTH Camoro

Ja3epHOT0 U3Ty4YeHUs1, uMeroIero ['ayccoB BuI, a BO-BTOPBIX, — HETMHEHHOCTHIO ()OPMHUPOBAHUS

36



Takass HeIMHEMHOCTh NpPUCYIIa HE TOJBKO HACHIAIOIMIEMYCSI C POCTOM

(hOTOOTKIIHKA.
AKCIO3UIMU (POTOUHAYIIPOBAHHOMY H3MEHEHUIO TOKa3aTeNs MmpeioMieHus: An it (a3oBBIX

MaTepHaoB U (HOTOMHAYIIMPOBAHHOMY U3MEHEHHIO MTOKAa3aTes MOTJIOMICHUS I aMITUTYAHBIX,
HO U caMOMy c1ioco0y ¢opmMupoBaHus (OTOOTKIIMKA B BUJE 0OBEMHBIX roorpamm [46]:
n = sin?(aAn) (1.3)

371eCh 0— K03(PULIMEHT, 3aBUCAIIMNA OT YIJIOB MAJCHUS 3aMMCBHIBAIOIINX, BOCCTAHABIMBAIOIINX
MyYKOB W TOJIIMHBI ronorpaduueckoid cpeapl. Ha puc. 1.15 mokaszaHbl sKCHepUMEHTaIbHO-
HabroaeMas U TeopeTudeckas KHHETUKH /IO npu 3amucu 0ObeMHBIX Op3ITOBCKUX IOJI0rpamM,
rje HabromaeTcs Kak CMEIIeHHue repBoro muka I B o0macTh OOJBIIEH 3KCIO3UIMH, TaK U
3HAYUTEIbHOE CHIDKEHHE MAaKCHUMAaJbHO JIOCTHXHMOro 3Hadenus J1O. Ilapamerp o 31ech

YYUTBHIBAET M TOJIIMHY d ¥ T€OMETpHIO 3amicu B 00bEMHOM rojorpaduieckoM marepuaie. B

AKCTIIEPUMEHTAX ISl KHHETUKH | ¥ JJIs1 KHHETUKH 2 OH ObUT OJIMHAKOB.
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Puc. 1.15. Kuneruku /19 00beMHBIX 0P3rTOBCKHX pellleTOK, KpuBas 1- TeopeTnyeckasi

3aBHCUMOCTH coriiacHo 1.3)) (mis yno0cTBa cpaBHeHus1 yMeHbIIeHHas B 3,33 pa3a), u

KPHBas 2 — JKCNEPUMEHTAJIbLHAsA KHHeTHKA /D rojiorpaMmpl, 3allMCAHHBIX IAyCCOBbIMU
nyukamu [47].
N3 cpaBHeHus kpuBbIX | U 2 BUAHO, UYTO OHU MUMEIOT MOYTH OAUHAKOBBIN BUJ BILIOTH J0
TOYKH MEPBOr0 MaKCMMyMa TaK, YTO MPU CMEIIEHUH KPUBOil 2 BIEBO BBEPX AJI1 COBMEIICHUS UX
MEPBBIX MAKCUMYMOB, KpUBbIe | W 2 MpakTUYECKH COBMAAAIOT. DTO MOCIYKUJIO OCHOBAaHUEM
0TOOpakaTh Ha yd4acTKe OT HYIA JO MEPBOr0 MakKCHUMyMa KHHETHKY pocta J[D romorpammsl,
3aMMChIBAEMOM rayCCOBBIMH IMMyYKAMH TaK K€, KaK OHa BBITJISAUT JJIS IJTIOCKUX ITy4YKOB
n=0-sin*{Wf(EV)} (1.4)
HO TOJIBKO C KOPPEKTUPYIOMUMH K03 PUiMeHTaMu IpOeKUUOHHBIX TpaHchopMmaruilt ¥ u Q, rie

¥ 6b11 Ha3BaH GopMPpakTopoM. TaKkyro KOHCTAHTY MOKHO BBIYMCIIUTH JJIS1 K&KION TOJIOTPAMMBI,
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3anucaHHol ['ayccoBeiMu M He ['ayccoBbiMH myukamu. Benumuuna noctmkumont IO Q He
noAgaéTcsl aHATMTUYECKOMY BBIUMCIICHHIO, OJTHAKO, onpeaesnseTcs (OpMOi rojJorpaMMbl WiH e€
(dopMbpakTOPOM U MOXKET OBITH MMOJTyueHa YUCIEHHO JUIS KaKJ0r0 BUJa rojorpaMm. BuaHo, uto
kpuBas 1 (puc. 1.17) nepBoro g0kajJbHOro MakCUMyMa, COOTBETCTBYIOIIAsl HE I 'ayccoBoil, a HEKOM
UJIeaTbHOM, TIIIOCKOM, C pABHOMEPHOM 3aCBETKOM rojiorpaMMe, paccuntanHas 1o (1.4), nocturaer
pu 0An = 1/2, a kpuBas 2, (3KCIIepuMeHTaIbHas), OTCTaéT mpuMepHO B 1,6 pasa (ms yaoOcTBa
CpaBHEHMsI aMIUIMTY1a KpHBOH | Ha rpaduke yMeHbIIeHa B 3 pa3a 110 CpaBHEHUIO C pacu&THON).
JUis BBIYMCIEHUS ONTUMAIBHOM 3KCIO3MIMM TayCCOBBIX TOJIOTPAaMM MOKHO HCIIOJIb30BaTh
M3BECTHYIO JUTS TUIOCKHUX TOJIOTPaMM SKCIIO3HUITUIO U, yMHOXKas e€ Ha kodddurment y = (1/1,6) =
0,6, HAXOAUTH ONTUMAJIbHYIO AKCTO3uIHI0. [TapameTp , KOTOphIil Ha3bIBaeTCst GopMPpaKTOPOM
rOJIOrpaMMBl, OTIpesieNieT CHIKeHue e€ cpenneil /19 B 3aBUCUMOCTH OT ()OPMBI TOJIOTPaMMBI U
BUJa HEIMHEWHOCTH OTKJIMKA. [1oJl OTKIIMKOM NOHUMAeTcss HE TOJIbKO (OPMHPYEMBIA IpH
AKCMO3UIUU (HOTOOTKIMK MaTepuaja, HO W CBs3aHHAs ¢ HUM JID MOy4eHHOH TOJ0rpaMMBI.
Bmustane popmdakTopa orpaHnunBaeT 1 MaKCUMaJIBHO JOCTHXKUMBIC 3HaueHus [[D. BreipakeHnue
(1.4) BMecTe ¢ BbIUMCIEHHBIM €2, KO3()PULIMEHT CHIKEHUSI MAKCUMAIBHOTO 3HAYCHHS CpeIHEH
13 rosiorpammsl, 3a4a€T NPAKTUUECKH HYKHBIE XapaKTEPUCTUKH rojIorpaMmbl. Bennuunsl y 1 €2
MO3BOJISIIOT KAYECTBEHHO, IO-HOBOMY IIOHATH OTrpaHUYEHHs, CBs3aHHbIE C (opmdakTopom
rosiorpamMel. [locmenHuil U3 A3TUX MapaMeTpOB, ONPEACIEHHBIN U3 MOJIETBHBIX PACUETOB, Kak (2
~ 0,26, 00BsACHSET, IOYEMY B SKCIIEPUMEHTAIbHBIX paboTax He OblUla TOCTUTHYTa BbIcOKas /1D
rojgorpamMMm. Takum oOpazom, Gopmbakrop ¥, ompenensiercs OTHOIICHHWEM SKCIO3UIUN, MPH

KoTophix JID mocTuraer mMakcumyma Juisi paBHOMEpHOTo mojist 3anucu (Euif) ¥ HeMMHEHHOTO

_ Eunif
(Enontin) W = ———. JlanHoe siBIEHWE MOKHO HaOIIOJATh TOJBKO MPHU JOCTATOYHO OOJBIITHX
nonlin

3HAYEHUSAX MOAYJISIHMH MapaMeTpoB rojiorpamMMbl (MOIYJISALMN MOKAa3aTess MPEeIOMIICHUS WU
MMOBEPXHOCTHOTO pelnbeda), IpU KOTOPHIX MEepBbIM MUK /ID mepexoauTt uepe3 MakcHMaabHOE
3HauYEHHUE.

Cpennsia /1D n 3aBucur, coryacHo (1.4), He TOIBKO OT SKCHO3UIUHU (E£), HO U OT pacnpeaeeHus
“BUIHOCTH 3aITMChIBa€MOM HHTEP()EPEHIIMOHHON KapTHHBI 110 TI0JTI0 rosiorpaMMel (V). [Ipu aTom
u E v V cHMMETpUYHO BIUSIOT Ha BEIMYUHY (POTOMHIYLMPOBAHHOTO (POTOOTKIMKA Cpeasl An. A
3HAYUT, CJICAYCT YUUTBIBATH PACHPCACICHUC T10 OO I'OJIOrpaMMbI HC TOJIBKO 3KCIIO3UIIUHU, HO U

KadecTBa MHTEPPEPEHIIMOHHOW KapTHHBI, C(HOPMUPOBAHHOW HA TOBEPXHOCTH 3aIHMCHIBAIOIICH
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cpensl. Jlns OpAITOBCKUX TOJIOTpamMM, 3alMCAHHBIX T'ayCCOBBIMU IMy4YKaMH, JAHHBINA MapameTp
cocrasun V=0,6 [47].
Ha puc. 1.16 nokazaHna skcniepuMeHTaIbHasg KUHETUKA J1D 111 paBHOMEPHBIX M rayCCOBBIX

rOJIOTPaMM.

Unifarm beams
Gaussian beams

g T T T T T T T T T
0 10 20 i} 40 50 60 70 a0 a0 100
t, min

Puc. 1.16. 3apucumocts /1D nepBoro nopsiaka AByXMepHoil (TOHKOI) pemeTKku oT
BpPEMEHH 3aNHMCH, 3AaNIMCAHHOI PAaBHOMEPHBIMH (KpuBasi 1) U rayccoBbIMHu (KpuBas 2)
Ny4KaMHu.
B pab6ore [49] npuBeaeHBI pe3yIbTaThl PETUCTPAIIMN MTUKCETbHBIX (“dot-matrix’) roorpamMmm

B (bOTO‘-IYBCTBI/ITe.HBHBIX CJIOAX Ha OCHOBC a30IIO0JIMMCPOB.

a) [zEmw] b) [eomw] c) [eomw]

il

J'w’mﬁ

Puc. 1.17. IloBepxHocTh penbeda n npo¢uiib NHKCeJe 3alIHCAHHOH I0JI0rPaMMBI LIS
Pa3/1u4YHOM MHTEHCHBHOCTHU My4Ka 3anucu (a) 2.5 mBT, (b) 4.0 MmBT, u (¢) 8.0 MBT [49].
C nomompio ACM noBepxHOCTH penieTok (puc. 1.17) aBTopsl moka3aiu, 4TO B 3aBUCUMOCTH
OT MHTEHCUBHOCTHU 3aMMCBIBAIOLINX MTyYKOB, KQX/Ibli MMUKCENb TOJOrPaMMBbl TpaHc(hopMupyeTcs
U3 THKCENs C TayCCOBBIM pAacCHpElIeICHUEM MOAYJSIMM IOBEPXHOCTH (4711 MEHbIIEH
MHTEHCUBHOCTH), B MHKCEIb C MPOBAJIOM B IEHTpe MATHA (A1 OoJbleld MHTEHCHUBHOCTH). B

pabote [50] aBTOpPBHI MPHUBOIAT IKCIEPUMEHTAIBHYIO KHWHETUKY JID penbedHON perneTKku,
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3amucaHHOM Ha aszomonumepe (puc. 1.18a). Takyro CIOXHYIO KapTHHY 3BOMIONUN J[D aBTOpHI
OOBSACHSIIOT OTHOBPEMEHHBIM (POPMUPOBAHUEM TPEX Pa3IUYHBIX (PA30BBIX PEHIETOK C Pa3HBIMU
COOTBETCTBYIOIIMMHU IMapaMmeTpamMu. AHaIW3 [aHHOM 3aBUCHMOCTH ¢ ydeToM 3ddekra
dbopMdakTopa MO3BOISET MPEANONIOKHUTH (POPMUPOBAHUE TOJIBKO OJHOM pPEHIECTKH, a UMEHHO
penbedHO-Ga30BOM € TrayCCOBBIM  pacHpelelieHHeM MOAYJSIUUA TIyOWMHBI  penbeda.
MopenupoBanue KuHETUKH J|D Takoil pemieTkd, moka3aHHOW Ha puc.l.180, maer xoporee
COBIIAJICHUE C DKCIIEPUMEHTAIBbHOM KPHUBOM, MOKa3aHHOM Ha puc. 1.18a, yro mo3BosisgeT Ham

cllenaTth BBIBOJ O MPHUCYTCTBUU dPdekTa hopMpakTopa B 3TOH Tosiorpapuyeckoit 3amcH.

1, %

T T T
o 20000 40000 60000 80000
time, s

a §)

Puc. 1.18 a) DxkcnepuMeHTaIbHA KHHETHKA TU(PaKIMOHHOM 3(PPeKTHBHOCTH
peibedHON peleTKH, 3aNIMCAHHOM HA a30mouMepe 0) CMOIeJTUPOBAHHAS KMHETHKA
audpakunoHHOK 3 PEeKTHBHOCTH peJibepHOH peleTKH, ¢ yueTom GopmdarkTopa
rayccoBoro npopuis Mmoayasauuu pemerku [S0].

[Mockonbky 3 ekt popmpakropa B ronorpaduu mposBIsETCS TOIBKO IPU NEPEKPECTHOM
B3aUMOJICHCTBUM KaK MHUHHMYM JBYX HEIMHEHHBIX 3((EKTOB, BIMAIONUX HA «CHIIOBBHIC
nmapaMmeTpbl», OH He Bcerga 3aMmeTeH. JleWCTBUTENbHO, €CIU 3alKChIBaTh TOJIOTpaMMy
UCKITIOYUTENIbHO pPaBHOMEpPHBIM, Kak B Mojenu KorenbHuKa, My4kKOM WM 3allUCHIBATh
UCKITIOYUTENILHO Ha JIMHEWHOM ydacTke pocta /9, To adhdexT popmbakropa nponagaer. OnHako
BBIIIIECIIEPEUNCIIEHHBIE TPUMEPHI MOKA3bIBAIOT €r0 HETPUBHUAIBHOE MPOSIBICHHE B HEKOTOPBIX
Clly4asix, KOrJja OH OOBSICHSET psJ HEMOHATHBIX paHee 3((eKToB, YacThb M3 KOTOPBIX YKe
WCIIONB3yeTCsl Ha TmpakTthke. M3 o030pa auTeparypsl BHAHO, YTO ONHUCAHHBIC S()QEKTHI,
BbI3BaHHBIE MPOsIBICHUEM (PopMpakTopa, MpeCTaBIAIOT 3HAUNTEIbHBINA MPAKTHUECKUI UHTEPEC.

1.3.2 CnekTpajibHble M HHTEeP(epeHIMOHHbIE METOAbI HCCJICJOBAHNS.
OTnuuuTeNbHON OCOOEHHOCTHIO TOHKOIUIEHOYHBIX CTPYKTYp SIBISETCS HHTEephEepeHLns

CB€Ta B TOHKHX ITOJYIIPOBOJHHUKOBBIX W AUIJICKTPHUYCCKUX CJI0AX, YTO BHOCHUT HM3MCHCHHC B
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CHEKTpaJibHOE pacmpefeneHre Kod(h(UUIUEHTOB MPOMYCKAaHUS WM OTPAKEHHUS, W IO3BOJSET
OTIpeAeNATh MOKa3aTeNlb NPEJOMIICHUS U JUCIEPCUIO TIoKa3aTels IPeJOMIICHUS TOHKUX MJIEHOK
Ha pa3JInYHbIX MOJJI0KKAX, aTOMAaPHO-MOJIEKYJISIPHOE CTPOECHUE BEIIECTBA, TOJIIINHY IIEHOK.

PamaHOBCKas CIEKTPOCKOMHS TTO3BOJISIET UCCIIEI0BATH CTPYKTYPY aMOP(HBIX MaTEepHAIOB C
MOMOUIBI0 H3MEpeHusi KojeOaTeNnbHbIX MOJ pemeTkd. Kaxabplii Nuk KOMOWHAIMOHHOTO
paccesiHUsI CBETa CBsI3aH C BHOpAlME KOHKPETHOW CTPYKTYPHOW €IMHMIIBI. DTO BHYTpPEHHEE
«HAHO» 30HAMPOBAHHUE JEJIAET PAMAaHOBCKYIO CIIEKTPOCKOIMIO YyBCTBUTEJIBHON K CTPYKTypam
ONMKHEr0 M CPEeJHEro Mmopsijaka, B TOM YHMCIE B CTEKIO00pa3HBIX MaTepualiaX, U INpenajaraet
MOJIXO0JT «CHU3Y-BBEPX» K HAHOCTPYKTYPUPOBAHHBIM MaTepUaliaM, YTO SBJIIETCS JOTOJIHEHUEM K
TaKUM METOJIaM, KaK 3JIeKTPOHHAsI MUKPOCKOMUS M PEHTI€HOBCKas TUPaKIIHS.

CrniexTpockonuss KOMOMHALIMOHHOTO pacCesHUsl CBETa CTAaHOBUTCS HKCHEPUMEHTAIBHO
0ojee MpUMEHMMON Onaromapss mporpeccy B 00JacTH J1a3epoB M JATYMKOB H300paKEHUN B
Juana3oHax BOJH OT Bugumoro a0 ommwxHero UK auamasona. Mbl MOkeM HOJTyYUTh HE TOJIBKO
OOBIUHBIE CIEKTPhl KOMOMHAIIMOHHOTO PACCEesIHUSI CBETAa 3a KOPOTKOE BPEMS SKCHO3UIMH IS
HeOonpmMX IIomaneit 3oH1a (~ 1 MKM), HO TaKKe pPE30HAHCHBIE M HEIMHEHHBIE CIIEKTPHI
KOMOMHAIIMOHHOTO paccessHusl cBeTa. B kauecTBe mpumepa Ha puc. 1.18 mokaszaHbl CHIEKTpHI
KOMOMHAIIMOHHOTO pacCesiHUs CBETa CTEKII000Pa3HOTr0, CBEKEHABIJICHHOTO U KPUCTANINYECKOTO
As2S3. Hlupokne u OTHOCUTENBHO pe3KHe CIIEKTPhI CTEKJIa MOCie UCTIapeHHUsI INIEHKU MTO3BOJISIOT

MPEANONI0XKHUTh, YTO OHU SIBJIAIOTCS CIIUTBIMU MOJIeKynamu [51].

\L ? g/ € G\L
\ .

(b)

Intensity (arb. unit)

(c)

0 100 200 300 400 500
Raman shift (em™)

Puc. 1.19. CniekTpbl KOMOMHAIIMOHHOT0 PACCeSIHUA CBeTa (2) CTEKJI000pa3Horo, (0)
CBEKEHANBIJIEHHOI0 W (B) KPUCTALINYECKOro As2S3. CoOTBeTCTBYIOIINE KOJIe0aTelbHbIE

MO/IbI MOKa3aHbl A4 (a) [S1].
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[IpsiMble ¥ HeENpsIMBIE SKCIIEPUMEHTAJBHBIE HCCIEIOBAHUS CTPYKTYPhl TO3BOJISIOT
MPEATNONOXHUTh, YTO OmmkHUN Tmopsanok (<0,5 HM) cTekia aHaJOTHYEH CTPYKType
COOTBETCTBYIOIIETO KpucTamia [52].

CrnexTpasibHasi 3aBUCUMOCTD [MOKa3aTeNs MPETOMIICHHS], pACCUMTaHHASI BMECTE C TOJIILUHON
mieHok MeronoM CpaitHenona [53], mpenctaBieHa B pabore [54]. CrekTp ONTHYECKOTO
MpONyCKaHUs TOKa3aTessa NpeoMiieHusl TUieHKU Asi26(Ge238563.6 mpeacraBieH Ha puc. 1.20a
BMECTE C KOMIBIOTEPHO pPacCYMTaHHBIMU orubaromumu. Illupokas 00JacTh TPO3PAYHOCTH
HaOmonaercs Ha JIMHHBIX BotHax 400—600 uM. CrmomrHast nuHHs Ha puc. 1.20a cooTBeTCTBYET
anmnpoKCHMallMU JUCTIEPCUU IOKa3aTessl MPeOMIIEHUS METOJO0M HaWMEHBIINX KBaJpaToB IO
dbopmyre:

n(d) =a/A* +c (1.5)

CrnektpanbHasi  3aBUCHUMOCTh  IIOKa3aTelsl  IMPEJIOMIIGHHS  XOpOILIO  OMHCHIBAETCS
OJTHOOCHMJUISITOPHOM MOZENBIO0 [54]. CornacHo 3TOM MOJIEINH, TOKa3aTelb MPEJIOMIICHHS CBSA3aH C
SHEpruei magaronero GoroHa ypaBHCHHEM

n?—1=E,E,/E¢ — E? (1.6)

rae Eyp — osHeprus ocumiuisaTopa, £y —aucnepcuoHHas dHeprus. B orom BelpaxeHun Ey
ONpPEACIISIET MOJ0KEHUE OCHWIIIATOPA, CBI3AHHOE C BEIMUUHOM CPEIHEN SHEPreTUUECKOM IIEeNH;
Eqs — nucnepcuoHHasi SHEpPrus, XapakTepHU3YIOIlas «CHIIy» MEX30HHBIX TmepexoqoB. Jlis
nosyuyenus Eog u E4 cTpouTCs 3aBUCUMOCTD

(m* -1~ = f(EH) (1.7)
B TOYKAX, COOTBETCTBYIOLIMX SKCTpEMyMaM CIEKTpa IMpPOIyCKaHUS, a 3aTeM BBIMOJIHSIACH
anmnpoKCUMAIUs MPSMOH JIMHUEH METOA0M HauMEHbIINX KBaapaToB (cM. puc. 1.200).
Jnist onpeneneHusi ONTUYECKOH 3anpemieHHon 30Hb1 Eg npumensitot 3akona Tayna, (ahw)l/2 =
f(E), wm ucnons3yroT 3aBucumocth o = f(E). B pabore [55] Oblm0 yka3zaHo, 4TO pa3HHUIIA B
BennuuHe Eg 10-20% mnpu mepexome or oaHoro Meroga K apyromy. Jlis naHHOro tumna
matepuanos (XC) cormacHo [55] mpenmnodreHue otaaercs 3akony Tayma.
Ha ¢doTtouHaynupoBaHHble METaCTaOWIBHBIE COCTOSHUS, BO3HUKAIOIIUE B HOCHTENSX 3aIliCH,
BIIUSIIOT MPOLIECCHl TEPMUYECKON peaKkcaliy (Tak Ha3bIBaeMOE CTapEHHE), YTO COKPAIAET CPOK
CITYObI ()YHKIIMOHAJILHON CTPYKTYpBI, 3alTMCAHHON Ha JAaHHBIX Hocutesx [56]. Kpome Toro,
TPaJAUIIMOHHBIC TTOAX0 1Bl 00BEMHOU Tonorpaduu CO3MaI0T TaKUe OTPaHUYCHUs, KaK oclabieHue

MHTCHCUBHOCTH CBETA 110 TOJIIIHMHE 3aIIMCBIBAIOIICTIO HOCUTCIA B COOTBETCTBHUH C 3aKOHOM Bepa—

42



JlamGepTa, KOTOpBIA yMmeHbIIAeT S(PPEKTHUBHYIO TOJIIUHY JIO00H CTPYKTYpBI, ONTHYECKH

3alMCaHHON B Marepuaiie [56].

1.04
0.84 \/ \ /
D.ﬁ ) 2.3
L c
0.4
2.2
0.2 1
0-{] T T T T T 2.1 T k\.
S00 1000 1500 2000 2500

500 1000 1500 2000
A, M A, nm

Puc. 1.20. a - CnekTp nponyckaHusi TOHKO# mieHKH As12.6Ge23.8563.6 ¢ orudawmumm, 0 -
CrnekTpajibHasi 3aBHCHMOCTD MOKAa3aTeJIsl NpeJoMJIeHUsI TOHKOM miieHKH As12.6Ge23.8563.6

[54].

1.4 BeiBoabl K 1i1aBe 1, neJib M NOCTAHOBKA 3a/1a4M.

W3 ananmm3a AUTEpaTypHBIX JAAHHBIX BHIHO, YTO HECMOTpPS Ha OOJBIIYIO MOTPEOHOCTH B
MHoOroyHKIMoHaIBHEIX JIOD, BoOmpoc MarepuaioB M METOJIOB 3alHCH, O00eCIeYMBAIOIINE
MHOTO()YHKITHOHAJIBHOCTh, OCTAE€TCSl OTKPBITHIM JUIS JabHEHIINX uccienoBanuii. XC, saBissch,
Ha CETOIHSIIHUHA JIeHb, TOCTAaTOYHO XOPOIIO M3YyYEHHBIM MAaTEpHaliOM, IOKA3bIBAIOT HU3KYIO
(OTOUYBCTBUTENFHOCTD KaK JJISI CKAJSIPHOW, TaK M JJIsl BEKTOPHOW roiorpaduueckoi 3aIucH.
OnHAaKO ¢ TTOMOIIBIO HCKYCCTBEHHOTO HAHOCTPYKTYPUPOBAaHUS M KOMOMHANWH pa3nndabix XC B
TaKWX HAaHOCTPYKTYpax, MO’KHO CYIIECTBEHHO MOBBICUTH TpeOyeMble TapaMeTphl.

Yro kacaercsi ()OTOUYBCTBHTEIBHBIX IOJUMEPOB, TO TPU BCEM MHOTI00OOpa3HH 3STHX
MaTepualioB, BCErJa MOKHO HAWTH HOBYIO KOMITO3HMIIUIO, HAIIPUMEp, TOJIMMEPHOIl MAaTPHUIBI U
a30KpacuTes, KOTOpbIe 1aayT Oojee BEICoKHe /1D, MOy ISAIMIO MTAAaI0IIEro CBETOBOTO TIOJIS, YeM
YK€ U3BECTHbBIC MaTepHAIIbI.

Kpowme Toro, cymectByerT HeOOXOJUMOCTb B pa3padOTKe U PaCIIMPEHUN METOJOB 3alUCH
onTryeckoil nHpopmarmu. Tak, HapuMep, TPAJUIUOHHAS CKAJIIpHAs roorpadus JOMOIHUIACH
HOJISIPU3AMOHHON Tosiorpadue, KOTopasi CyIECTBEHHO PACIIUPSAET BOZMOXXHOCTH 3alICaHHBIX

STUMHU JBYMSI TOJOTpaPUUIECKUMH METOIaMHU ONTHYECKHX 3ieMeHTOB. OHOCTaIuiiHas (TIpsiMast),
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0e3 XMMUYECKOro TpaBJICHUS Trojorpaduueckas W 3JIEKTPOHHO-JIy4eBasl 3alKCh, CYIIECTBEHHO
YOPOIIAIOT TEXHOJOTHYECKHM MPOLIeCC 3aluCH.

Takum 00pa3zoMm 1enbl0 pabOTHI SBIAETCS U3yueHHE (OTOMHIYLIUPOBAHHBIX SBICHUH B
MHOT'OCJIOMHBIX HAaHOCTPYKTYpaxX Ha OCHOBC XaJIbKOICHHUIAHBIX CTCKOJ M B TOHKHUX IUICHKAax Ha
OCHOBE Kap0a30JIbHBIX TOJUMEPOB [UIsl BBISBICHMS CKaJSPHBIX M BEKTOPHBIX ITPOIECCOB,
BO3HUKAIOIIMX B ATHX MaTepuaiax MoJl BO3JEICTBHEM CBETOBOTO U 3JIEKTPOHHOr0 00iyueHus. B
IIOCTABJICHHBIC 3aJa4dy HCCICOOBAHUA BXOAHWJIAa pa3pa60TKa CKaHHpHOﬁ n HOHHpHBaHHOHHOﬁ
npsMoOil Tosiorpaduueckoi 3amucu Ui CO3AaHUS MHOTO(YHKIIMOHAIBHBIX AU(PPAKIIMOHHBIX
ONTHUYECKUX JIEMEHTOB HA MHOTOCJIOMHBIX HAHOCTPYKTYypax 3 XC u B TOHKUX TieHkax KII.

PazButne 5THX paboT OTKpHIBACT IIMPOKHH CHEKTP MPAKTHYECKUX TPUMEHEHUNU B
HU3TrOTOBJICHUMU ONTHYCCKUX JBJICMCHTOB, a TaAKKC BHCAPCHUC HOBBIX W HWHHOBAIIMOHHBIX

TEXHOJIOTHUM.

2. NOJYYEHHUE U UCCJIEJOBAHUE TOHKOIIVIEHOYHBIX MUKPO- 1
HAHOCTPYKTYP.
2.1 MeToaAuKH NMOJy4eHUS MHOTOCJIOHHBIX CTPYKTYP U3 XAJIbKOTeHUIHbIX
CTEeKJI000Pa3HbIX MOJYNPOBOIHHKOB.

XC Ha 6a3e MbIIIbSIKA MOTYT CYyILIECTBOBaTh KaK B KPUCTAUIMYECKOM, TaK U aMOp(hHOM,
cTexnoobpazHom cocrosiuuu. Ctekna coctaBoB As-S(Se) u As-S-Se momydaroT 3akaikoi u3
pacmuiaBa. [Ipoliecc cMHTE3a MPOMCXOAUT B 3allaCHHBIX KBAPIIEBHIX aMITyJIaX, IPEIBAPUTEILHO
oTkadeHHbIX 70 107°-10° Torr, pacrnonoxeHHBIX B TOPH3OHTATHHON WM BEPTHKAIBLHON MeuH,
cHaOKEHHBIX MEXaHW3MaMH BHOpaIMK U BpAILlEHHUs aMITyJIbl BOKPYT cBoeil ocu. JJis pa3inuHbIX
COCTaBOB MaKCHMaJbHas TeMIepaTypa cuHTe3a MoxeT cocTasisaTh oT 700 °C no 1100 °C, Bpems
CHUHTE3a COCTaBJSET OT 24 yacoB A0 72 yacoB. [lociie okoHUaHus mpolecca CUHTE3a aMIlyJa C
KHUJKONW CMECBIO OBICTPO OXJIaXxKAaeTcs (ITPOIeCcC 3aKalKK) Ha BO3yXe, B XOJOAHOM BOJE WU B
KHUJKOM a30Te.

B xauecTBe MOJIENBHBIX M HANOOJIEE H3yUYEHHBIX CHCTEM OOBIYHO PACCMATPHUBAIOT OMHAPHBIC
coenuHeHust As-S u As-Se wiaM TpoilHble coelMHEHUsT Ha uX OcHOBe As-S-Se [57-59].
XapakTtepHoit 0cOOeHHOCTBIO ATHX XC SBISETCS BO3MOXKHOCTH CYIIECTBEHHOTO OTKJIOHCHHS
COCTaBa OT CTEXHMOMETPHUECKOT0, TO €CTh COOTBETCTBYIOIIETO UCXOJHOW XUMUUECKOH (hopMmyIie.

JUist onpeiesIeHHOM, 3aJaHHON CUCTEMBI JJIEMEHTOB, KaK IIPAaBUJIO0, HEBO3MOKHO ITOJIYYUTh CTEKIIA
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m000r0 COCTaBa, TO €CTh CYIIECTBYIOT OOJIACTH CTEKJIOOOpa3oBaHMSs, B TpeAesiax KOTOPHIX
amop¢HbIe MaTepuaibl MOTYT ObITh OJTy4eHbI OBICTPBIM OXJIAXK/IEHHEM paciuiaBa. B To ke Bpems
00pa31bl COCTABOB, JISKAIIMX BHE 00JaCTH CTEKI000pa30BaHMsL, MOTYT ObITh MOJTY4EHBI, 10100HO
aMOp(pHOMY KPEMHHIO, OCaKICHHEM M3 HEKOHJECHCHUPOBAHHOTO cocTOsiHUA. XC coenuHEHHS
SIBIIIOTCSI TEPMOJIMHAMUYECKH 00Jiee YCTOWYMBBIMU 110 CPABHEHUIO C aMOP(QHBIMU FepMaHuEeM U
kpemHueM. [1o3ToMy UX OTKUT OOBIYHO HE MPUBOIUT K CYLIECTBEHHBIM U3MEHEHUAM (PU3NYECKUX
CBOMCTB.

B nmannoit pabore cuHTe3 XC coctaBom As»S3 GesAs3zSss, AsxSzsMnpy, momydninm
IIJIABJIEHUEM COOTBETCTBYIOIIMX MCXOIHBIX KOMIIOHEHT YUCTOTOM SN B 3aNasHHBIX MO BBICOKMM
BakyyMoM KkBapiieBbix amimyiax rnpu 700°C B Teuenue 24 yacoB. [ roMoreHu3anum pacmianBa
1e4b MepUOJNYECKH HAKJIOHSUIN. 3aKaJKy CTEKJIa IPOBOJWIM B XOJIOAHOM BOJE IIPU TEMIIEpAType
15°C, uTo PKBHBAJEHTHO CKOPOCTH oXnaxaeHus mopsaaka 10 Kc'. Ipu nonyuenun mienok XC
BaXHEHIIMMU U3 TpeOOBaHWM, MPEABABIAEMBIM K IJICHKaM, SIBISIOTCS BOCIPOM3BOJUMOCTD
COCTaBa UCXOJIHOTO MaTepHaja, FOMOI€HHOCTb IIJIEHKH 110 COCTaBY, CTPYKTYPE U TUCIIEPCHOCTH.
W3 cymecTBYIONMX CIOCOOOB HAHECEHUs IUIGHOK - TEPMUYECKOE HCIApeHHe B BaKyyMe,
KAaTOAHOE paclbUICHHUE, JIEKTPOHHO-TYyYEBOE MCIAPEHUE, MTHOBEHHOE (B3pBIBHOE) HCIIAPEHUE,
XUMHUYECKOE M JIEKTPOJIUTHUECKOE OCaxaAeHUs U Ap. - sl XC IpUMEHSIOT IIaBHBIM 00pa3oM
Tpu nepBbIX MeToaa [60-62]. Ha ocHOBaHMM TTPOBENECHHBIX paHee padoT [63-65], mpenmnodyreHue
ObUIO OTJAaHO TEPMOBAKYYMHOMY HaIbLICHHIO. JIaHHBIM METOJ MOIy4eHUs] TOHKUX aMOP(HBIX
CIIOEB  MO3BOJSET H3TOTOBUTH JIOCTaTOYHO PAaBHOMEPHBIE IO TOJUIMHE IUIEHKH C
BOCIPOU3BOJUMBIMU AJIEKTPOPUINYECKUMHU U ONTHUECKUMHU XapaKTEPUCTUKAMHU.

Jlnig HanbUIeHHs! ci10eB OblUIa MCIOIb30BaHA BaKyyMHasl yCTaHOBKaA J1a00paTOPHOTO THIIA
BVTII-4. U3roToBnenue 00pa3ioB MPOBOAMIOCH B MMPOIIECCE ABYX MOCIEIOBATEIBHBIX OTIEpaIlnii:
1. Iloocomoexa noonodcex. CTEKISTHHBIE TIOJIOKKU pa3MepamMu 75X75 MM M3 ONTHUECKOTO
crexkina K8 mpeaBapuTeNbHO NPOMBIBAIMCH W OYMILAIUCH IIYTEM KHIIAYEHHS B ILEIOYH H
TUCTWJUIMPOBAHHOW BOJE, 3aTEM MOJBEPrajuCh CYyIIKe B CymWIbHOM Hikady. CTeKIsHHbIE
IIOUIOKKH OYMILAJIMCH TAKXKE B YIBTPa3BYKOBOM BaHHE C IUCTUIIIMPOBAHHOU BOIOH. [Tommoxku
3arpy’Kaluch B Kamepy BakyymMHod ycraHoBku BVYII-4. Temmeparypa mnoanmoxek Oblia
KOoMHaTHOU B npenenax 20°C.

2. Hanecenue cnoese XC. Cnon XC H3roTaBIMBAIUCH METOJOM TEPMHUYECKOrO HaIbUICHUS

HCXOJHOI0 MaTrepuajla U3 TaHTajIoBOro TUIUIA. JlJIs HambUIEHWS MHOTIOCIOMHOM CTPYKTYpBI
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coctaBa As»S3-Se, KOMITOHEHTHI KOTOPOTO UMEIOT pa3IMYHbIE TaBJICHUsI TApOB, ObLT pa3paboTaHa
KOMITbIOTEPU3MPOBAHHAS MIPUCTaBKa BaKyyMHOI'O HambUICHUS U3 ABYX ucnapureneit (puc. 2.1).
CymHOCTh METO/IA 3aKII0YAETCS B CIIEIYIONIEM: TOTOBWIHMCH 1BA IPEABAPUTEIHLHO U3METbUEHHBIX
Matepuana As>S3u Se (pasmepsl KpynuHok 0.1-0.2 MM*), KOTOpbIe 3arpyKaiuch KaxIblii B CBOIO
TaHTAJOBYIO JIOAOUKY. Temmneparypa Kaxa0H JIOAOUYKH peryaupoBaiach OTAEIbHO MTyTeM MOAaYu
COOTBETCTBYIOILIETO TOKA, TMPOXOJAIIEr0o IO JOJOYKE M Pa30rPeBaOIIEro MaTepHall.
MaxkcuMaibHas TemrepaTypa noa0upanach ¢ TAKUM yCIOBHEM, YTOOBI IIPOUCXOIUIIO HUCTIAPCHHE
3arpyxennoro Bemectsa: 7=800°C s As>S; u 7=700°C nns Se. ITpu 3ToM BakyyMHas Kamepa
ObLTa pasjieneHa 3acilOHKaMu ¢ 00pa30BaHMEM ABYX KaMep UCHapeHus, a MOJJI0kKKa Bpalaiach
HaJ HCHapuTeNnsMu. J[Is HambUleHUs Ha ONpPENENECHHbIE YYAaCTKH MOAJOKKH HaJ KaKIbIM
ucnapureseM ObUTH CAENaHbl MAcKH, TUIOTHO MPUMBIKAIONINE K TMOUIOKKE. TakuM o0pa3oM, B
pe3yabTaTe OAHOBPEMEHHOI'O MCIApEHHUs OBYX MaTepHaliOB, Ha MOJUIOXKKE (OPMHpPOBAIACh
MHOTOCJIOMHAsI CTPYKTYypa, COCTOAIIAs U3 Yepeayronuxcs cioeB As»S3z u Se. ITO MO3BOIHIO
MOJIy4aTh MHOTOCTOWHbIE CTPYKTYpbl M3 XC, KOMIIOHEHTBHl KOTOPOrO HMMEIOT pa3iHyHbIe
naBneHust mapoB. bmaronmaps cmenuguueckoir (popme Macok (puc. 2.1) Ha TOIIOXKKE
dbopMupyeTcss Kak MHOTOCIOWHas CTpykKTypa As»S3-Se, cocrosimias H3 MOCIEAOBATEIHHO
HaHECEHHBIX CcJI0eB As>S3 M Se ¢ TOMIIUHON Ka)I0T0 CJI0s mopsiaka 5-20 HM, KOJTHYECTBOM CJIOCB

okouio 100, 1 TOIIMHON 001IeH CTPYKTYPHI OKOJIO 2-3 MKM, TaK U OT/AEIbHBIX clloeB As>S3 u Se.

Special form
windows

g N1
™
IR

Heating
boats

%

Puc. 2.1. IlpucraBka 1181 HaHeCeHHUsI MHOTOCJIOHHOM CTPYKTYpbI Ha ocHOBe XC ¢ AByms

ucnapureasMu: 1 - As2S3 ucnapurens; 2 — Se ucnapureJib.
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PerynupoBka cKOpPOCTH BpallleHUs MOJJIOKKH, a TAKKE CKOPOCTH HCIApeHHsl MaTepuasia, JaeT
BO3MOKHOCTb I10JIy4aTh MHOTOCIOWHYIO CTPYKTYpPY C HEOOXOAMMBIM KOJIMYECTBOM CIIOEB U
TOJIIIIMHOM KaX10T0 c1os. B mporiecce HanbIIeHUs pOCT TOJIIMHBI CII0EB KOHTPOJIMPOBAIN TyTEM
M3MEpEHUs MPOIYCKaHMsI CBETa Ha JUTMHE BOJIHBI 950 HM (omromapoit).

®dororpadus (puc. 2.2, a) 1 mornepeuHoe ceueHue (puc. 2.2, 6) MoTy4eHHON MHOTOCIIOHHOMN

CTPYKTYpHI As2S3-Se mokaszaHbl Ha puc. 2.2.

MM Lyers

A5y layer

D Ke

substrate

Puc. 2.2. (a) ®oTorpadusi o0pa3ua MHOIOCJIOMHON CTPYKTYPBI HA NMOMJI0KKE 75X75MM ¢
KosindecTBOM cj0eB 200 (100 ciioeB As2S3 u 100 ciioeB Se); (0) pparMeHT nMonepev4HOro
ceueHus odpasua c 4 cioamu As2S3u 4 ciioamu Se, D As2S3u D Se — 061mas TomuHa

cJ10eB As2S3 M Se cooTBeTCTBEHHO, d As2S3 M d Se — To/IMHA OTAEJIHLHOr0 HAHOCA0A AS2S3 H
Se B MHOTOCJIOHHOM CTPYKTYpe.
MeToauka KOHTPOJISI TOJIIHH MHOTOCT0HBIX HAHOCTPYKTYP B INpoliecce HANbLJIEHUS.
W3-3a sBieHus I/IHTep(bepeHI_[I/II/I B TOHKHUX IIJICHKAaX MHTCHCUBHOCTHL CBCTA, MPOXOAAIICTO
yepe3 o0paser] BO BpeMsl pocTa TUICHKH, YBETUYUBACTCS UM YMEHBIIIACTCS, YTO PETUCTPUPYETCS
dboTonnoaoM. DTOT (POTOAMO TEHEPUPYET IIEKTPUUECKUM CUTHAJ, BEJIMUYWHA KOTOPOTO MPSIMO
npomnopuuoHajibHa WHTCHCHBHOCTU MNPOXOAAIICTO 4YCpPC3 IUICHKY CBCTA. 3KCH€pI/IMeHTaJIBHBIG
3aBUCUMOCTH KUHCTUKH NPOXOAAMICTO CBETA UCPEC3 HAIIBUIACMBIC IIJICHKU ASZS3 n Se KaK q)yHKI_[I/II/I
OT BpeMEHH HamblIeHUs [(t) 3amUChIBAIOTCS B KOMITBIOTED.
BriOpannas niuHa BOTHBI 945 HM MOIXOMUT U1 KCCIIEIOBAaHUS TOHKUX TuIeHOK XC n3-3a
UX cJ1aboro MoriaoueHus B 3Toi obxactu. [1o Mepe pocra rieHku HHTEPPEPEHIIMOHHBIE YCIOBHS
MEHSIOTCS, YTO NMPHUBOJUT K KOJIEOAHUSM MpPOIMyCKaHUsi oOpaslia C YacTOTOW, ONpenesieMoit
CKOPOCTBIO POCTa M OOMICH TOJIMHOW TUICHKH, JJIMHOW BOJHBI TAJCHHS W ITIOKa3aTelieM

IMpCIOMJICHUS MaTcpHralia. 3Has IJINHY na/:[afomeﬁ BOJIHBI U MOKA3aTCJIb IMPCIOMIICHUA TIJICHKU,
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MOKHO ONpPENENUTh TOJIIHUHY. DTOT MeToX ObUl MpeUioKeH A HaOJIIOJeHHS 3a POCTOM
TOJIIIMHBI B peaibHOM BpeMeHM [64]. B mepByro ouepenp qucrepcus mokasaTesst TpeaoMIeHUs
TUIEHOK As2S3 M Se olleHHBajach Mo CIeKTpaM MPOITyCKaHHsI, METOJ] peAIoKeHHbII Swanepoel
[66] 1 ycoBepiieHCTBOBaHHBIN B [67-70].

ChoekTpbl TpPOMYCKaHWS ISl  OTHEIbHBIX IUIEHOK As»S3, Se U MHOTrOCIOMHOM
HAHOCTPYKTYphl As2S3-Se, OCaXJICHHBIX B OJHOM TEXHOJOTMYECKOM IIMKIJIE, IMOKa3aHbl Ha

pucyHke 2.3.

100 - \
1 27

90 3

0 /\ N O\
LVANANS
: /

As,S;
Se

2,6
n(A)=17.46*10%22 + 2.219

T, %

2,5

Refractive index, n

3 Y/ 2.415
30 ' As,S, d=1240nm 24+
2043 / Se d=1300nm
0] / NML As,S -Se d=2500nm 2285
ol S substrate 237 n()=81042 + 2.195 '
ML UL B L BN BN NN B BN LR
450 500 550 600 650 700 750 800 850 900 4[')0 560 6[')0 760 s(')a 960 10'00
A,nm Wavelength, nm
Puc. 2.3. CnekTpsbl nponycKaHus AJsi Puc. 2.4. CnexkTpbl noka3areJs
OCaKIEeHHBIX IVIEHOK AS2S3, Se, NpeJToOMIIeHHS VISl 0CAKICHHBIX MJIEHOK
MHOT0CJI0I{HOI HAHOCTPYKTYPHI As2S3-Se n As2S3 u Se [64]. CTpeskoii yka3aH
noa10:kKkM [70]. MoKa3aTe/ib MpeJoMJIeHUA Npu 945 um

I IIeHok As2S3 u Se.

PaccuntanHbIe CIIEKTPHI MMOKA3aTeNsl MPETOMIICHHS, TOKa3aHHbIe Ha puc. 2.4, B 3TOM Clly4ae
MOXHO MpEICTaBUTh C TOMONIbI0 mnpubmmkenus Komm n(L)=A/A?> +B, koTopoe Xopomuio
OMMCHIBACT JUCIIepcHIO Tokazatens mnpenomneHus st XC B BUIUMOM U OJMDKHEM
uHpakpacHoM auamnaszoHe. IIpeamonaras xosddumment B=2,219, nokazarenu mnpenomiacHHs
2,285 u 2,415 mpu 945 M s mieHOK As2S3; U Se COOTBETCTBEHHO, ObUIM TONYYEHBI U3
AKCTPAMOJISINY CIIEKTPOB IUCIIEPCUH MTOKa3aTess npeioMieHus (puc.2.4).

Ucnonb3yss mnokazarenb mnpenomiieHUuss npu 945 HM, Mbl CMOJACIHMPOBAIM ONTHYECKHE
KojeOaHus BO BpeMsl pPOCTa TOJIIUHBI TUIEHKH [64], MOoKa3aHHBIE HA puC. 2.5, HCMIONB3YS

AHAJTMTUYECKUI METO] OrH0aroInX KPUBBIX, IPEI0KEeHHBIH CBaHENOCIOM.
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Puc. 2.5. CMmoaeupoBaHHbIe ONITHYECKHE KOJIEOAHUS BO BPeMsl POCTA TOJIIMHBI IJIEHKH
JJIA IJIEHOK As2S3 (a) u Se (b) [64].

Kak BumHO U3 puc. 2.5, KaXAbli MUK KOJICOaHW COOTBETCTBYET OIPEICICHHOMY 3HAUCHUIO

TOJIIMUHBI TUIEHKU, @ ©'3MEHEHUE TOJIHUHBI OT MUHUMYMa K MaKCUMyMy cOCTaBJsitioT 103 HM 1 98

HM Ui TUIGHOK AS>S3 M S€ COOTBETCTBEHHO. DKCIEPUMEHTAIBHO H3MEpPEHHBIC KOJIeOaHMs

MHTEHCUBHOCTHU MIPOIyCKaHMs BO BpPEMS pOCTa MOKa3aHbl Ha puc. 2.6.

A8283
Se

95

T, %

e T e e o oL
0 50 100 150 200 250 300 350
Growth time, s

Puc. 2.6. JxcnepuMeHTAIbHO H3MEpPEeHHbIe K0JIe0aHUsI HHTEHCHBHOCTH IIPONYCKAHUSA B
npoirecce pocTa s mieHok As2S3 u Se [64].

[Tpu aHanu3e TONMIUHBI IUIEHOK IO CIIEKTpaM MPOIYyCKaHMs IOCIE MX HalbUIEHUS ObLIO

YCTAHOBJICHO, YTO 3HAYCHUC TOJIIHWHBI HAXOAUTCA B IIPCACIIaxX 1% ot paCC‘-II/ITaHHOI\/'I 110

MpeAJIoKEHHOMY MeToAy [64].
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2.2 MeTOAMKH CUHTE3a, CCHCHOMIM3AIMHU U MOJYyYeHUA (POTOUYBCTBUTEIbHBIX IJIEHOK HA
OCHOBe Kap0a30J1-coJiep:KalUX MOJMMEPOB.

HccnenoBanusi, mpoBeNeHHBIE B paMKaxX JaHHOW paboOThI, TMOKa3aJd BO3MOXHOCTh
UCIIONIb30BAHUS  A30MOJUMEPHBIX  Kap0a30l-CoJepKalluX  MAaTepUaoB B KayecTBE
PETUCTPUPYIONIEH Cpe/bl s MONyYeHUs peabedHBIX TUGPAKIUOHHBIX CTPYKTYp. Jlo u3yueHus
a30MO0JUMEPOB OBLITN MPOTECTUPOBAHBI KapOa3oia-coaepxaiire poTouyBCTBUTEIbHBIE TOJTUMEPHI.
boin CHUHTE3UPOBaH psn Kap0a30JICoIepKAIIIIX COEIMHEHUH, a UMEHHO
nonmnokcunponmikap6azon (II3I1K), mommmutnonponmikap6azon (II3TTIK) u conomumepst
IO TIIK: rmunmaunoytupar (IIDTIIK:I'B) [71].

MoHoMepHbIE 3BE€HbS SMOKCUIIPOIUCIKap0a3oia U SMUTHONPONUIKapOa3oia moiydail 13
qrcTOro Kapbaszoa 1o cxemam, npejacrasieHHbIME B [71]. [I3I1K u T-II3I1K nomyyanu peakuueit
MOJMMEPHU3aIH ATOKCUIIPONMIIKapOa3ona B menodnoi cpeae (1-3% mienoyn) Mo aHHOHHOMY
Mexanusmy npu temmepatype 80-120°C B tedenne 2-6 vacoB. [lommmepusarius npu BBICOKUX
TeMIiepaTypax HPUBOJUT K OOPa30BaHUIO OJMIOMEPOB ¢ MoJIeKyJsipHOH Mmaccoit 2000-4000.
[TomydeHHbIe OMUTOMEPHI OBUTH OYHINEHBI MyTEM JBOMHOTO MEPEeOoCaKIeHUS B MeTaHoie. J{is
MOJIHOM CYIIKW WX BBIICPKUBAIH B BAaKyyMHOM CymmibHOM Mkady npu 50°C 1o mocTossHHON
Maccel. MonekynsapHas macca coctaBismia ot 2000 mo 3000. Temmeparypa CTEKJIOBaHUSA
BappupoBania ot 73°C nmo 80°C. Ha pucynke 2.7 moka3aHbl XHMHYECKHE CTPYKTYPHI

CHUHTC3UPOBAHHBIX ITOJIMMCPOB.

—0—(|3H—CH2—_ —S—(|:H—CH2—'
CH- <|3Hz
! )
T -,
\_/ _/
- dn L dn
PEPC T-PEPC

Puc.2.7. Xumndeckas cTpyKTypa cuHTe3upoBaHHbIX nojauMepos IIIIK u T-TIDIIK.
B xauectBe (hotocencubunuzaTopa noiaumep conepxkan 10 macc% tpuitonomerana CHI3
[72]. HaneceHne MONMMEPHBIX CI0E€B ocyllecTBIsIoch U3 10-15% pacTtBopoB B Tomyone uinu
XJIOpPOEH30JI€ Ha THOKYIO TTOJIOKKY TOJMATHIICHTepedTanaTa (JlaBcaH) ¢ MOMOIIBIO TOJTMBOYHON

MalllMHbI MCHHUCKOBOI'O THIIA, 0o Ha KCCTKYIO CTCKIIAHHYIO IIOHJIOKKY C TIIOMOIIBIO
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neHtpudyru. TonammHa MoaydeHHBIX ciioeB BapbupoBaia oT 0,2 1o 5 mxwm. [Ipu HEoOXxomuMocTn
MOJTy4eHus 00Jiee TOJICTBIX CIIOEB MPUTOTOBIISUIMCH pacTBOPHI KOHIIEHTpaluei 6oee 20%. Cyiika
CIIOEB OCYIIECTBIIACh B CyIIWIbHOM mikady mpu Temmeparype 60°C B TedeHune 6 4acos.
TonmuHy TOMYyYEHHBIX CJIOEB KOHTPOJIUPOBAIM C MOMOIIBI0  MOAU(PUIIMPOBAHHOTO
nHTephepeHmoHHoro Mukpockorna MUN-4 [73,74].

Jlnst vuccnegoBaHusl CTPYKTYPbl CUHTE3MPOBAHHBIX MOJIMMEPOB u3Mepsanuchk UK crekTpbl
TaHHBIX COeNUHEHU B TBepaoi (aze Ha mpuctaBke HIIBO (HapymenHoe moinHoe BHyTpEeHHEE
oTpaxkeHue) ¢ momotibio pypbe-criekrpodoromerpa Spectrum 100 FTIR (PerkinElmer) B o6mactu
4000 - 650 cm! (2,5 - 15,4 Mxm).

Ha puc. 2.8. nokazan UK cnextp nmonumepa [IDIIK, rae Ha BCcTaBKe MOKAa3aHO, KaKUM

9acTOTaM COOTBETCTBYET Kap0Oa3ol.

98.1

30485 2871.7

90 2932.1

1484.0

T 13253

Z
v

52 748.04

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1

Puc. 2.8. UK cnextp nonumepa IIIIIK.

XuMHUYecKasi CTPyKTypa CHHTE3UPOBAHHBIX Kap0a30J-CoAeprKaIluX MOIMMEPOB MOATBEPANIH
¢ nomonipio MK crieKTpoB AaHHBIX BENIECTB ITyTEM MICHTU(HUKAIUN YaCTOT, XapaKTEPHBIX IS
JTAaHHBIX COCAMHEHNH W TIOATBEPKIAIOIINX CTPYKTYPY IOIyYSHHBIX COSAMHEHHH.

N3 nannabix MK-cnekTpoB MOKHO OTMETUTH IIPUCYTCTBHE coeauHeHull ¢ cepoit -CH-S-CHoa,
CBHJIETEJILCTBOM YETO SIBJISIETCS HAJTMUUE XapaKTEPHBIX ISl THOI(UPHBIX TPYII MOJIOC CHIIBHOTO

HOTJIONIEHHS] B 00JIACTH BOJHOBOTO yrcia v=657 cm™', v=1020 cm™', v=1069 cm’!, Tak u momnoc
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cimaboro moriomeHuss B obmactH v=2464.8 cm! m v=2598,8 cm!. McuesHoBeHme moOJIOC
nornomenus (v=1020,1 cm™! 1 v=1069,9 cM™!, cooTBETCTBYIOMUX CBA3AM THOI(UPHOH IPYTITIHI -
CH-S-CH; B cniektpe nonumepa T-I19TIK, nonreepkaaeT nmpouecc nojJuMepu3alid MOHOMEpa.
[TpucyTcTBUE KapOA30IBHBIX SEp MOATBEPKIACTCS HATHYNEM XapaKTEPHBIX TOJI0C TOTIIONICHHS
B obmact v=720,19 cm™!, v=746,17 cm™', m v=1596,1 cm™'.

Crpyktypa cononumepa T-IISIIK:I'b noareepxknaercss B UK crnekrpe mosBieHuEeM HOBOM
TI0JI0CHI TIOTJIONIEHHUs B o0macTu v=1728,4 cM™!, xapakTepHoit 11 kKap6oHMIbHOM rpymmsl C=0,
MPUCYTCTBYIOIICH B COCAMHEHWH TIIHIUIWI OyTHpaTa, W YCWJICHHEM IOJIOC TIOTJIONICHUS B
o6mactu v=2871,9 cm™! u v=2955,1 cm’!, xapakTepHBIX 118 MeTHIBHBIX Ipymm. Ilormomenue B
o6macti v=3342.4 cm™!, xapaxreproe s OH rpymm, Takke IPUCYTCTBYET B CIIEKTPE COMOINMEPa
C TIUIUANUT Oy THPATOM.

[IpucyrcTBue ¢GparMeHTOB TIMIUAWI OyTHpara TakkKe MOATBEPKAACTCA YIYUIICHUEM
TEPMIIOIJIACTUYHOCTHU COIOJIMMEpa. bbuio 3amedeHo yMeHbIIeHHe TeMIepaTyphl CTEKIOBaHUS Ha
8-10°C u yBenM4CeHUS CTEIICHU a/Ir€3UH CIIOEB K THOKUM IOJIOKKaM MOTMATHIICHTepedTanaTa, u
KECTKUM CTEKJISTHHBIM TOJIJIOKKaM.

Jnst ycTaHOBIIEHUSI COOTBETCTBUSI CTPYKTYPhI MOJMMEPOB MU MOHOMEPOB, a TaKke MIJIs
cpaBueHusd, Bce WK mnuku noriomieHuss ObUIM  MPOAHAIM3UPOBAHBI UM COOTHECEHBI
COOTBETCTBYIOIIUM (YHKIMOHAIBHBIM OpPraHUYECKUM TIpynmnaMm mnoiuMepoB. B rtabmuue 2.1
[I0OKA3aHO IaHHOE COOTHECEHUE MTUKOB.

Tab6anna 2.1. UK nuKu norJjioneHust NpoaHaJIN3MPOBAHHBIX NNOJMMEPOB H

COOTHOIIIEHHE COOTBETCTBYHIIUM (PYHKIHMOHAJBHBIM OPraHMYeCKUM IPynnam.

MoHomep | mosiuMep | COMOJIUMED CooTtHeceHne NUKOB (PYHKIIMOHATBHBIM TPYTIIIaM
OIIK [IOTIK | T-II2TIK:I'b
3045 3047 3047 Aromatic C-H stretch
2924 2924 CH2 antisymetric stretch
2856 2856 CH2 symetric stretch
1704 C=0 stretch
1624 1625 1625 Ring stretch
1452 1451 1451 “scissors” CH2 bend overlapped with “sideways” ring stretch|
1383 1378 1381 CH3“umbrella” symmetric bend
1334 1334 1332 C . -N stretch
aromatic
1324 1324 1324 CH bend
1246 C(0)-O-C stretch
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1230 1230 C -N stretch
carbazole
1152 1152 1152 C-C main chain or CH2 rocking
1122 1120 1120 carbazole
1020 1018 1026 Ortho-substituted aromatic cycle
747 746 746 Out-of-plane bending of aromatic C-H
721 720 720 Concerted rocking of the CH2

Jlnst mosryueHust Kap0a3oJi-CoAeprKalllero a30nojJuMepa NCI0Ib30BaJICsI MOHOMEP Ha OCHOBE
kap6azona (N-snokcunporuikap6azon, IIIK) u a3okpacurens Disperse Orange 3 (DO) [75].
Dipserse Orange 3 (4-(4-HuTpodeHunnazo)aHwinH) ¢ cojepkanueM kpacutens 90% wu
MOJICKYJISIPHON Maccoit 242 ObLI MPUOOPETEH B KAYECTBE KOMMEPUYECKOTO MPOAYKTa Y KOMITAaHUH
Sigma-Aldrich. Monekyna DO Obuta xumuuecku npucoennHeHa k MmoHomepy OIIK mo cxeme
nosinkoHAeHcauuu npu reMmneparype 120° C B reueHne 4 yacoB. MosipHOE COOTHOIIEHHUE MEKITY
OIIK u DO cocrasisio 90/10. Tlomy4deHHBIH a30TO0JUMEp OYMINAIN OCAXICHHEM B T'E€KCaHe, a

3ateM B MeTaHosie. CxeMa xumudeckoro cuate3a u ctpykrypa SIIK:DO (90:10) npencraBneHa Ha

'(":2
A &

n éHz + m |
I

puc. 2.9.

> [
Ny & PO

Puc. 2.9. Cxema xumu4veckoro cuare3a u crpykrypa JIIK:DO (90:10) [75]

N02 m

ITosryuyeHne TOHKHUX NJIEHOK HA OCHOBE CHHTE3MPOBAHHBIX MOJMMEPOB
[TonuB pacTBOPOB OCYIIECTBIISIIN HA CTEKJISTHHBIC MTOAJIOKKH AUaMeTpoM 50 MM ¢ IOMOIIBIO
MeToza eHTpudyruposanus [76]. 11t 3Toro ncnoab3oBaics mporpamMmmupyemas ycranoska SCS
Spincoat G3P-8 [77] (puc.2.10).
[uxn monuBa (00mIeH MPOIOIDKATETLHOCTRI0 S0 cekyHn): B TeueHue mepBbix 10 cexyH
HAHOCHJIU PAcTBOP Ha CTEKJISTHHYIO MOJUI0XKKY, 3aTeM B TeueHne 10 ceKkyH 1 MoI0KKa ycKopsiiach

1o 3000 o6/muH u coxpaHsuia cKopocTh 000poToB 20 cekyHa. B Tedenue mocnemyrommux 10

53



CeKyH]I MOJJIOKKAa OcTaHaBIMBanach. [lonMB ocyIIecTBISIM MpU KOMHATHOM TemrepaType U B

atMocgepe Bozayxa. IlomyueHHbIe CIIOM CYIIIN TPU KOMHATHON TeMIIepaType B TEUEHUE CYTOK.

Puc. 2.10. IIporpammupyemMasi ycTaHOBKA I0JIMBAa TOHKHX CJI0€B U3 PacTBOpa
SCS Spincoat G3P-8.

PactBophl pa3HOM KOHIIEHTpaluu Mojumepa nonudnokcunponuikap6asona (II3I1K) (ot
2.5% no 12.5%) rotoBuaM B XMMUYECKH YHCTOM TOJIyOJi€ IIpU KOMHATHOM Temmneparype. s
M3yYeHUs BIUSIHMA Hofodopma MOJUMEpHBIE CIOW IMOJIMBAIM Kak ¢ HomodopMom, Tak u Oes.
CocraBel ¢ MHomodopmom comepxkanu 10 macc% #omodopma CHIz oT maccel moimumepa.
Uccnenosann nsate coctaBoB [IDIIK co cremyromieid KOHIEHTpalKMel MoJMMeEpa B pacTBOPE
tonyona: 2.5%, 5%, 7.5%, 10%, 12.5%. CocraBbl 6e3 flogodopma MonuBaiu ¢ KOHIEHTpaluei
nosimMepa 10% u 15%.

S, (:MZI(MBT c)
84

6 9

0 2,5 5 7.5 10 12,5 15 17,5
C. %

Puc.2.11. 3aBucumMocTh (pOTOUYBCTBUTEIBLHOCTH S mojimMepHbIX cj10eB u3 IIIIIK ot

konuenrpamun CHJ3 B ®IIC. Eo5a=5.5 MmB1/cm? [78].
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3aBUCHMOCTH (OTOUYBCTBHUTEIIBHOCTH OT KOHIeHTpanuu homodopma CHI3 B KII Obuta
uccaenoBana B [78] v 9KCEpUMEHTAIBHO ONPEACIICHO ONTUMAIBHOE COAEpKaHue oaodopma,
coctapuBiee 10 mac.%. Kak 6puto mokaszano (puc. 2.11), ¢ poctom konnenrpauuu CHIJ3 B
uHTepBasie 5+10-12 mac.% (oTOUyBCTBUTENBHOCTh pacTeT Ooiee yeM B TpH pasza, a IMpH
nanpHelmem ypenuueHun koHneHTtpanuu CHI3 3ametHo ymenbpmiaercs. HeoOxomumo Takxke
OTMETHTh, UYTO MPU KOHIEHTpAIUAX TpuiiogomeTaHa Oonee 12% wu3z-3a kpuctammmusanuu CHI3
YXYALATCA ONTHYECKHUE CBOMCTBA MTOJIMMEPHBIX CIIOEB.

2.3 MeToanKky U3MepeHnsl U AaHAJIN3a ONTHYeCKHUX U (pU3NUecKnX mapaMeTpoB
M0JIY4YeHHBIX TOHKHX IVICHOK M HAHOCTPYKTYP.

Baxknelimmmu XapakTepUCTUKAMU TOHKHUX (DOTOUYBCTBUTEIBHBIX CJIOEB SBIISIOTCS
ONTUYECKHE KOHCTAHTBHI, a TaKXke Kpail (yHIAMEHTAIbHOTO IOIJIOMICHUS, YTO ONpEeAeseT
BO3MOKHOCTh MCIIOJIb30BaHMS MaTepHaja B TOW WM MHOM obnactu. IIpuyeM 3T KOHCTaHTHI
CIIO)KHBIM 00pa3oM 3aBUCAT OT BHEIIHUX BO3ACHCTBHI (TeMmepaTypbl, ONTHYECKOIO
AKCIIOHUPOBAHUS, O0TyUYCHHS SJICKTPOHAMHU, HOHAMH | JIp. YacTUiiamu) [79-84].

Pesynbrarsl HccieqOBaHUN PErMCTPUPYIOIUX CPEX MOKa3bIBAIOT, YTO IOJ JCHCTBUEM
ANIEKTPOMAarHUTHOIO M3JIy4E€HUs PA3IMUHOrO THIa (JIa3epHBIA Jy4, JJIEKTPOHHBIA JIyY,
HeKkorepeHTHoe u3nyueHue) kak XC maTtepuanbl, Tak U1 aMOpQHBIE TOTUMEPDI, U3MEHSIOT CBOU
ONTUYECKUE CBOWCTBA TaKue, KakK MOJIOKEHUE Kpasi ONTHYECKOro MOTIONIeHUsI, KOG (OUIIUEHTHI
IIPOITyCKaHUs, I0Ka3aTeb IPEJIOMIIEHUS, IIMPHUHA 3alIPEIIEHHOMN 30HbI U apyrue [85,86].

W3BecTHO, 4TO Kpaii ontudeckoro noromeHus B XC xapakTepusyercss KodQpPUIreHToM
MOTJIOLIEHUST ¢, KOTOPBIA pacTeT ¢ YBEIUUYEHHEM SHEpruu (POTOHOB (CHEKTpaIbHOE MPAaBUIIO
VYpbaxa) [87]. Ontuueckne (HOTOHBI C SHEPTHUEH MEHbBIIEC ONTHYCCKON MUPHUHBI 3aMpeEHHON
30HBI (E,”") mornommarores ¢nado, ¥ s HUX Marepuai sBiseTcs 6osee mpo3padnbiM. To ecTh
nist sHepruil hv<E,”' XalbKOT€HHUHBI MaTepual MPO3PAaucH U MOXKET OBITh HMCIIOIb30BaH, K
npuMepy, Juisi KHPPaKpaCHOUM ONTHUKH, B KAYECTBE ONTHYECKUX BOJIOKOH [88,89].

Ha puc. 2.12 npexacraBieH CHEKTp MNOTJIOMICHUS Ui MHOTOCIOWHOM CTPYKTYpBI
As2S3:Mn-Se [70]. [TonoOHBIii BuA KpuBOii, Kak nmokazanu Kocek u Tayl, xapakTepeH i BCex
XC[90,91]. Cnextp norsouieHus ycaoBHO aeauTcst Ha 3 obmactu [92]:

1) 061acTh ¢ MaIbIM K03 duIenTom nornomenus a<10® cm™!, koTopas xapakTepusyeT Hanuune

MOTJIOMICHUS Ha TeeKTax 1 MpUMecsX;

55



2) ypOaxOBCKHM HKCIIOHCHIIMAJIBHBIH XBOCT, KOTOPBIM MEPEKPHIBAET HHTEPBAI H3MCHEHHS
BETMUYMHBI K03 HITMEHTa MOTJIONIeH)s B peenax uersipex nopsaakos (10°<a<10* em™), u qna
KOTOPBIX HAKJIOH ITOYTH HE 3aBUCUT OT TEMIIEpaTyphl (32 UCKITIOUEHHEM BBICOKUX TEMIIEPATyD);

3) obnacth cuibHOro morsomenus (a>10* cm™!), o6ycnoBnenHas ONTHYECKUMH HepeXogaMH
MEXK]ly BaJICHTHOM 30HOM M 30HOM NPOBOAMMOCTH. OHa OMHUCHIBAECTCS CTEIEHHBIM 3aKOHOM:
a=(hv-Eg°"")"/hv, 13 KOTOPOTO MOXET OBITh MMOJyYEHa «ONTHYECKas» 3amnpenieHHas 30Ha Eg% 1o
metoay Tayma, rae mapaMmeTp r COCTaBIISIeT: T = /2 Ul MPSIMBIX pa3pelIeHHbIX MEPEXoa0B, I = 3/2
IUISL TIPSIMBIX 3alpelieHHbIX epeXo/ioB, I = 2 I HENPSMBIX Pa3pelIeHHBIX MEePeXoaoB U I = 3
JUTsl HETIPSIMBIX 3alPeIIeHHBIX mepexoioB. [ 6onpmmacTBa XC 1 paBeH 2, U Mo 3aBUCUMOCTH
(hva)"? or hv nns obmacth cumbHOro morsomenns XC, SKCTparmonnupys JWHEHHBIA ydacTOK
KpuBOW Ha pucyHke 2.13, Obula modydyeHa I[IMPUHA «ONTHYECKH» 3aMpEIIeHHONW 30HBI
MHOTOCJIOWHON CTPYKTYphl As>S3:Mn-Se E %' =1,93 3B, KoTOpasi COOTBETCTBYET Pa3sHOCTH

Bennuud E. u E,.

A, M
900 850 800 750 700 650 600 550 500 400
N — | =——NML As S Mn-Se Eg=193 eV
—Se Eg=192eV
40000
o 300
. n o
£ 300004 /v=7'30nm L)
3
| 200+
200004 : Eg,,=192eV
|
10000 a<10®em™ 1 10°%<a<10* cm” a>10* cm” 100
weak I Urbach region Tauc region
1 absorption tail §
. L Eg =1.93eV
0Tt 0...|°p...|. ———7
14 15 16 1.7 18 19 20 21 22 23 24 19 20 51 25 53 o4
Energy, eV E, eV
Puc. 2.12. CuekTp ONTHYECKOro Puc. 2.13. I'paduk 3aBucumoctu (ahm)'? or
norJjomenns As2S3:Mn-Se ¢ Tpemst h® 1151 MHOTOC/I0I{HOM CTPYKTYPHI
OCHOBHBIMH o0J1actsimu [70]. As2S3:Mn-Se u ciioa Se [70].

WNHuTepnperarusi y4acTKOB TOTJIOMIEHWs Ha puc. 2.12 mpuBenmena B pabdorte [70].
CunTaeTcs, 4To CUIbHOE HOrJIoNIenue Ha yyacTke a>10* cm™! 06ycnoBieno nepexogamu U3 Tak
Ha3bIBAEMBIX «XBOCTOBY COCTOSHHI BO3JIE Kpasi BAJICHTHON 30HBI HA «XBOCTBDY COCTOSIHUNA BOIHM3H
30HBI IIPOBOJUMOCTH.

J1s n3ydeHus Kpast ONTHYECKOTO MOTJIOIIEHUS ¥ €10 U3MEHEHUS 0/ AEHCTBIEM BHELTHUX
¢akTopoB (3acBeTKa) ObLT M0100paH UCTOYHUK CBETA C SHEPrUel BO30YKIAIOMIET0 U3TyYeHHS Ay

> E,%', a umeHHO cBeToauon (4=520-530 um.) MomHocThI0 3 BT, M3MepeHHs ONTHYECKOTO
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MPOMYCKaHUsl J0 M TMOocie 00JydeHus mpoBoawHcCh crekrpodoromerpom SPECORD M40
(A4=300+800 uM™m).

Ha puc. 2.14 npencraBieHbl CIEKTPHI MPOIMYCKAHUS ISl XaJIbKOT€HUHBIX TOHKUX TIJIEHOK
As2S3, Se, MHOrOCNnoMHOM CTPYKTYypbl As»>S3-Se M MOJJIOKKH B 3aBUCUMOCTH OT 3HEPrUU
ANEKTPOMAarHuTHOro u3ay4yeHus. I1o criekrpam BUJHO, YTO Kpai MOIJIOIIEHUS S€ U MHOT'OCIIOMHOM
CTPYKTYpBI As2S3-Se coBIagaeT, 4To ONpeAesieTcs] KpaeM MOTJIOMEeH s 0oJiee Y3KO30HHOTO Se.
Kpaii mornomenust As>S3 cMelieH B 6oJiee KOPOTKOBOJIHOBYIO 00JIacTh.

[Tokazarens mpenomiieHUs: ¥ KO3((UIIMEHT MOTJIOMEHHUSI OOBIYHO OIPEICNSIOTCS C
IIOMOUIBIO CJIOKHBIX KOMIIBIOTEPHBIX UTEPALMOHHBIX IPOLEAYP C UCIIOJIB30BAHUEM KaK CIIEKTPOB
MpONyCKaHUs, TaK W CIEKTPOB OTpaxeHus. Meroa, mnpeninoxeHHbld CBaHemoenom [66],
IT03BOJISIET PACCUUTHIBATh ONTUYECKHE KOHCTAHTHI TOJBKO IO CHEKTPY MpOMycKaHus. TOYHOCTh
metoaa (1%) naxe Bblle, 4eM UTepallMOHHBIX METOIOB, TPHYEM PACCMATPHUBAETCS TOIBKO CIIEKTP
B OINITHYECKOM 0011aCTH, XOTsI (hOpMYJIBI CIIpaBeUIUBHI U B OnrkHEN nH(pakpacHoi obmacTtu. Jis
pacyera OCHOBHBIX ONTHYECKMX KOHCTAHT KaXKI0TO CJ0sI UCMOJb30BAIM AHATMTUYECKUA METON
oru0aromux KpUBBIX, NpemokeHHbI CBaHermoenoMm. Ha ocHoBe maHHOro wmertona Obuta
paspaboTrana komnbioTepHas nporpamma PARAV nnst aBromatndeckoro pacuera KOHCTaHT [93].

OTOT METOA MO3BOJISET BHIYUCIUTH ONTUYECKUE KOHCTAHTHI, @ TAKXKE TOJIIHMHY IIJIEHKHU C
TOYHOCTBIO 110 1%, 3aBUCHIIEd OT TOYHOCTH M3MepeHus mnpomyckanus rwieHku (T,%). Jns
HAXOXKJCHHUS 3HAUCHHS MOKa3aTess MPEeJOMIICHUS HEOOXOAMMO ONPEAEIUTh TOYHBIC 3HAUCHUS
JUTMH BOJIH, COOTBETCTBYIOIIMX 3KCTpeMyMaM Ko3(duimeHTa mpormycKkaHusi CUCTEMBI IUIEHKa-
MTOJIOXKKA.

[Ipn pacdyere oONTHMYECKMX KOHCTAHT MPEAIOJIAranach ONTUYECKas OJHOPOJHOCTh
UCCIIETyEMbIX IUIEHOK. Eciu nieHka He 0JJHOPO/HA 10 TOJIIIHMHE, TO MAKCUMYMbl 1 MUHUMYMBI
CIIEKTPAJILHOTO pachpeneneHust Kod(pUIMEeHTa MPONYCKaHUS HEJIb3s COCIMHUTH IUIABHOM
KpUBOI. DTO B CBOIO Ouepe/ib MPUBOAUT K CKAUKOOOPAa3HOMY XapaKTepy IUCIIEPCUOHHBIX KPUBBIX
ONTUYECKUX KOHCTAHT. Takas 3aBUCHMOCTbH SIBJISIETCS CBOEOOPA3HBIM KPUTEPHEM OINTHYECKON
HEOJITHOPOAHOCTH MCCIEAYEMOU MIIECHKH.

Hcnons3ys mnporpammy PARAV-V2.0 [93], B ocHOBe paboTBl KOTOPOHl 3a0keH
BBIIICONTMCAHHBIN METOJI, IO CIIEKTPaM MPOITyCKaHHsI ObLTH BBHIYUCICHBI ONTUYECKHE KOHCTAHTHI

TAaKHEC KakK, IMOKa3aTCJIb IMPCIOMIICHUSA 71, KOS(l)(bI/II_[I/IeHT IOrJIOIECHUA &, ONTUYCCKasA HIWpHUHA

57



3ampenieHHoi 30Hb Eg” u ce msmencuue AE P mis tuieHOK As»S3, Se, MHOTOCIOWHOM

CTPYKTYpPHI As2S3-Se CBeKEHANBUICHHBIX | IOCTIE BHEITHETO BO3/ICHCTBHS (3aCBETKOM ).

100

go_f ) = Tl 2.70 4 As,S,
80 N\ / \ ' ——Se
E (\ / \/ 2651 As,S,-Se
703 / \
] ) 2.60
) / \Y/ L
R 5] / 255
Fo
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Puc. 2.14. CnexkTp nponmyckaHus cjioeB As2S3, Puc. 2.15. Iucnepcusi nokasareJs
Se, MHC As2S3-Se ¥ IOA10KKH. npejoMJaeHus1 n=f(4) 15 Bcex COCTABOB

cioeB As2S3, Se, 1 MHC As2S3-Se.

Pucynok 2.15 mpexacraBisieT DUCTIEPCUIO TIOKa3aTessl MpeoMieHUs n=f(4) mis Bcex
COCTaBOB ci0eB As»S3, Se, U MHOrocioiHOU CTpYKTypbl As>S3-Se. U3 pucyHka, BO-IEpBBIX,
BUJIHO, YTO BEJIMYMHA MOKa3aTessl MPEeOMIICHUSI 3aBUCUT OT JJIMHBI BOJHBI CBeTa. BO-BTOPBIX,
MOKa3aTeih MPeJIOMIICHUSI MHOTOCIOMHON CTPYKTYpPhl HAXOAUTCS MEXAY 3HAUCHUSIMU JUIT As2S3
u Se. 3HaueHNE MOKa3aTeNsl IPETOMIICHHUS Ha JJIMHE BOIHBI A—0 (n(() mpencrasiensl B Tabnwuie
2.2

3aBUCHMOCTH MMOKa3aTelsl MPEIOMIICHHS N OT JJIUHBI BOJIHBI aHAIU3UPYETCS C MTOMOIIIBIO
JTUCTIEPCUOHHOM MOJENIN, OCHOBAaHHOW Ha OJHOOCHWUIATOPHOM Tmoaxoje. CorjacHo STOH

MOJIEJH, TT0Ka3aTesb MPeIOMIICHHS N CBSA3aH ¢ YHepruei nagatomiero Gporona hv ypaBHenuem

E.E
(0% —1)= 40 2.1
E; - (hv)’ 2.1)
rme Eyp - ONpenenseT OSHEPrHI0 OJMHOYHOrO OCLHIIATOPA, CBS3AHHOIO CO  CpeIHei

SHEPIreTUYECKOH IEeNbI0, T. €. C SHEPrHeld XMMHUYECKON CBSI3U MEXIy aTOMaMH, BXOJSIIMMH B
amopdHyl0 Marpuily, U Ey AUCHEPCHUOHHAS SHEPIus, XapaKTepusylollas CHIYy MEK30HHBIX
NEPEX0/10B.

OnTHyecKas MIMPHHA 3alpeleHHoi 3086 B, ompenensiiack mo 3akony Tayma, (ahv)”?=

f(hv). Ha pucynke 2.16 npeacrasieHa 3aBUCUMOCTb ONTHYECKOM IMTUPUHBI 3aMPEIIEHHON 30HBI OT

58



cocTtaBa JJii aMOP(MHBIX TOHKUX TUICHOK As»S3, Se, © MHOTOCIOMHOW CTPYKTYphl As>S3-Se

HalJIeHHOH 13 rpaduKOB, TOCTPOEHHBIX B KOOpAHHaTax Tayia.

0.26

As,S,Eg=232eV ]
4004{——Se Eg = 1.92 eV 025
As,S,-Se Eg =1.94 eV 0.24 4

- 023
o 0.22
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-~
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Puc. 2.16. 3aBucumMocTh ONTHYCCKOM Puc. 2.17. IlncnepcuoHHasi KpuBast
IIMPHHBI 3alPELlIeHHOH 30HbI 0T COCTaBA K03(PpunuenTa npearomiaeHus B
JJ1s1 aMOP(PHBIX TOHKHUX MJIeHOK As2S3, Se, Kkoopaunarax (n’-1)"'=f(hv)? nas
u MHC As:2S3-Se aMop(¢HBIX TOHKHX ILIEHOK As2S3, Se, U

MHC As2S3-Se.

3Has TOKaszareidb MPEJOMIIEHUS, MOXHO TIOCTPOUTH JUCIEPCUOHHYIO KpPHUBYIO
koo duIMeHTa mpenoMieHus B KoopauHatax (n’-1)'=fthv)? (Puc. 2.17). Jlamee, O6bum
TIOCTPOEHBI 3aBUCUMOCTH (1°-1)'~(hv)?, a 3aTeM npoBeeHa X MOATOHKA METO0M HAHMEHBIINX
KBaJpaToB K MpsiMoit TuHUM (cM. puc. 2.17). Touku, COOTBETCTBYIOIINE MAaKCUMAIBHOW SHEPTUU
($hOoTOHOB Ha puc. 6, OTKIOHSUIUCH OT MPSIMOJMHEWHON 3aBUCHUMOCTH; MOITOMY OHHU ObLIN
UCKJIIOUEHBI U3 PACCMOTPEHHUS IIpH olieHKe napaMeTpoB Eq u Eo 1 He HaneceHbl Ha puc. 2.17.

Takum o6pa3om, Obul momydeH Habop kpuBbix (Puc. 2.17) mans Bcex cocraBoB. U
I0CPEICTBOM JKCTPAMoSIMK MOTydeHHOH JTMHUM BILIOTH [0 ee IepecedeHus ¢ ockio (hv)*=0,
MOXHO TOJYyYUTh cTaThudeckuii kodddummeHnt mnpenomsienus n(0)) ©W  CTaTUYECKYIO
JMINEKTPUUECKYIO TIPOHHIIAEMOCTh &(0)=n’((), TO ecTh BEIHMUYMHEI, HE 3aBUCSIINE OT HEPrUH
KBaHTOB IOTJIOLIAEMOT0 U3JTy4YEHHUS.

Bonpmme 3Havyenus ko3dduuumenta npenomsieHuss n u Ep, E; npuBoaaT K OOJbIION
TUCTIEPCUU JIJIST BCEX XaITbKOTEHUIHBIX COCTABOB, KOTOpasl HaOJIOMaeTCss B OOJACTH CHUIILHOTO

MOTJIOLIEHUS BOM3U (DyHAAMEHTaIbHOTO Kpasi OTJIOICHHUS.
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Ucnonw3ys nanubie rpadukoB u3 pucyHka 2.17, ObLIM BeIUMCIEHBI 3HaUeHUs Eg u Eq 1
npeacTaBieHHbIe B Tabnuie 2.2. Hanpumep, B padote [94] mist Asi2.6Ge23.8S63.6 ObLIIO HalIeHO,
yro E9~2E,. B Hamem ciydae i aMOp(QHBIX TOHKHUX IUIEHOK As2S3, Se, 1 MHOTOCIIOHHOM
CTpYKTYpbl As2S3-Se Ep~2E,, 4TO HaXOAWUTCSA B XOPOLIEM COTJIaCHM C Pe3yJbTaTaMH aBTOPOB
[94,95].

Tabauna 2.2. OnTuyeckue napamMeTpsl MOJYYEHHBIX CJI0€B.

CocTaB nJICHKH d,am | n(0) Eq,5B | Ep,5B | Eg, 3B
MOHOCION As2S3 1400 | 2.221 | 18.594 | 4.730 2.32
MOHOCJOH Se 1000 | 2.250 | 13.897 | 3.414 1.92
MHOTOCJIOMHAs CTPYKTypa 2400 | 2.282 | 16.522 | 3.928 1.94
As2S3-Se

W3 naHHbIX, IPUBEJCHHBIX B 3TOH Tabmuie, BUAHO, uTo Eo X0po1iio coriacyercs 1o Teopuu
C ONITUYECKOH MMPUHOH 3anpenieHHoH 30HbI (Eo = 2Eg) Tonmbko st cnoeB As2S3. Eo aiist cioes Se
Ha ~ 11 % menbie 2Eg, a Eo mist HMC As;S;—Se npumepno Ha 4 % Gonblie.

Mogaens Bewmma-/IuJloMeHUKO CBsI3bIBa€T »HHEpruto aucnepcurn Eq ¢ apyrumu
¢u3nyeckuMU mNapaMeTpaMH MaTepuana CIeIyIOIUM 3MIMPHUYECKUM COOTHOIEeHHeM [96]:
Eda(eV)=PNcZaNe, rne Ne — 3¢ dexrruBHOE KOOPIMHALMOHHOE YUCIIO KaTHOHA, OJMKANIIero K
aHUOHY, Zo — (QopMaibHasg XUMHYECKas BAJICHTHOCTh aHMOHA, N. — 3(]deKkTuBHOE UYNCIIO
BaJICHTHBIX AJIEKTPOHOB Ha aHUOH, a [3 — JBy3HA4YHasi KOHCTAaHTa C MOHHBIM WJIM KOBAJIEHTHBIM
sraueHueM (Pi = 0,26 = 0,03 3B u fc = 0,37 £+ 0,04 3B cootrBeTcTBeHHO). [l nccnenyemoro AsS3
MPHUHATO, 9TO Z,=2, f=0,3740,04 3B 1 N.=9,3, uTo onpexaensieTcs crexuoMmeTpuei crekna. Mexons
W3 3TUX TIPEATNOI0KEHUH, TF00oe pasznudne B Eq, momydernHoe o monenu Bemmia-/uJlomMmenuxo,
BEPOSATHO, OyJIET CBS3aHO ¢ pa3inuuueM B N¢, 3 PEeKTUBHOM KOOPINHAIIMOHHOM YHUCII€ MBIIIbSKA,
KOTOpOE YKa3bIBAET HA CTPYKTYPY CeTKH crekia. O0bsIcHeHue, npeanoxkenHoe Bemmiem [97] ans
HaO0II01aeMOM Pa3HUIIBI MEXKAY SKCIIEPUMEHTAILHBIME 3HAYCHUSIMU Eq 1711 KPUCTAILTUYECKON U
amopdHoil popm coennHeHus: As40Seo, Narolee 3HauYeHUs 3PGEKTUBHOTO KOOPAUHALMOHHOTO
yucna (3,6 1 3,2 COOTBETCTBEHHO ), MTPEBBIIIAIOIINE TEOPETHUECKH 0KHaaeMbIie Ne= 3, TTOJTHOCTBIO
OCHOBBIBAJICS HA PAa3IMYHIX B KOMITAKTHOCTH CTPYKTYpHI [96]. B ciydae Se B amopdHoii hopme
CBSI3M MEXJY ICISIMH YBEIUYUBAIOT dPPEKTUBHOE KOOPIWHAIIMOHHOE YUCIIO BBINIC 3HAYCHUS

OmKaiIiero coceia, M 3TH B3aUMOACUCTBUS (PaKTHUECKU TEPSIIOTCA WIM, MO KpaiHel mepe,
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3HAYUTENIBHO yMeHbIIatoTcs. Claeayonmm onTudeckuM 3pGEeKToM SBISETCS YMEHbIUICHHE CUITBI
OCIMJUISITOPA MEPEXO/I0OB HEMOICIICHHOM Maphl B 30HY TPOBOAUMOCTH [96].

Ha puc.2.18(a) nokaszansl ciekTpsl npomyckanus cioes [1311K ¢ fionodpopmom, monuteie u3
pacTBOpOB pa3HO KOHUEHTparuu. [ImeHku o00J1aaloT BBHICOKOH ONTHYECKOW MPO3payHOCTHIO
(>80) B BumuMoW u yibTpaduoOIECTOBOM 0OJACTAX. XOpoIlee KadeCTBO TOBEPXHOCTH H
OJTHOPOJHOCTh IUIEHOK OBLJIO MOATBEPXKACHO TOSBICHUEM HWHTEP(PEPEHIIMOHHBIX I0JIOC B
CIEKTpPaxX MPOIMYCKaHMs, CBUICTEIbCTBYIOIIEE O pPABHOMEPHOM TOJIMHE M  MajloM
paccessHUW/TOTJIONIEHUH B IUIeHKe. [IpuyeM 3aMeTHO, YTO C YBEIMYCHHEM KOHIICHTPALUU
MoJINMEpa B PaCTBOPUTENIEC YUCIIO MUKOB UHTEP(HEPEHIIMHU PACTET, YTO TOBOPUT 00 yBEIWYEHHUU
tommuHbl ciosi. C momomipio orubaronux KpuBbix Tmax (Tm) m Tmin (Tm) B cmekTpax

MPOIyCKaHUA ObBLIH paCCUUTAHBI [TOKA3aTCIIb NPCIIOMIICHHUA HA PA3HBIX JJIMHAX BOJIH.

W e =ngin, nm > 168_
400 500 B0 oo Eo0 w0 @
T T T T T T < ) 0,
= ] S 67 —=— PEPC+10% CHI,
g z | —e— PEPC
2
z % 1.66
g ] o
g 1,65+
L J
T 1.64 -
1.63
- —1 i
2 2
. 2 1.62 e
— T
T 5 1.61-
r ~tr 1 +~1 1.~ 1"~ 1 11t 7T1_ T T T T T T T T T T i
30 28 i 4 Iz v 12 1E 14 1z 300 400 500 600 700 800 9
Wavenumber, *1000 cm Wave|ength nm
a 0

Puc. 2.18. CnexTpsnl nponyckanus (a) cioes [IIIIK ¢ 10% CHI3, nosyyeHHble u3
pactBopoB 1 —2,5%,2 —5%,3 - 7,5%,4 —-10%, 5 — 12,5%, u nucnepcusi nokasarejs
npejaomienns (0) noanmepHoii miaenku MK (¢ 10% itogodpopmom (1) u Ge3
ionodopma(2)).

[To naHHBIM KPUBBIM OBLIM pacCUMTAHA TUCHIEPCUS MTOKA3aTelNs MPEIOMIICHUS MTOJIMMEPHON
wierku [I13I1K ¢ 10% itonodopmom u 6e3 iionodopma, mpuBeneHHbIC Ha puc.2.18(0).

IIo CIICKTpaM MPOMYCKAHUA TaKXKC 6I>I.HI/I BBIYUCJICHBI TOJJINIHWHBI IINICHOK, IIOJIHMTBIX H3
pPacTBOPOB pa3HBIX KOHIEHTpamuii. B Tabmume 2.3 mpeacTaBieHbl pacCUYUTAHHBIE TOJITUHBI

meHok [19T1K kak ¢ iomodopmom, Tak u 6e3 Hero.
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Taoauna 2.3. ToJauHbI MOJYy4YeHHbIX IJIEHOK, PACCYUTAHHbIE U3 CIIEKTPOB MPOIYCKAHMS.

IInenxa IIDIIK ¢ TommuHa, HM ITnenka I1DIIK Oe3 TommuHa, HM
onodopmom ionodopma
1 200 + 30 1 690 £ 10
2 280 + 20 2 900 £ 10
3 450+ 10
4 820+ 10
5 950+ 10

Jlnst HaOMIOACHUS U PETUCTPAIMK (POTO-CTUMYJIMPOBAHHBIX 3()(eKkToB B ciosx As2S3 u
MHOTOCIIOMHOM CTPYKTYphI As»S3-Se B KauecTBe MCTOYHUKA CBETA OBUIM HMCIIOJIB30BAHBI SPKHUE
ceeroauonbl (A=520-530 am u 590-600 M, P=3 BT). CnekTpbl ONTHYECKOTO MPOMYCKAHUS
M3MEPSUTHCH J0 U TIociie cBeToBOM 3kcno3uninu (Puc. 2.19). luamerp cBETOBOTO MyyKa Ma aroui

Ha 00paserl cocTaBisuT MpuMepHO J~10 MM ¥ MOIIHOCTB MAJArOIIETr0 U3Ty4YeHHUs ObLIa MopsiaKa

50 MBt/cMm?.

90 —
80
70
R 60 :
o
50 4
40
304 ——As,S, fresh
20 ——As,S, irradiated
1 ——As,S,-Se fresh
10 —— As,S,-Se irradiated
0+ T T 1

450 5(IJO 550 I 660 I th')O I 7(I)O I 750 800
A, nm
Puc. 2.19. CniekTpbl ONTHYECKOT0 MPONYCKAHUS U3MEPSJIINCH CJ10eB AS2S3 U
MHOTOCJIOHHOH CTPYKTYpPbI As2S3-Se 10 U 1ocJjie CBeTOBOMH IKCIO3UIIUH.

OOHapy>XeHO, YTO B OTIMYUH OT MOHOCHOS As2S3 MHOTOCIOWHAs CTPYKTypa MO-APYroMy
pearupyroT Ha ONTHYECKyIo 3acBeTKy. Kiraccuueckuit a¢gdext, Habm01aeMblil B CI0sIX Cynbhuaa
MBIIIBAKA, COCTOMT B CABHUI€ Kpas TMOIJIOIIEHUS CJIosi B JUIMHHOBOJIHOBYIO 00JacTh (Tak
Ha3zbiBaeMbIid A3 PexT doTo-moTemHenHus) [98], B MOTydEeHHBIX MHOTOCIOMHBIX CTPYKTypax ObLI

oOHapy>KeH MPOTUBOIOJIOKHBINA APPEKT — POTONPOCBETICHUS.
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MopepHU3HpOBaHHASE METOAMKA H3MEPEHH TOJIIIUH MOJY4YeHHBIX CJIOEB C IOMOLILIO
Mukpounteppepomerpa MUUN-4.

Jlnst u3MepeHus TOJIIMH HCIONb30BaICcd MHTEPPEPEHIIMOHHBI METOJI, pealn30BaHHbIH, B
Mukpounteppepomerpe MNUM-4, ocHOBaHHOM Ha MPHHLUIE IBYXJIy4eBOH HMHTep(epeHuuu u
IIOCTPOCHHOM Ha MCIIOJIb30BAHUH OTPaKCHHOIO CBETA.

TonmmHa Henpo3padyHOM IUIEHKU /i, U3MEpEHHasl Ha ABYXJIy4€BOM MMKpPOMHTEp(epoMeTpe
MUM-4, npsmMo mHponopHHOHATbHA CMEMICHUIO II0JIOC ¢ W O0OpaTHO MPONOPLUUOHATBHAO

PacCTOSIHUIO MEXy ToJIocaMu b, U orpenensercs no ¢opmyse (2.2)

A.c
2D

r/ie A — IJTUHA BOJHBI UCIIOJIE3YEMOTO CBETA.

h= (2.2)

Monepuuzanus Mukpounteppepomerpa MUU-4 cocrosina B yCTaHOBKE KOMITBIOTEPHOM
CHUCTEMBI PETUCTpalii HHTEpPEpeHIMOHHON KapTuHbI (mudpoBas doroxkamepa Logitech HD
Webcam C310 1280x720pxs ¢ mepemaueii n300pakeHUsT B KOMITBIOTEP). DTO TO3BOJIHIO
YOPOCTUTh NPOLECC HU3MEPEHHUs TOJIMHBI W o0OpalaThiBaTh H300paXKEHHE MOTyUYCHHON
UHTEepPEPEHIIMOHHON KapTHHBI HETIOCPEACTBEHHO Ha 3KpaHe MOHUTOpa KoMIbioTepa. J[ist Gomee
TOYHOM OLIEHKH U3MEPSAEMBIX TOJIIIMH 10 COXpaHEHHBIM HHTEp(eporpammam ObUIO pa3paboTaHo
nporpamMmmHoe obOecnieueHue OpticMeter, mo3BosIONIEE MPEACTABUTh WHTEPHEPEHITMOHHYIO
KapTUHY B aHAJIUTUYECKOH (OpMe M paccuuTaTh PacCTOSIHUE MEXIY MOJOCAMH M CMEIleHHUE
nosioc [99]. Meroapl pa3paboTaHHOTO MPOTPAMMHOIO OOECTICUeHUsI OCHOBAHBI HAa MOCTPOCHHE
MaTeMaTHYeCKON MOJIENU HHTEepPeporpamMm U ONpeesIeHUH JTUHIUI MaKCUMyMOB 1 MUHUMYMOB
B HHTepdeporpaMmme METOA0M HAaUMEHBIIINX KBaPaTOB.

Jl7iss TOro 4TOOBI C BBICOKOW TOYHOCTBIO OIPENEIHTh MapaMeTpbl b U ¢ HEOOXOTUMO C
COOTBETCTBYIOLIEH TOYHOCTHIO IOCTPOUTD IMHUU SKCTPEMYMOB (MUHHUMYMOB JTHOO MaKCUMYMOB)
JUIS LIEHTPAJIbHBIX HECMEIICHHBIX M CMEUIEHHBIX TMOJoc HHTepdeporpammbl. g storo,
OTIPENIEISAIOTCSI MHOJXKECTBA OKCTPEMAJbHBIX TOYEK 3aJaHHOTO TUMa (min WIM max),
COJIEp>KaIIMXCS B BBIOMPAaeMbIX HHTEPAKTUBHBIM 00pa3oM TpeX MpsIMOYTOJIbHBIX 001acTax Ni, N2
u N3 (Puc. 2.20b). BaxxH0, 4TO KaXIpIM MPSMOYTOJILHUKOM HAaKPBIBAIOTCS TOJIBKO TOUYKH OJTHOTO,
3apaHee BEIOPaHHOTO JIJIs JAaHHOTO aKTa U3MEPEHHUS IKCTPEMAIBHOTO THIIA (00J1acTeld MUHUMYMOB
Ha Puc. 2.20). IIpsMOYyTroJbHMKH pacmojlaraloTCs B O0JAacTSIX € HaWIyYIIUM Ka4eCTBOM

n300pakeHus EHTPaTbHBIX ToJioc. [IpssMoyronsHukH N1 1 N2 pacCTaBisIOTCS TaKUM 00pa3om,
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YTOOBI OHM HAKPBIBAIH COCETHHUE MHOXKECTBA SKCTPEMATIbHBIX TOUYEK OJHOTO TUIA U TO3BOJISIH
OTIpEeACTUTh IUUPUHY HHTEPPEPEHIIMOHHBIX TIOJIOC b KaK Pa3HOCTH 110 MOAYJIIO OpAMHAT JTUHHUIA |J
— Jo|. TlpsamoyrombHuK N3 TO3UIIMOHHUPYETCS TaK, YTOOBI OH HAKPBIBAJl CMEIIEHHOE I10
OTHOLIEHUI0O K MHOXECTBY N2 MHOXECTBO SKCTPEMAJIbHBIX TOYEK N3, TaKk YTO Pa3HOCTh IO

Moxaydto |J3 — Jo| onpenenser cMmemenue ¢ nHTEp(EepeHIMOHHBIX Tosioc. Mickomast TommmHa A

OTIpeIeIsAETCs, TAKUM 00pa3om, 1o hopmyJie:

(2.3)

!qiiii

c)

Puc. 2.20. IIpumep unTepdeporpaMmsl. a) b — mUPUHA HHTEePPEePEHIIUOHHBIX M0JI0C; C —
cMellleHue M0JI0C, 00YCJI0BJIEHHOE TOJMIMHON NJieHkn; b) UHTepakTHBHBII BHIOOP
o0sacreii N1, N2 u N3; ¢) Onpenesnenne opaAuHaThl J JIMHIH IKCTPEMAJIBHBIX TOYEK B
ooaactsax Ni [73]

B peanbHOM mpoliecce u3MepeHus CTPOTyIO MapajljieIbHOCTh TpaHUIaM KaJpa JOCTUTHYTh
HE YJOaeTcss U MHOXKECTBO OSKCTPEMANbHBIX TOUeK (MO0 OJHON B KaXIOW CTpoke) Oyaer
PaCIOJIOAKEHO BJIOJb HAKJIOHHOW K BEPTUKAIBHOU T'PaHUIIC TUHUU. AHAIUTUYECKOE ONpPECICHIE
MOJIOKEHNUS  yYKa3aHHOM JUHUM  OBUIO  OCYLIECTBJIEHO MAaT€MaTHYECKUMH  METOAaMHU
anmnpoKCUMAalluyU JIMHEHHBIMU QYHKIUSMU 110 METOAY HaUMEHbBIIUX KBaapaToB. [y sToro, amns

KaXXI0ro npsaMoyrojibHuKa UIeTCa HpI/I6J'II/DKaIOH_Ia$I (bYHKI_[I/IH AJI1 JIMHWAKU 3KCTPEMYMOB B BU/IC,
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rze a u b — uckomsle napamerpsl. Cienyst cTaHIapTHOMY METOly HAaMMEHBIIIUX KBaIpaToB, ObLIN
IIOJIyYEHBI aHAJIUTUYECKUE BBIPAYKEHUS JUUIS IMHUM SKCTPEMYMOB BO BCEX TPEX MPSIMOYTOJIbHUKAX
Ni, N2 1 N3. Ilo pusznueckoMy yCIOBUIO 3TH JTUHUH JTOJIKHBI ObITH MTapajuIeIbHBIMU MEXKITY COOOH,

TaK 4TO PACCTOSHUE O MEKIY HUMH B 00IIEl CHCTEME KOOPAMHAT OIpeeuTcs o popmyne (2.4):
b= by
1 2
0= T (2.4)
a,” +1
OxoHUaTeTbHOE BBIPAYKEHHE I ICKOMOM TOJIIIMHBI /1 UMEET BUJI:

A c_A py+Y,-b Y|

"= b+ Y, —b, - )|

(2.5)

31ech, BBEACHBI paccTOsIHUA Y1, Y2 U Y3, HA KOTOPbIE COOTBETCTBYIOIIME MPSIMOYTOJIbHUKHI
OTCTOSAT OT JIEBOW BEPTUKAJILHOW IPAHMIIBI KaJIpa.

Jliss OIEHKH JOCTOBEPHOCTH JIaHHBIX H3MEPSEMBIX TOJIIIWH OBLI TMPOBEAEH CIESHYIOUIUI
sKcIepruMeHT. Ha CTeKIIHHY0 MONMMPOBaHHYIO MOJIIOKKY ObLIT HAHECEH TOHKHM CII0N alFOMUHUS
METOJIOM TEPMHUYECKOT0 HCIApEHHUs] B BaKyyMe, MPUYEM YacTh MOJJIOKKU Oblja SKpaHUpOBaHa
MIPY HAHECEHUU CIIOS 1711 00pa30BaHUS CTYTICHbKHU, UMEIOIIYIO YeTKHIE TPAHUIIBI.

OKCHEpPUMEHTAIBbHOE  HM3MEpPEHUE  TOJIIMHBI  IUJIEHKHM  TMPOBEIM C  TOMOIIBIO
Mozaepau3upoBanHoro MUM-4 ¢ mporpamMmmHOii 00paboTKON MHTEp(EpOTrpaMMBI, U C TTIOMOIIBIO
CKaHHMPYIOIIETO0 aTOMHO-CHJIOBOTO MHKPOCKOIIa BBICOKOTO pa3pemieHus NanoStation I
(mpousBozctBo Surface Imaging Systems, I'epmanust) (u3mepenus nposeeHsl B HaronaisHoM
Hentpe UccnenoBanus u TectupoBanust Matepuanos Texuuueckoro YHuepcutrera MoaaoBbl).
Pacuer moka3zai, 4To TOJIIMHA CTYNEHbKH TOHKOM IUIEHKH, n3MepeHHas Ha MN-4, cocrapiser
15 HM £ 5 HM, U3MEpEHHUS K€ Ha CKaHUPYIOIIEM aTOMHO-CHJIOBOM MUKPOCKOIIE J1ajii 3HaueHue 14
HM £ 2 HM. DTHU JJaHHBIE TOBOPST O TOM, uTO B oOsiacTu ToimuH d <100 HM pacxokaeHUe MEKIY
M3MEPEHHBIM 3HAYEHUSIMU TOJIIHUHBI MJIEHKU C MOMOMIBIO JIBYX Pa3HBIX METOJOB COCTABIISIET
okono 7%. Ilpu tonmmuax oOpa3uoB d> 100 HM pacxoxaeHue ymenbmaercs a0 3-5%. D10
OOBSCHSIETCS] TEM, YTO OTHOCUTENIbHAS OTPEIIHOCTh U3MEPEHUS TOJIIIKH MJIEHOK d ¢ MOMOUIbIO
unTeppepomerpa MNUM-4 ymeHbaeTcsi C pOCTOM TOJIIUHBI U3MEPSEMBIX MJICHOK.

Hcnonp3oBaHne MOJEpHU3UPOBAHHOTO MHKponHTepdepomerpa MUUN-4 ¢ pa3paboTaHHBIM
MIPOrpaMMHBIM 00€eCIIeYeHHEM TT0Ka3aJI0 BBICOKYIO TOUHOCTh U3MEPEHUS TOJIIINH CyOMUKPOHHBIX

mieHok. Ilo CpaBHCHHIO C TPAAULIMOHHBIMU YCTPOﬁCTBaMH IJIs1 UBMEPCHUS TOJIIWH, TAKUX KaK
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npoUIOMEeTpsl U aTOMHO-CHJIOBbIE MHMKPOCKOIBI, 3TOT METOJ fBIsAETCA Oojiee OBICTpPHIM,
OCCKOHTAKTHBIM, U HE TpeOyeT crenuasbHOl mpobdomnoarotoBku. KoMOWHUpOBaHHAs cucTeMa
MHUKPOMHTEPPEPOMETPa C ONTUIECKUM MHUKPOCKOIIOM J1a€T BO3MOXXHOCTh HE TOJBKO OLICHUBAThH
TOJIIIMHY TUICHKH, HO ¥ HaOJII0aTh ¥ COXPAaHATh TOMOrpaduio MOBEPXHOCTH IUIEHKU. Bce 310
JieNlaeT 3TO METOJ yJOOHBIM M TMEPCHEeKTHUBHBIM Ui HCCienoBareniell, ocoOeHHO B 00JacTu
TOHKOIIJICHOYHBIX MOKPBITUH.

Takum oOpaszoMm, tomumubl TwieHok [IDIIK ¢ #ogodopmMomM, MONMUTHIX W3 PacTBOPOB
pa3NUYHON KOHIIEHTpPAIlUK, OB TIOMEPEHBI Kak Ha MUKpockorie MUM-4, Tak u paccuuTaHbl U3
CHeKTpoB mponyckanus [74]. B T1ab. 2.4 nns cpaBHEHHs] TPEACTABIICHBI PE3yIbTaThl JTaHHBIX
W3MEpPEHHUIA.

Tabauna 2.4. Pe3yabTaTsl H3MepeHHUs TOJIIUHBI IVICHOK, NOJTy4YeHHbIE U3 PACYeTOB

CIIEKTPOB NPONYCKaHus, U ¢ nomombio MUU-4.

IInenxa IIOIIK ¢ Tommuaa, HM Tommuaa, HM Pa3nuna
10% itonodopma | (paccunTaHHasi U3 CIEKTPOB (momepeHHast ¢ HU3MEPECHHI
MPOITYCKaHUs) nomoibio MUN-4) TOJIIIMH, HM
1 200 + 30 170 + 15 30
2 280+ 20 300+ 15 20
3 450+ 10 460 = 15 10
4 820+ 10 830+ 15 10
5 950+ 10 940 + 15 10

Kak BUIHO W3 TaOMUIIBI, pa3HHIA TOJIIMH IUICHOK, M3MEPEHHBIX pPa3HBIMU METOJaMU,
3aBUCHUT OT U3MepsieMbIX BelnuuH. [Ipu Tonuumne miueHok ot 500 HM U BbIllIe, pa3HHIIA COCTABIISIET
10 HM, 9TO HAXOAUTCSA B Tpelaesiax OMIMOOK METOIOB M3MepeHus u pacuera. CpaBHHUMOCTH
PE3yNbTAaTOB, MOJYYEHHBIX Pa3HbIMU METOJAMH, OCTaTOYHO BbICOKAa (B mpeaenax 10 HM 1uis
reHok TosmuHon 500-1000 HM, 1 10 30 HM 71 TOHKMX TUIEHOK TOJIIMHOM okosio 200 HM), 4TO
MO3BOJISIET UCIIOJIB30BATh METO/1 pacyeTa TOJIIIMHBI IIJIEHOK U3 CIIEKTPOB MPOMYCKaHUS.

Tak kak Bce MJIEHKH OBUTM TOJUTHl B OJMHAKOBBIX YCIIOBHUSIX, U OTJIMYAJIUCH TOJBKO
KOHIIEHTpalKel MojauMepa B pacCTBOPUTEINIE, MOXKHO MOCTPOUTH 3aBUCUMOCTH TOJIIUHBI TJIEHKH
OT KOHUEHTpanuu pactBopa. Ha puc. 2.21. mpencraBieHa 3aBUCUMOCTH TOJIIUHBI IJICHKH,

U3MEPEHHOU IBYMsI METOAAMH, OT KOHLIEHTPALMU PACTBOPA IIPU YKA3aHHBIX YCIOBUSAX I10JIUBA.
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Hcxonst M3 3TOH 3aBHCHMOCTH, MOKHO TOJy4YaTh TUICHKH 33JaHHOW TOJIIWHBI, U3MCHSIS
JIMIIG KOHIICHTPALIMIO MoJIuMepa B pactBope. [lapaMeTpsl mporiecca moiuBa Mpu 3TOM OCTAOTCSI

HCU3MCHHBIMHU.

1000 4

: N
900 /

800

Thikness, nm

700
600 -
500
400 4
300
] 3 —e— d measured from Tspectrum

200 ° —u—d measured by microscope

)

100 ; . r , r .
25 50 75 10.0 125

Concentration, %

Puc. 2.21. 3aBUCMMOCTb TOJIIUHBI IIJIEHKHA OT KOHUEHTPAIUM PACTBOPA NMPH
OAMHAKOBBIX YCJIOBHUSAX MOJINBA.

Taxxe ObLT MPOBEAEH HKCIEPUMEHT IO OMNPEICIICHUI0 BIUSHUS CKOCTU BpallleHus
MOJIJIOKKH Ha TOJILIMHY Toixydaemoro cios. /st atoro pactBopsl noaumepa IIDIIK pasnuunoii
koH1eHrpauuu (3%, 5%, 10% u 15%) ObLTH NOJTUTHI HA CTEKIISTHHBIC MOUIOKKH TPU CKOPOCTSAX
BparieHus ot 500 7o 7000 o6/mMuH. beuta oOHapyskeHa cirabast 3aBUCUMOCTh MTOTYy4aeMbIX TOJIITUH
OT CKOPOCTH BpallleHus1, He 6onee 8% A CHIIbHO-KOHIIEHTPUPOBAHHBIX pacTBOpoB. st Oonee
CI1a00-KOHIIEHTPUPOBAHHBIX PAacTBOPOB (3%-5%) 3aBHUCHMOCTH TOJIIMHBI OT CKOPOCTH HE

npessimana 1%.

2.4 BuiBOAEI K 1i1aBe 2.
1. MGTO,Z[OM KOMITIBIOTCPHO-YIIPABIACMOTO MMOCICAOBATCIBHOIO TCPMUICCKOTO UCIIAPCHUSA B
BaKyyMC U3 IBYX UCTOYHUKOB 6I>I.HI/I IMOJIYUCHBI B OTHOM TCXHOJIOTMYCCKOM IMUKIIC KaK OTACIbHBIC
MHOTOCTIONHBIE 00pa3ubl Se, As>S3, As37SssGes, AsaS3Mnoy, AsrS3Cray, TaKk U MHOTOCTIOWHBIE
HaHOCTPYKTYphl XC-Se ¢ BO3MOKHOCTBIO BapHaIliy TOJIIIUHBI KaXK0TO MOHOCJIOS B TIpeaesiax
HCCKOJIbKUX HAHOMCTPOB. TexHoorus mo3BOJISIET HAHOCUTHL TOHKHUE IIJIEHKU C HaHOMeTpOBOﬁ

tonuHoN MoHocos oT 0,005 MkM (KommuecTBO MOHOCIO0EB ~100) 10 00IIIe# TONIHHBI 00pa3ia
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MHOTOCJIOMHON HAHOCTPYKTYpPhI ~3,0 MKM. YCTaHOBJIEHO, YTO Kpaid ONTHYECKOTO MOTJIOIMIECHUS
MHOTOCTIONHOM CTPYKTYphI XC-Se OJM30K K Kparo MOTJIOMICHUS MHOTOCJIOMHOTO Se, OJIy4YeHHOTO
B TOM € TpOIecCe OCAXKIEHHs, TakKuM 00pa30oM, MHOTOCIOMHBIN Se ompenenser o0IacTb
IIPOITYCKaHUsI MHOTOCIIOMHON HaHOCTPYKTYpbl XC-Se.

2. Cunte3upoBan psn kapoazon-coaepxkanux coenuaeruit (I1211K, T-TISIIK, T-TI2TIK:I'B)
Ha ocHoBe N-amokcumnpommikap6azona (OIIK), B kotopeie mis moBbimeHus (oro- u
MOJIIPU3AIMOHHON YyBCTBUTENHLHOCTH ObUTH 100aBieHsl Hogodopm (1o 10 macc.%) u aucmepc-
opamkeBblid (10 50 macc.%). g monydeHHMs TOHKHMX IUICHOK ONTHYECKOTO KauecTBa W3
uccienyeMbix (OTOMOIMMEPOB ObUIM pa3pabOTaHbl TEXHOJOTMYECKHE KapThl MOJMBAa TOHKUX
TIJIEHOK U3 pacTBOpoB Ha ycrtaHoBke SCS Spincoat G3P-8.

3. Metoxa CBanenoiina (Oru6aronmx SKCTpPEeMyMOB) ObUT IPUMEHEH I pacueTa ONTHYECKUX
koHcTaHT MTC u3 cnexTpoB NpOMyCKaHHs, YTO MO3BOJISIET NMPOU3BOAUTH PAacueT IOKa3aTells
npesnomMiieHus ¢ ToUHOCThI0 2%. Ontuueckue napamerpsl MHC XC-Se B 1enom M cOCTaBHBIX
HaHocsioeB XC M Se pacCuMThIBAIOTCS HAa OCHOBE OJHOOCHMIUIATOPHOM Mojaenu. OTiauuue
JKCIIEpUMEHTANBHBIX ontudeckux napamerpoB MHC XC-Se oT 0oaHOOCHMIUISITOPHON MOJEIH
CBHUJIETEJILCTBYET O HAHOCTPYKTYpHUPOBaHUHM 00pa3loB. B MHOrocnoiHOW HaHOCTPYKType Se
HaxoauTcs B amop(HOI popMe «Iienmodka-1menodkay, 4To yBeIuIuBaeT 3HaueHue d(PPEeKTHBHOTO
KOOPJMHAILIMOHHOTO YK CIIa, U B3aUMOJIEUCTBUS Mex 1y Se u XC TeparoTcs Wi, 1o KpaHel Mepe,
3HAYUTENbHO YMEHbIIAIOTCS. B  Toxe Bpemss ObUIO OOHApY>KEHO, YTO COCTABIISIOLIHNE
HAHOCTPYKTYPY OTAEJbHBIE HAHOCIIOM XOPOLIO ONMCBHIBAIOTCS TOM MOJEIbI0 HE3aBHUCHUMO OT
coCTaBa.

4. CpaBHeHHE 3HAYECHHWH TOJIIMH IUIEHOK (10 10 HM), MOJYYEHHBIX C ITOMOIIBIO
KommbioTesupoBanHoro  MHWU-4 ¢ mporpammubiM  obecnieuenuem — OpticMeter u
CIEKTPO(POTOMETPUUECKUM METOJIOM, IO3BOJISIET MCIOJIB30BaTh HEPA3PYIIAIONIYI0 METOJHUKY
oruOarmMX 3KCTPEMYMOB JJIs pacyeTa TOJIIMHBI IJICHOK IPH OJHOBPEMEHHOM pacydere

IMOoKas3aTeiid MPEIOMIICHUA.
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3. CKAJIAPHBIE ®OTO- U JIEKTPOHHO-CTUMYJUPOBAHHBIE ITPOLECCHI B
XAJIBKOT'EHU/IHBIX CTEKJIOOBPA3HbBIX MNOJYITPOBOJAHUKOBBIX
HAHOCTPYKTYPAX U B TOHKHUX IVIEHKAX N3 KAPBA3OJI-COAEPXALINUX
MHOJIUMEPOB.

3.1 ®opmupoBanue TUPPAKIMUOHHBIX CTPYKTYP € MOMOIIbIO CKAJISPHBIX GOTO- U

3JIeKTPOHHO- CTUMYJIMPOBAHHBIX MPOIECCOB B CJI0SIX XaJIbKOTeHUIHBIX CTEKOJI, B

MHOTOCJI0MHBIX HAaHOCTPYKTYpax XC-Se n B kap06a30./1-cofep kanux noJauMepax.
CBeToBasi BOJIHA XapaKTEpU3YyeTCd KaK aMIUIUTYAOW BEKTOpa 3JIEKTPUUYECKON HAMPSHKEHHOCTH E
(MPOTOPIMOHATEHON HHTEHCUBHOCTH cBeTa [/=FE°), Tak M HampaBlIEHHEM 3TOTO BEKTOpa
(monsipuzanus cBera). B ocHOBHOM (oToXuMUUecKne, GOTOCTPYKTYPHBIE U (DOTOAIEKTPHIECKOE
JNCUCTBUS HM3IY4YCHHs] OKa3bIBAlOTCSA OOYCIOBICHHBIMH HWMEHHO aMIUIHTYIOW BEKTOpa
JJIEKTPUYECKOM HampsukeHHOCTH E.  Takoe B3auMOJEHCTBUE  HA3BIBACTCA  CKaISPHBIM
B3aHUMOJICHCTBUEM.

OHUM 13 HOBBIX HAIPABJICHUH UCCIIEIOBAHUNA B 00J1aCTH, TOCBSAIICHHON PErUCTPUPYIONITUM
MaTepuagaMm JUis 3amad  rojorpaduu, SBISIETCS HW3y4YeHHE (POTOUYBCTBUTENBHBIX CPEI C
BO3MOXXHOCTBIO TIPSIMOTO penbedooOpa3oBanus B mpoliecce dkcnonupoBanus [11,28,42]. Tlpu
3TOM BbICOKHE 3HaueHwus /IO, ompenensiembie rayonHon u GpopMoit penbeda, JOCTUTAIOTCS KaK
BBIOOPOM TMOAXOAIICH PETUCTPUPYIOIICH CPeIbl, TaK U YCIOBHM rojorpaduyeckoi 3amucu [100].
Ha puc. 3.1 noka3aHbsl OCHOBHBIE ()OTO- U DJIEKTPOHHO-CTUMYJIMPOBAHHBIE U3MEHECHHSI CBOICTB,

IIPOUCXOJAIINE B PETUCTPUPYIOMINX cpefax Ha ocHoBe XCII u monumepos.

\ Writing beams /
ANV 4

Distribution of light intensity
N PaN Pl

% Glass substrate %
//IIIIIIIIIIII’IIIIIII’IIII %

Puc. 3.1. OcHoBHbIE (OTO- U ITEKTPOHHO-CTUMYJIHMPOBAHHbIE H3MEHEHUS CBOMCTB

perucrpupyromux cpea Ha ocHose XCII n nosmmmepos.

69



Tun uHTEpPEPEHIIMOHHON KapTHHBI, KOTOpasi MCIOIL3YETCS B TOJIOTPaPUIECKO 3amiucu
TU(QPAaKIUOHHBIX CTPYKTYp, W, B YaCTHOCTH, IU(QPAKIHMOHHBIX PEIIETOK, M OIpelelstoas
CKaJIIpHOE JIMOO BEKTOPHOE B3aUMOJCHCTBHE U3IYUYCHUS C MaTepuaioM, OIpeaesseTcs
nonspuzanueil uHTtepdepupyromux aydeir [101,102]. B pmanHON T1i1aBe, MOA CKaJISAPHBIM
B3aUMOJICICTBUEM U3Iy4YE€HUS C MaTepUuaJoM M CKaIAPHBIMU (OTOCTUMYJIUPOBAHHBIMU
IIpoLeccaMu MOAPa3yMEBAECTCsl B3aMMOJCHCTBUE, KOTOPOE OINPEAEISAETCS TOJIBKO CKaJSAPHOU
BEJIMYMHON MHTEHCUBHOCTH CBETa, U HE 3aBUCUT OT HAIPABJICHUS JIJIEKTPUYECKOIO BEKTOPA
CBETOBOro moisi. B cimyuae ckamspHO#l rojorpaduyeckoil 3amucu B Tpolecce OOIydYeHHS
PETUCTPUPYIOLIEH CPEbl KOTEPEHTHBIMU CBETOBBIMU ITyYKAMH TPOUCXOJUT MEPEPACIIPENECTICHHUE
SHEPIMH  CBETOBOTO  M3JIyu4€HHs] B IPOCTPAaHCTBE U  (OPMHUPYETCs  CTALMOHAPHAs
UHTephEpEeHIIMOHHAsT KapTHHA, MpeACTaBIsAomas co0oi MPOCTPaHCTBEHHO-NIEPUOIUIECKOE
yepeioBaHue CBETIBIX ¥ TeMHbIX Tos0c [103]. [Tepuon Takoit nuTephepeHIMOHHON KapTHHBI (A)
OIpeIeNIAETCs ATUHON BOJIHBI 3alUCHIBAIOLIETO U3ITYYEHUS Arec U YTIIOM CXOXKJEHHS ABYX JTyuel
® cornacHo hopmyne A = A,../(2sin (0/2)). [leproa A yBenHMUNUBACTCS C YBEITHUCHUEM JITHHBI
BOJIHBl 3allUCH M YMEHbIICHMEM Yyrila cxoxzaeHus 0. B oOmactu cxoxaeHus IOByX Jydyei
OJIMHAKOBO MHTEHCUBHOCTHU (/;=I2), MHTEHCUBHOCTh MHTEP()EPEHLIIMOHHOW KAPTHHBI B TOUKE X

(I(x)) MEHsEeTCS B COOTBETCTBUU C BBIPAKEHUEM [(x) =L(x)+ LL(x)+

2\/ L (x),(x)cos (p1_¢@,), TAe @1 U @, Ga3pl 3aMUCHIBAIOIIMX ITyYKOB B TOYKE X. (a3oit
3aMHUCHIBAIONINX IYYKOB B TOYKE X. B MakcmMyMax HHTEHCHBHOCTh HMHTEpP(EpPEHIIMOHHOMI
KapTUHBI B YETHIPE pa3a MPEBHIIIAeT MHTEHCUBHOCTh HHTEPPEPUPYIOMIUX ITYyIKOB, B MUHUMYMaX
MHTEHCUBHOCTh paBHa Hymo. CpeaHee 3HaYeHHE paclpeiesieHuss WHTEHCHUBHOCTH Ha
MHTEpPEPEHIIMOHHON KapTHHE PABHO CYMME HHTEHCUBHOCTEH Ka)/I0Tr0 U3 MyYKOB 3alHCH.

JlJiss OLEeHKH BO3MOXKHOCTH TOJOTpaduuecKoi 3amucu CUMMETPHYHBIX TUGPAKIIMOHHBIX
PENIETOK ¢ MOMOIIBIO KIACCUYECKOW CXeMbl B cxonsmuxcs mydkax (Puc. 3.2), npeanoxeHHO

JleittoM n Ymatrauekcom [104].
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532 nm

DPSS laser
473 nm

110 mW

=R

Puc. 3.2. 'onorpadguyeckas cxema 3anucu rojorpapuyeckux pemerok. DPSS laser -
oxHoMon0BbIii (TEMoo) TBepaoTeNbHBIN JIa3ep ¢ AMOAHOH HAKa4YKOil, BS —
MOJISIPU3ANMOHHBIN CBETOEINTEIbHBII Kyouk, M — 3epkasa, A/2 — MoJyBOJHOBbBIE
(¢aszoBbie minactunku, LD - azepublii nuon, S — perucrpupywoias cpeaa, PD —
KpeMHHueBbIe POTOaUOAbI.

B kadecTBe MCTOYHMKA CBETA MCIOJIB30BAIN NOJISPU30BAHHOE M3IIyUYEHUE OJHOMOOBOIO
DPSS nazepa (A=473 (532) um). PacmmpeHHbIi J1a3epHbII My4OK AETHIN METOIOM JENICHHS
aAMIUTATYIBI C TIOMOIIBIO HETOJISPU30BAHHOTO CBETOJECIUTEIHHOr0 KyOuKka B mpomopruu 50:50.
Jlanmee nBa mydka CBOAMIIM B MECTO 3alUCH IU(PaKIMOHHON pelIeTKH Ha o0pa3le ¢ MOMOIIBI0
3epkan. @opMy U HampaBlIeHHUE MOJSIPU3ALNN KKJIOTO My4yKa 3a/laBaji ¢ MOMOIIbIO (ha30BbIX
IUTACTUHOK. JIJI1 moBOpOTa IUIOCKOCTH JIMHEHHOW TMOJIIpU3AallMK HCIOJIB30BaU  (ha30BYIO
IUTACTUHKY A/2, 7S TOJTyYeHHsI KpYroBoi mossipuzauuu - A/4. C 1eapi0 MOHUTOPUHTA TUHAMHUKH
¢dbopmupoBanus AU(PPAKIMOHHBIX CTPYKTYP B PEXKHME PEalbHOr0 BpeMeHM u3Mepsiach /(D B
nepBoM TU(PPaKIMOHHOM TMOPSAKE C MOMOIIBIO JIA3EPHOTO AMOa Ha JTMHE BOTHBI A=650 HM (B
obyacTu “okHa Mpo3pavyHoCcTH’’) MOIHOCTBIO P=5 MBT. M3Mepenue /1D # mpoBoauau B pexxume
MPOITYCKaHUS IpU HYJIEBOM YIJIe IaJIeHUS 10 popmyie

__In q00% (3.1)
I, +21,

n

rne Ir; — MHTeHCUBHOCTh TU(ParupoOBaHHOTO B 1-bIi MOPAIOK Jy4a, /79 - HHTEHCUBHOCTb

Jyd4a, MPOIIEIIEro B HyJeBOU Mopsaok audpakuuu. Jannas gopmyna mo3BOIsSET UCKIIOUYUThH
IIOTEPHU Ha OTPAKEHUE, PACCESTHUE U IIOTJIOUICHHE B CIIOE.

Knaccuueckum n Hanbosiee m3ydeHHbIM MmaTepuaiom XC it rosorpaduieckoit 3amucu

SBIIIeTCSL OMHApHBIN cocTaB cTekia As>S3 [105]. B pabortax [106-110] 6buto mokazaHo, 9ToO Mpu
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3aCBETKE AKTMHUYHBIM CBETOM B Cl0AX As2S3 HPOUCXOAUT pPsA  (POTOCTUMYIMPOBAHHBIX
a¢dexToB, Takux Kak (poTomoTeMHEHWE, HW3MEHEHHE IIoKa3aTels MpeIoMIICHUS |
(OTOCENEeKTUBHOE H3MEHEHHE pacTBOPUMOCTU. TakuM 00pa3oMm, TpuU MPOCHUPOBAHUU
UHTEP(PEPEHITMOHHON KapTUHBI HAa MIOBEPXHOCTH ()OTOUYBCTBUTEIHHOTO CIIOSI AS>S3 TPOUCXOTUT
nepuoandecKkas MOAYJSAIUS CIEQYIOIIMX I[apaMeTpoB cliosl  (TOoKa3aTens MOTJIOUICHHUS,
MOKa3aTelsl MPEJIOMIICHHSI K PACTBOPUMOCTH), T.€. popmupyercs nudpakimonHas pemerka (IP).
'myOuHa MOIyNnAlMM TapaMEeTPOB PEIIETKH 3aBHCUT KaK OT XapakKTepa B3aWMOJCHUCTBUS
W3ITyYEHHUs C BEIIECTBOM (CBET, DJIEKTPOHHBIN Jy4), TAK U OT IKCIO3UIUU (HO3BI OOITydeHUs).
[Tponiecc popmupoBanus [P B crmosix AszS3 B 3aBUCHMOCTH OT IKCITO3UIIMHA ObUT PACCMOTPEH B
pabore [111]. Tam ObuTO MOKa3aHO, YTO B 3aBUCUMOCTH OT DKCIIO3HUITNH TPO(HIIH TOBEPXHOCTHOTO
penbeda JIP mocie TpaBieHUs MOKET MMETh KaK CHHYCOUJIATbHYIO, TaK U IUKIOUIHYIO (hopMmy.
Jns ananu3a r1yOMHBI U (OPMBI MOIYJSIIMU ONTHYECKUX MApaMETPOB B 3aBUCHMOCTH OT
SKCHO3UIMU TOHKHE ciou AsS3 ToammHou 1.0 MKM, MOJy4YeHHBIE METOIOM TEPMHUYECKOTO
UCIapeHus B BaKyyMe, ObUIH UCIIOJIb30BaHbl B KaYeCTBE PETUCTPUPYIONIEH cpe/ibl Auis 3anucu [P
c nepuogom 20 mxM. B mpouecce 3anucu JIP Benu koHTpoib J[D B pekume NMpoIycKaHus Ipu
HOPMaJIbHOM MAJEHUM Jiyda ja3epHoro auona (A=650 um, P=1 mBrt). Ha puc. 3.3 mokaszana
KMHETHKa U3MeHeHus /D B mepBoM mopsiike B mpoliecce 3amucu. i uccienoBaHus BIHSHUS
7103bI 00JTy4eHHS Ha MOTYJIALIUIO ONITHYECKUX TapaMeTpoB Obl1n BeIOpaHbl Tpu P ¢ paznuunbiMu
no3aMu obmyuyenus: 1 — Hepo-3kcrioHupoBanHas /[P, T.e. pemetka, J[D KOTOpOii emie npoaomkaeT
pactu (BpeMs 3amucu 4 MuH, 103a o6mydenus 28 JIx/cm?); 2 — HOpMaTbHO-3KCIOHUpOBaHHAs JIP,
T.e. pemeTka, /19 koTtopoi jommia 10 MakcuMyMa (BpeMs 3amucu 5.9 MuH, 103a o0iydeHus 42
Jx/cM?); 3 — mepe-dKCIIOHMPOBAHHAS pelleTkKa, T.e. pemieTka, JID KOoTopol HauMHaeT crajaTh
(Bpems 3amucu 7.6 MuH, 103a 06aydenus 55 Jlx/cm?). Kunetuka usmenenus J19, mokazaHHas Ha
puc. 3.3, cooTBeTCTBYET peanbHoil kapTune 3anucu JIP B crnosix XC, B KOTOPBIX MOJI IeHCTBHEM
00JTy4YeHHs] TPOUCXOIUT MOIYJISALUS KO3 PHUIIMEHTa MMOTTIOIEHUS U MOKa3aTessl MPEeIOMIICHUS C
JTOCTHKEHHEM MaKCcuMyMa, T.e. HachiuleHus. Cran JID mocne AOCTHXKEHUsS MaKCHUMalbHOW
MOAYJSIIIAA KO3 PHUIMECHTA TOTJIOMICHUST U TOKa3aTelsl MPEIOMIICHUS OOBICHSICTCS TeM, UTO
MOKa3aTeyh MPETOMIICHHS B yYacTKaxX IUIEHKH ¢ MaKCHMaJIbHOW 3aCBETKOW (BepIIMHA MPOQUIIS
CUHYCOMIAJILHOTO paclpeie/ieHus] MHTEHCUBHOCTH CBETa B MHTEP(EPEHIIMOHHON KapTHUHE) He
U3MEHSIETCA, B TO BpeMs Kak I[IOKa3aTeiab MPEJIOMJICHHS B YyYacTKaX C MHUHHUMAaJIbHOM

HHTCHCHUBHOCTBIO IMPOJOJIZKACT USMCHATLCA. KOB(bq)I/II_[I/IGHT MOrJIOIICHHUA ITPU 5TOM HC MCHACTCH.
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Taxum oOpazom, rIyOrHA MOAYJISIMH MOKa3aTels IPEIOMIICHUSI YMEHbBILIAETCS, YTO U IPUBOJAUT

K nocienyoniemMy cnamay 3.

Bkenoanuus, Ix/cm’
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Puc. 3.3. a) Kuneruka usmenenus /{9 pemerok, 3anucaHHbIX B cjioe As2S3 ¢

Pa3IMYHBbIMHU 103aMH: 1 — HEI0-IKCMIOHUPOBAHHAS; 2 — HOPMAJILHO-)KCIIOHMPOBaHHAasA; 3

— Mepe-3KCIOHMPOBaHHAasA. 0) YMCJICHHBIH pacyeT 3aBHCUMOCTH AU (PPaKIMOHHOM

3¢ GeKTUBHOCTH OT 3HAYCHUA U3MEHEHH NMOKa3aTe s npejaomiaeHus (P 1is ToamuHbI
ciaos 1 MkMm.

Kak mokaszano 4ucieHHOe MOJEIMPOBAHHME 3aBUCHUMOCTH /D OT M3MEHEHHs MmoKa3arems
nperomienuss (puc.3.3 06), MONy4yeHHas pacCUUTaHHAs KpUBas MOXKET JOCTaTOYHO XOPOILIO
onMcarth KMHETHKY pocTa [[D, mpu 3TOM MOJIlydeHHOE 3HadeHue MakcumanbHou /1D B 1%
COOTBETCTBYET MOAyJsAmH mokazarens npenomieHust 0.04. Kak Oputo mokazaHo B paboTax
[112,113] BenmuuuHa (HOTO-CTUMYITHMPOBAHHOTO U3MEHEHHS MOKAa3aTelsl MPeTOMIICHHS I As»S3
CJIOEB MOXET JocTurarh 3HaueHust (.12 U CHJIBHO 3aBHCHUT OT YCIIOBUM TOJy4YEHHS CJIOEB U
MPEeIbICTOPHH 00pasia.

Jlns uccnenoBanus a3oBoro npodusis u riryOUHBI MOIYJISIIUN TApaMeTPOB 3anucaHHbIX [P
MBIl TPUMEHWJIM H300pasuTenbHyo (“imaging”) chekTpaiabHylo JSiuuncomerpuro [114].
W3mepeHHble 3HAYEHMsI DIIIUIICOMETPUYECKUX YINIOB ¥ M 4, onpeaensolue OTHOLIEHHUE
KOMIUICKCHBIX aMIUTUTY]T KO3(PQOUIIUESHTOB OTPAXKECHHSI 7p U Fy A p U § - TOJSPHU3AIMA
COIOCTABIISIUCH ¢ PACCYUTAHHBIMU 1O GopMynam Dperens p = tan y, e = ry/rs, ¢ TOMOIIBIO
nporpammuoro obecnedeHus smiuncomerpa ACCURION Nanofilm-EP3SE [115]. B kauectBe

Mozenu o0paslia HMCIOJIB30BAIM MOJIETb OIHOPOJHOW Cpeabl C TEOMETPUYECKH TUIOCKHUMH
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rpaHuLlaMU pa3zena, s KOTOPOoi ObLTH pacCYMTaHbl 3HAYEHUS TIOKa3aTels MPEIOMIICHUS 1(7) U
kod(pdurmenta SkcTuHKIMKM k(7). KosdduimeHnt sKcTUHKIMHM CBsi3aH ¢ Kod(huimeHTom
TIOTJIONIEHUS 3aBUCUMOCTBIO ¢ = 41k/A.

Jliss HEeoOy4eHHBIX YYacTKOB COsi As2S3 TONIMHA W TOKa3areidb MPelOMIICHUs ObLIn
OTIpeJIeIICHBI C TIOMOIIIBIO CIIEKTpalibHOM ArumuricomeTpud [114]. Tommumaa cinos As»S3 cocTaBuia
966 HM + 9 HM, u ToKazaTenb npenomieHuss n=2.5873 £ 0.0002 (A=658 um). Bce uzmepenus
MPOBOAMIIMCH TIPU KOMHATHOU TemmepaTtype. Ha puc. 3.4 mokaszansl nzobpaxenus /P (a, 0, B),
MpeCTaBIsAIoNe o000l M300pakeHUsT MOIYJISAIUUA ONMTUYECKUX KOHCTAHT IUICHKH, a JAaHHOM
ciydyae ToKazaressi IpelioMyieHust n(r) u KodhduimeHTa SKCTUHKIMKA K(7), TONMydeHHBIE C
MOMOUIBI0 HU300pa3UTENBFHOTO JIUIMIICOMETpa C YIyYIIeHHbIM KOHTpacToM. Kak BuaHO,
YBEIMUEHUE OKCIO3WIMKA TPUBOAUT HE TOJNBKO K W3MEHEHHIO KOHTpacTa H300paKeHUi

3allMCaHHBbIX I[P, HO U K UBMCHCHUIO HNIUPHUHBI JIMHUMN PCIICTKU.

a)

Puc. 3.4. U300pakenus [P, mosrydyeHHbIe ¢ MOMOIIbLIO H300PA3UTEJIHbHOI0 YJLUIHIICOMETPA €

YJAYy4YIIeHHbIM KOHTPACTOM. 2) — HeJ0-9KCIIOHUPOBAHHASA; 0) — HOPMAJILHO-
IKCIIOHMPOBAHHAS; B)— Nepe-dKCNOHMpPoBaHHasi [114]
C naHHBIX U300pKEHUIM OB M3BJICUEHBI TPOPUIH MOAYJISAIUA ONTHYECKUX KOHCTAHT (Ha
puc. 3.4 Mecta wusBiIeYeHHS Mpoduis TMOKa3aHbl KpPaCHBIMM OTpPE3KaMH) C TOMOIIbIO
nporpaMMmHoro otecrneuenust Vision Assistant LabVIEW (National Instruments). Ha puc. 3.5

npencrasieHsl npoduau s (a), (6) u (8) AP.
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Line: Profil
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a) 0) B)
Puc. 3.5. llpo¢puian uzodpaxenuii [P ¢ yJy4mieHHbIM KOHTPACTOM. a) — He/l0-
skcnoHupoBanHas /[P; 0) — HopmaabHo-3KkcnmoHupoBanHas /[P; B)— mepe-
skcnonupoBanHas (P [114].

Kak BugHO 13 puc. 3.5 npoduib Hepo-3kcrionupoBanHoi JIP (a) moBTopsieT cuHycougansHoe
pacripesieieHue HMHTEHCHUBHOCTH CBeTa Mpu rojorpapuueckoil 3amucu. C  yBelIndeHHEM
skcno3uiuu (puc.3.5 (6)) Habmromaercss yBenudeHue aMIuIuTy el npoduns JIP u usmeHnenue ee
(dhopmbI: BepIIHBI PO CTaHOBITCS Oosee mockumi. [Ipoduns nepe-skcnonupoBanHoit JIP
(puc.3.5(B)) nanek oT CHHyCOUIATbHON (POPMBI U MPeACTaBISET COOOM IUKIOUTHBIA MPOQUIIB C
[IUPOKUMH IJIOCKHUMH BEPITUHAMH U y3KUMU BriaguHaMu. [Ipu 3ToM KOHTPACT MOJI0C (OTHOIICHHE
MakCUMyMOB TIOJIOC K MHMHMMyMaMm) mnazaer. Kak ObUIo cka3zaHo, TNpeJCTaBIICHHBIE
AIUTUTICOMETPUYECKHE M300paXKeHHs MPEACTaBIAI0T cO00 MOAYISAIUIO ONTUYECKUX KOHCTAHT
IJICHKH, B JTAHHOM CJIy4ae MmoKa3aressl mpeoMIeHHs 1(7) u KoddduimenTa SKCTUHKIMHA k(7). C
MIOMOIIIBI0 M300pa3UTENILHON 3JUTUTIICOMETPUN MOAYJISIIUA KaKIOro mapamerpa Obula Mmoka3aHa
otaensHO. Ha puc. 3.6 mokazanbl n300pakeHHUsI MOAYJISIIMU KO3 (DUITMEHTa SKCTUHKINH k(7), a
TaKke nmpoduiab u Tonorpadus k(r), u Ha puc. 3.7 n300pakeHus MoKa3aTes MPeIoMIICHUs 7 (7)
st a), 6) u B) J1P.

Kak BumHO u3 puc. 3.6 u 3.7, ronorpaduyueckasi SKCIo3UIHI HHTEPPEPEHLIINOHHON KapTHHBI
Ha cJoi As>S3 TPUBOIUT K MEPUOAMUYECKON MOAYIAIMU KaK KO3PPUIIMEHTA SIKCTHHKIUH, TaK
nmokazatenst mpernomiieHus. M3meHenue kodduimeHTta OSKCTHHKIMA B ClHOAX  As2S;3
00yClIaBJIMBAETCSl CIABUIOM Kpas MOIJIOUICHHs B JJMHHOBOJHOBYIO 00nacth, T.H. (oTo-
noremMHeHue. Kak u3BecTHO, Kpail MOTIIOMICHUS CyJIb(H1a MBIIIBIKA HAXOIUTCS B CIICKTPAIBLHOM

obmactu 450-550 HM B 3aBHCHMOCTH OT TOJIIIMHBI €05, U (POTOCTUMYIUPOBAHHBIN CIBUT €TO
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MO3KET cOCTaByIATh 10 50 HM. B Buly TOrO, UTO 3JIIIMIICOMETPUUECKHUE U3MEPEHUS TPOBOIUIHCH

Ha JJIMHE BOJHBEI A=658 HM, T.e. B 00JacTH OYcHb cjiaboro mornomeHus As>S3, W3MEHECHHE
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Puc. 3.6. U300paxenns moayasinnu Ko3(ppuuueHTa IKCTUHHKIUN k(7), a TaKkxke npodpuian

U Tonorpadus k(r) 1JiA a) — HeI0-IKCIOHUPOBAHHOI; 0) — HOPMAJILHO-)KCIIOHMPOBAHH O
U B)— nepe-3xkcnonuposannoi AP [114].

Kak BuaHO m3 puc. 3.7, mpu Majod SKCHO3UIMU NMPpoMiIb MoKaszarens mnpeaomiieHus J[P
ONMM30K K CHHYCOMJAJIFHOMY M HamOoyee aJeKBaTHO IepelacT CHHYCOUIANbHBIA Mpoduib
pacmpesieNieHrss HHTEHCUBHOCTH B WHTep(epeHIIMOoHHOoM KapTuHe. [Ipu 3TOM mIMpHHA MHKOB U
BIIAJUH B MNpoduie 7 OTINYAIOTCS HE3HAYUTENIbHO, HO IIIyOMHa NpOQuUIsi OTHOCHUTEIHHO

Masnenbkas (~0.03). MMeHHO 3THM OOBSICHSETCS, YTO NMPH JAHHOM AKCIO3UIMHU BenmuunHa J[D
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nopsiaka 0.7%, 4TO XOpOLIO COOTHOCHUTCS €O 3HadyeHueM /1D g CHHYCOMAAIBbHBIX PEUIETOK,
MOJIyYEHHBIX YHCIEHHO-KOMIBIOTEPHBIM PACYETOM JII MOMAYJISIIIMU MOKA3aTelsl MPETOMIICHUS
0.03 mpu TommuHe MieHkH 1 MiM. [lpu OONBIIMX SKCHO3UIMAX NPOPHIL TOKa3aTems
NPEJIOMIICHUS MEHSeTCS B LMKIOUIHBIA TPOQHIb, BEPUIMHBI MPOQPUIS CTaHOBATCA Oolee
IUIOCKMMH U IIMPOKUMHM, @ BIAJUHBI IPU 3TOM Oojee y3kue. [ myOmHa MOAYJISIUU MPH 3TOM
pacTeT Ik HOpMaJIbHO-dKCITOHUpoBaHHOU pemieTku 10 0.04 (A=658 um), oOycnosnuaromieit J[D
paBHOU 1%, 4TO Takke XOpOLIO KOppenupyeT co 3HadyeHueM /IO, MOIyYeHHBIM pacyeTHBIM
MetoaoM. [l mepe-skcrionnpoBanHon JIP XapakTepeH Takke IUKIOMAHBIA Mpoduib 1(r), HO
riyOuHa MOIyJSIMHM B 3ToM ciyyae manaet 70 0.035, yTo mpuBOIUT K yMeHblneHuto /I3 1o
0.75%. DTO0 MOXHO OOBACHUTH KyMYJSTHBHBIM JCUCTBUEM 3aCBETKHM B HMHTEPHEPEHLHOHHOU
KapTUHE, MPUBOASIIEH K HACBIIIEHUIO (OTO-CTUMYIMPOBAHHOTO H3MEHEHHUS IOKa3aTes
IIPETOMIIEHUS.

CyIeCTBEHHOTO M3MEHEHHS TOJIIIMHBI B IUICHKE AS>S3 3aperucTpupoBaHO HE ObLIO.
HeGonpmass momymsiiusi  moBepXHOCTHOTO penbeda cioss mopsaka Ad=3-5 HM, corjacHo
TEOpPEeTHYECKOMY pacuery, npuBoauT K 3HaueHuto JI2 n=0.03%, 4To CylIECTBEHHO MEHbIIIE
3HaueHui /1D, 00yCIOBICHHOW MOTYJISIMEH TToKa3aTess IPEIIOMIICHUSI.

Takum oOpa3oM, C TOMOIIBI0 HM300PA3UTEIBHON JJUIMIICOMETPUU OBLJIO MPOBEICHO
KAaueCTBEHHOE M KOJIMYECTBEHHOE HuccienoBanue [P, 3anucanHbx B ciosix AszS; Ipu pa3HbIX
skcno3unusax [114]. beuio mokazano, uro ¢gopmupoBanue /[P B ciosix As2S; 00ycliOBIE€HO B
OCHOBHOM MOJYJISIIIMEH TOKa3aTess NpeoMJIeHUs, Mpu 3ToM ¢opMma Mpoduiis MmokazaTens
MpPeIOMIIEHUS. U TITyOMHA CUJIBHO 3aBUCUT OT AKCMO3UIMU. MakcumanbHas TiyOuHa MOAYISIUH
nokasarens npeiaomienus cocrasmia 0.04 £ 0.0002, npu 3ToM npoduib sBISETCS OIU3KUM K
nuKIouaaabHoOMy. s Henmo-skcmoHupoBaHHbIX JIP mpodwmnp mokaszaTens mperoMIICHHS

ABJISICTCA CUHYCOUJAJIBHBIM, U IJI IIEPC-3KCITIOHUPOBAHHBIX — ITUKJIOWIHBIM.
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Puc. 3.7. U300pakeHuss MOIYJISIIUM NOKA3aTe/Isl PeJIOMJIeHUS n(r), a TakKe Npopuiib u
Tonorpadus n(r) 1Js a) — HeA0-3KCIOHUPOBAHHOI; 0) — HOPMAJIbHO-IKCIIOHUPOBAHHOM
U B)— nepe-3xkcnonuposannoi /(P [114].

CkansipHasi rosiorpadudeckasi 3alIUCh PEIIETOK MPOBOAMIACH TAK)KE HA CHHTE3HPOBAHHBIX
kap6azon-coaepxkamux noiaumepHbix crnosx I[IOIK u TIDTIIK, cencubunuzupoBanHbix 10%
ogodopmom [116-120]. C menpio cpaBHeHHs OOpa3lloB B OJMHAKOBBIX YCJIOBHSX Ha BCEX
o0pasuax rosorpaduyeckuM METOI0M 3aluchiBajach TU(GpPaKIMOHHAs peleTka ¢ nepuoaom 1,0

MKkM (A=488HM, ocBermennocTs E=82 MBT1/cm?). Ha puc. 3.8 noka3ana kuHeTuka nzMeHenus J19

B nporecce 3anucu JIP Ha crnosix [1911Ka u I3 TIKa, cencubunuzuposannsie 10% itonodpopmom
(tommmHa TUICHKH 1.6 MKM).

3amuce Bellack B

MOJIAPU3ALUOHHON  KOH(UTYpaliu
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uHTepdepupyromux gydeit S:S, obecrneuynBarony0 HauboIbIIYI0 MOTYJIALINIO HHTEHCUBHOCTH B
MHTEpPEPEHIIMOHHON KapTUHE. 3alucCh MPU OPTOTOHAIBHBIX MOJSPU3ALMIX HE MPUBOAMIIA K

¢dopmuposanuto J1P.
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Puc. 3.8. Kuneruka nzmenenus /19 B npouecce 3anucu AP na caosx III11Ka u
MITIIKa, cencnonamsupoBannbie 10% iiogopopmMoM. Azanucn=488HM, 0CBelIIEHHOCTH
E=82 MBT/CMZ, Acanteisanns=650HM [119].

Kak Bunno u3 puc. 3.8, poct [ID nabmogaercs Tonbko st cinoeB [I9IIK. MakcumansHoe
3HaueHue J1O, 3ammcaHHBIX H3IydeHueM aproHoBoro naszepa JIP, cocrasmger 0,5% npu
BOCCTAHOBJICHHH W3Jy4€HHUEM Ha JjauHe BOMHBI 650 HM, 4TO 0OYCIIaBIMBAETCS AMILIUTYIHBIM
B3aMMO/ICHICTBUEM 3aMHCHIBAIOIIETO H3TYUCHHSI C MATEPUAIIOM, T.€. aMILTUTYTHOM 3amuchlo. Kak
ObUTO0 TOKa3aHO, H3KcmoHupoBanume cioeB [IDIIK, ceHcHOUTM3MPOBAHHBIX HOMOGOPMOM,
MPUBOIUT K HM3MEHEHHMIO Kodddummenta mnornomenus B obmactu 650 um [119]. Crenenn
n3MeHeHus Kod(duimeHTa TOTJIOMEHUS W OmpenesseT TojorpaduyecKkue CBOWCTBA
aMIUIMTYAHBIX MAaTEPUAJIOB, B YaCTHOCTH, J|O 3apeructpupoBanHoil /[P. BennunHa nocturnyroi
J1D MeHbIIIe TEeOPETUIECKOT0 MAaKCHMAIILHOTO TIpeieia IPUMEPHO Ha MOPSIOK, YTO OOBSICHICTCS
HE MaKCUMaJIbHBIM H3MEHEeHHEM K03 ¢ duinenta mornomerus [120].

Hynesyro JID cnmoe IIDTIIK B mporecce romorpadguveckoil 3ammucu MOXKHO OOBSICHUTH
oOHapyXeHHBIM IP(PEKTOM CKPBITOW 3aMUCH, TAE MO IECHCTBUEM H3ITYYCHHUS] HE TPOUCXOIHT
u3MeHeHue onrtuueckux cBoictB [119]. s wuccnemoanms IIDTIIK B  kaudectBe
PETUCTPUPYIOLIEH Cpeabl CKPBITHIX H300pa)KeHWM, BpeMs PpEerucTpanuy pemeToK ITPUHSIN
MOCTOSIHHBIM ¥ paBHbIM 30 MunyTam. [[ns cpaBHEHHS 3amuch B OJMHAKOBBIX YCIOBHUSX
(Asanncu=488uM, mepuon pemerkn A=l MKM, ocBemeHHOCTh E=82 MBT/cM?, skcrozurms 147
JIox/cM?, Acanrsmams=650HM) mpoBoaunu ais cioes IIDTIIK u ITEIK. Tlocie 3amuch pemeTok

o0pasipl TPaBUIM B TEUEHHE PA3IMYHBIX UHTEPBAJIOB BPEMEHH B UETHIPEXXJIOPUCTOM YTIIEpOJie
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JUISl TOCTUKEHUSI MaKCUMaJIbHOU [[D u onpeneneHny onTUMaaibHOro BpeMeHu TpasieHus. [locne
TpaBieHUs cioeB B uyeThipexxiopuctoM yriaepome CCls wm3mepsnace /1D u  mpoduias
MOBEPXHOCTHOTO penbeda. Pesymprarel JID pemerok ¢ mepuogoM | MKM mOcie TpaBJICHUS
nposkcnoHupoBanHbIxX cioeB [1311Ka u II9TIIKa Tommunoii 1.6 MkM mpencrasieHs! B Tad. 3.1.
Taouauna 3.1. 3apucumocts /1D pemieTok oT BpeMenn TpaBJienus ciaoes [III11Ka u

IDTIIKa, cencudonausuposanunie 10% iionogopma [119].

Bpewms TpaBiieHus1, CEKyHIbI
Obpaser 0 5 10 15
[I9IIK 0.5% 11% 24% 26%
[IOTIIK 0% 20% 35% 41%

ITokazano, uro /I3 mocie TpaBieHHs 3HAUUTENBHO (IOYTH HA MOPSI0K) YBEIHMUUBACTCSA. JTO
00BbsicHACTCST (DOTOCENEKTUBHBIM PACTBOPEHHUEM CJIOEB, T/I€ TOJ JCHCTBUEM AaKTHUHHUYHOTO
U3IYYEHHUs CKOpPOCTh pAcTBOPEHHUs HSKCIIOHHMPOBAHHOIO YydyacTKa MeHseTcd. B ciyuae
HKCIOHUPOBAHMS B ABYX CXOASIIMXCS KOTEPEHTHBIX JIydax € MapajuleIbHbIMU MOJIIpU3aLHUIMU, B
IUIEHKE TPOELUPYETCsI TPOCTPAHCTBEHHO-NIEPUOINUECKasl aMITUTYAHAs KapTUHA, TPUBOISIIAS K
dbopMHpOBaHHIO €O € TEPUOJMYECKMMH  ydyacTKamM, OOJaJalolMMU  Pa3IMYHOM
pactBopuMocCThIO. [IpH TpaBieHUU Takoro ciost (GopMHUPYETCs MEPUOAUYECKHI TOBEPXHOCTHBIN
penbed, TOKa3aHHBIH Ha puc. 3.9, oroOpaxaronuii WHTEPHEPEHIIMOHHYIO KapTHUHY
uHTeHcuBHOCTH. Kak BumHO U3 Tabmuis! 3.1, nocturnyras D penieTok, 3anucaHHbIX B CIOSAX
II9TIIK B monTopa paza Beie /I3 pemeTok, 3anucansbixX B cinosx 191K, uto cBuaerenscTByeT
00 yBEJIMYEHHOM CEIEKTUBHOCTH TPABJCHMS (Pa3HULBI CKOPOCTH PACTBOPEHMsI OOIY4YEHHOW U
HeoOmydyeHHoi tuieHku) cioeB [IDTIIK. Dto mpuBomuT k opmupoBanuio Oornee TIIyOOKOTO
MIOBEPXHOCTHOTO pelnbeda, YTO B CBOIO OUepe]b 00yciIaBIuBaeT Oosee BbICOKoe 3HaueHue (0.
Taxoke ObUTO TPOBEJICHO UCCIIEIOBAHUE BIMSHUSA TOJIIUHEI C10s Ha /IO perierok, 3anucaHHbIX B
cnosix [IDTIIK. B Tabnune 3.2 mpuBeneHs! pe3yabTarhl u3meperus /1D pemerok B ciosx [IDTTIK

tonumHaMu 1 Mxm, 0.5 mxm 1 0.3 MKM 1Ociie TpaBJIE€HHS C pa3IMYHbBIMUA UHTEPBAJIaMU BPEMEHU.
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Puc. 3.9. Tonorpagus noBepxnoctu (a) u npodpuiib (0) NPOTPaABIEHHON pelIeTKH,

5000 NM

3anucanHoi Ha cioe IIIIIK, cencudunusuposannsie 10% itoxodopma [120]

Kak BuaHO ®3 TaOnuIpl, ONTUMAIbHOE BpEMsS TpaBIEHUS OOpa3lOB BapbUPYET IS
Pa3JIMIHBIX TOJIIWH, OJIA CJIOCB TOJ'IH.IHHOfI 1 MrM OINITUMAJIBHOC BPECM TPABJICHUA — 30 CCK, IJIA
caoeB TommuHou 0.5 MM — 20 cek, i citoeB Toanmuaon 0.3 MkMm — meHee 20 cek.

Taoauua 3.2. 19 cinoeB IIITIIK Tommumuaamu 1 mxm, 0.5 mxm u 0.3 MKM nocJie

TpaBJIeHUsl ¢ Pa3JHYHBIMH HHTEPBAJIaMU BpeMeHH.

TonuuHa cios Bpewmst TpaBieHus
10 cex 20 cex 30 cex 40 cex 50 cex
1 MKM 8.4% 26% 30% 24% 19%
0.5 MkM 4.5% 27.5% 26.6% 22.5% 17%
0.3 MKkM 15% 5% - - -

Taxxe perucTpupymoiue cpeasl Ha 6a3e kapbazon-coaepkammx moaumepoB U XC Obun
UCTOJIb30BaHbI 1 3anucu J{C 37eKTPOHHBIM JTY4OM, I€ BCIEACTBUE 3JICKTPOHHOTO O0IyUeHHS
npoucxoauT 3D mpocTpaHCTBEHHAs CTPYKTypH3allusl peructpupytomen cpensl [121-124]. dns
peructpauuu AU(PaKIUOHHBIX MOBEPXHOCTHBIX PENbe(HBIX CTPYKTYP 3JIEKTPOHHO-TyYEBHIM
METOJIOM OblTa CO37aHa MPHUCTABKA KOMITBIOTEPHOTO YIPABICHUS SJEKTPOHHBIM MYyYKOM H
nporpaMMHbIM OGGCHG‘-IGHI/ICM JJ1s1 BO3MOKHOCTH 3aIllMChIBATh KaK rpaqmqecxne O6I>CKTI>I, TaKk U
nepuoandeckue cTpyKTypbl. C MOMOIIBIO 3JIEKTPOHHOTO JIyda ObLIH 3alMCaHbl Kak MPOCThIE, TaK
M CIOXHBIC NU(PPAKIIMOHHBIE 3JIEMEHTHl Ha OTAenbHBIX closix XC, Ha MHC XC-Se u Ha
TOHKOTUIEHOYHBIX Kap0a30JI-coAepKAIIUX MOTIMEpax.

3anuce TPOBOJAMIIACH B PAacTPOBOM 3JEKTPOHHOM MuKpockorne Tesla BS-300 c
@,

OTIPENIEIAIOMNNA 703y dJIEKTPOHHOTO oO0dydeHus: u3MeHsuicss B mpenenax 0,5 HA-10 HA.

UCIOJIb30BAHUEM BCTPOCHHOW CHCTEMbl CKaHHpPOBaHUS. TOK Iyd4ka 3JEKTPOHOB
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VYckopsironiee HampspkeHHe cocTaBisuio 25 k3B. Pasmep mukpopemérok u u3o0pakeHUi
coctaBisut 400 MkM*x600 MKM.

JC, cocrosimue u3 ABYX, TUOO TpEX HalOKEeHHBIX J[P ¢ oTnuyarommmucs 3HAUYCHUSIMU
nepuosia peméTkd M OJWHAKOBOW OpHEHTAalMed, ObLIM 3alucaHbl C MOMOIIBIO AJIEKTPOHHO-
Jy4eBOM 3anucu Ha ciosix AszS3 [125]. [lepuoa pemérok uzmensica ot 0,8 mo 4,0 MmxM. 3anuch
OCYIIECTBIISIIACh TPH YCKOpsIomeM HampspkeHun 23 kB, obecnedwnBaromeM MPOHUKHOBEHHE
My4yKa O3JIEKTPOHOB CKBO3b BCIO TONIIMHY IUIEHKU. Jlo3a 3ieKTpoHHOro o0myueHus (q)
orpeensiiIach TOKOM Imydka 37eKTpoHoB (1) u paccuuteiBanack o popmyre (3.2) [126]

=1 (3.2)

I7Ie 7- BpeMs MPOXOXKJEHUS MydKa IEKTPOHOB IPU 3aMUCH JUHUM PEeIETKU, [ — IIuHA
JTUHUHN PEIETKU, d — AUaMeTp IMydyKa dJIEKTPOHOB. PenbedHbie peméTounbie CTPYKTYPhI OBLITH
IIPUTOTOBJIEHBl METOJOM XHMHYECKOTO TpAaBIEHUS B BOAHO-IIEIOYHOM pacTBope KOH.
Monynauusi MOBEpXHOCTH CTPYKTyp Oblia oOpa3oBaHa IOcj€ BpEMEHU TpaBleHUs B 5 c.
N3mepenne /IO HaTOKEHHBIX PEMIETOK IMPOBOAWIOCH B TIEPBOM TMOPSAKE AUQPPAKIUUA B
IIPOITYCKAaHUM IIPU NEPIEHANKYJIAPHOM NaneHuu naszepHoro mydka (0.633 mxm). Ha Puc. 3.10
MO0Ka3aHO N300pakeHHe MOBEPXHOCTH AU(DPAKIIMOHHON CTPYKTYpPBI, CQOPMUPOBAHHOMN B MIIEHKE
AsS, u cocTosiel U3 IByX HaJOKEHHBIX peméTok ¢ nepuoaamu A1=1.0 mxm and A»=0.9 Mxwm.
Hanoxenune nByX NpSIMONMHEMHBIX PEMIETOK C OTIMYAIOUIMMUCS NEPUOJAMU TNPUBOAUT K
00pa30BaHMUIO MyapoBOi KapTHHBI HA IIOBEPXHOCTH PENbePHON CTPYKTYPHI.

CuibHOE TIEPEKPHITHE TIMHUN, TPUHAAJICKAITUX PA3HBIM PEIIETKAM, IIPUBEJIO K BBICOKOMY
3HAYCHUIO TTyOMHBI MOTYJISIIUN IOBEPXHOCTH CTPYKTYPHI (4h), cocTaBistomei okoiio 70-80 HM.
B o6nactsx cTpyKTypsl CO ClIa0bIM MEPEKPHITUEM JIMHUNA 3HaYeHue Ah coctaBmsuio 15-20 HM.
Bapuarusi creneHn TepeKkphITHS JTUHWA MPUBOIUT K MEPUOTUYCCKON MOIYINSAIHUUA TIyOUHBI

penbeda peméToyHoN CTPYKTYPBI.
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Puc. 3.10. U300pakeHue NOBEePXHOCTHOI pesbedHOI pelieT4yaToii CTPYKTYpPbI U3
HAJI0’KeHHBIX APYT Ha apyra pemerok ¢ A1=1,0 MM n A2=0,9 mxM, chopMHPOBaHHBIX B
IUIeHKe ASS, H Ipo¢uJIb MOJY4YeHHOI CTPYKTYPbI. AB - nepuoja ouenuii [125].

[Tepuon MyapoBOi KapTUHBI PEIIETOYHON CTPYKTYPBI, COCTOSIIIEN U3 JBYX MPAMOJIUHEHHBIX

HAJIOXKEHHBIX PEHIETOK C OTIMYAIOLIUMUCS MIepUOoIaMU PaBeH MepHoay OueHuit Az

L= H (3.3)
1 2

Jannas ¢opmysia XOpOIIO COTJacyercsl ¢ AKCIEPUMEHTATbHO-U3MEPEHHBIMHA TEPHUOAAMH
OWeHUl, 4YTO TOATBEPXKIAET CIPABETMBOCTh HCIIOJIH30BAHHONW MOJCIN BBIYUCICHUH. Jlis
CTPYKTYDBI, ipeactaBieHHoi Ha Puc. 3.10 nepuon Ouenwii Az = 9.0 pm.

[omobnass AC Orima chopmmpoBaHa B Iui€HKe AsySi. udpaximoHHas KapTWHA, HTpOAyIHpYyeMas STOH
CTPYKTYpOH, moka3aHa Ha Puc. 3.11(a), rae HabmogaroTcs ABa YETKUX NU(GPAKIMOHHBIX ISITHA TIEPBOTO MOPSAKA
(m;=1 and my=1). IlepuoamyHocTh OWeHUS Az TPHUBOIUT K (OPMHUPOBAHWIO JOMONHHUTEIbHOU JIP, xoTOpas
MPOLYLUPYET COOTBETCTBYIOIIUE JH(parupoBaHHbIC JTa3ePHbIC My4KH C1a00i HHTEHCUBHOCTH /111G, TAK Ha3bIBAEMbIE
MYYKH «TYXOBY.

JC, cocrosimas U3 IByX HaJI0KEHHBIX pemeTok ¢ nepuoaamu A1=2.0 pum u A»=0.92 um, gaér

0ozee crnoxHyo nudpakiunonnyto kaptuny (Puc. 3.11(0)).
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Puc. 3.11. /InppakuuoHHbIe KAPTHHBI OT CTPYKTYP, COCTOSIIIUX M3 HAJIOKEHHBIX
peureTok ¢ nepuogamm: A1=1 mxm u A2=0,92 mxm (a), A1=2,0 MM u A2=0,92 mxm (0),
A1=1,1 MM, A2=1 mxm u A3=0,9 mxm (B) [125]

Ha Puc.3.11(B) nokazana audpakumoHHas kapTuHa, noimydernas ot JIC, cocrosmiei u3 Tpéx
HaJIOKEHHBIX pEeHIETOK ¢ nepuogamu npuMmepHo paBHbIMU A1=0.9 um, A>=1.0 pm u Az=1.1 pum.
Taxoke OblIa poBe/ieHa 3aMUCh CKPEICHHBIX HaJOXEeHHbIX /IP n n3ydeHsl ux nupakuuoHHbIE
kapTuHbl [127]. C moMoONIpl0 3JEKTPOHHO-ITYYEBOM 3alUCHh M TMOCHEAYIONIEr0 XHUMHUYECKOTO
TpaBJICHUs B IUIEHKAX CyJb(uaa MpllIbska c(hOPMUPOBAHBI pelbeHBIE CTPYKTYPhI, COCTOSIINE
U3 JIBYX CKpEIEHHBIX HaloxkeHHbIX /[P ¢ mepmonamm paBHBIMH 2 MKM C YIVIAMH B3aUMHOM
OpHUEHTALMM B HHTEpBaJie oT 2° 1o 90°.

Ha Puc. 3.12 npuenerast ACM n3zo0pakeHus: MOBEPXHOCTU NTUPPAKITMOHHBIX CTPYKTYP,
COCTOSILIMX U3 IBYX HAJI0KEHHBIX PEIIETOK, MEPHO KaX10H U3 KOTOPBIX paBEH 2 MKM, C yIJIaMu

B3anMHOU opueHTanuu 3, paBHbiMu 90° (a), 7° (6) u 2° (B).
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a 6 B
Puc. 3.12. ACM u3o0paxeHusi MOBEPXHOCTH CTPYKTYP, COCTOSIIMX U3 ABYX HAJT0KEHHbIX
peméToK ¢ yrjiaMmu B3auMHoi opuentauuu 90° (a), 7° (6) u 2° (B) [127].

B ciydae oproronansHO HanpaBieHHBIX peméTok (Puc. 3.12a) oOpasyercst ynopsigodeHHas
CTPYKTYpa, XapaKTepHast JUIsl IByMEPHBIX KPUCTAJUIOB. B moBepXHOCTH perbeHBIX CTPYKTYD,
c(hopMHUPOBAHHBIX MIPHU MANbIX yIiaX B3aMMHOM OpHUEHTAluu JBYX HaJIOKEHHBIX pemérok (Puc.
3.126 u Puc. 3.12B), 3HaUUTEIIBPHO OTJIMYAETCS OT MOKa3zaHHOTO Ha Puc. 3.12a. [lepmonnueckoe
W3MCHEHUE CTETCHH IMEPEKPHITUS JIMHUWA TPUBOJUT K OOPAa30BAHHIO MyapoBOM KapTHHBI Ha

MOBEPXHOCTHU PeNbe(hHOM CTPYKTYPHI.

(©)

(r)

Puc. 3.13. ACM u300paxkeHnsi y4aCTKOB HAJI0KeHHBIX peméTok (N=2) ¢ Han60Jb1uM
pa3iaesieHueM JIMHUI NPH yriaax B3auMHOW opueHTanuu pemérok 7° (a), 4° (0), 3° (B)

2° (r) [127].
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Ha Puc. 3.13 mpuBeneHbl n300pakeHUs 00JACTH CTPYKTYpPHI, B KOTOPOW JMHUHU Pa3HBIX
pemérok Hanbosee pa3aenensl. Ha mpuBeneHHbIX (hparmMeHTax Takas o0aacTs 11 B=7° (a) u f=4°
(0) umeet Bu rpeGEHUATOTO Pa3pbhiBa OMUHOYHOHN PEIIETKH.

Ha Puc. 3.14 npuBenena audpaxiponHas CTpykTypa ¢ KpyroBoil CMMMeTpueit, cocTosimeit u3
YeThIPEX CKPEIICHHBIX HAJOKEHHBIX PEIIETOK, MepUo KakJ10i M3 KOTOphIX paBeH 2 MKM.Jlis
CpaBHEHHUs CBEACHBI BMECTE (PpParMEHTHI SKCIICPUMEHTAIILHO HaOJ01aeMOi (BEpXHSS YacTh) H
paccuyMTaHHOW (HIDKHSS YacTh) JU(PPAKLMOHHBIX KapTHUH, TMPOU3BOJAUMBIX CTPYKTYPOH,
COCTOSIILIEN M3 YETBHIPEX CKPELIEHHBIX HAIOXKEHHBIX PEIIETOK ¢ nepuogamu A=2 MxMm. B mape
onHoHarpaBieHHbIX /[P ¢ pasnuunbiMu mepuogamu oopasyercs qonoanutenbHas JP ¢ meprogom

MPOCTPAHCTBEHHBIX OUEHMUIA.

Puc. 3.14. DxcnepumMeHTANBbHO HalI0aaeMas (CBepXy) U pacCUYUTaHHAsA (CHHU3Y)
A pakuMOHHbIe KAPTHHBI, IPOU3BOUMbIE CTPYKTYPOii, COCTOSALEH U3 YeThIPEX
CKpelleHHbIX HAJIOKeHHBIX PelIETOK ¢ nepuogamMu A=2 mxm [127].

Haubonee spxue mudpaxnuonnsie nstHa Ha Puc. 3.14 cooTBeTCTBYIOT AU(PAaKINOHHBIM
IIydyKaM II€pBOrO IOpsiKa, MPOU3BOJMMBIM YETHIPbMS OCHOBHBIMU pemérkamu. Kak BHIHO,
paccurTaHHas AU(paKIMOHHAs KapTHHA XOPOILIO COBIAAAET C Ha0I01aeMOH SKCIIEPUMEHTAIIBHO.

Takum o6pazom, moaTBepkaeHo, uto B JIC, cocTosmield u3 TpyIIbl pa3HOHANPABICHHBIX
HAJIOKEHHBIX MpsAMOIMHEHHBIX JIP, OCHOBHOW BKJax B (OPMHPOBAHUE JIOTOJHUTEIBHBIX
PEIIETOK BHOCST y3JIbl IEpECEUEHUS ABYX JIUHUM [127].
®opMupoBaHe TUPPAKIHUOHHBIX CTPYKTYP € MOMOIIbIO CKAJSIPHBIX OTO- U 3JTEKTPOHHO-

CTUMYJIMPOBAHHBIX MPOIECCOB B MHOTOCJI0MHBIX HAHOCTPYKTYpax XC-Se.
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Jlist ananm3a rojorpadudeckoi ckanspHoi 3amucu J[P B kauecTBe perucTpupyromen cpembl
HCIIOBb30Bau MHOTOoCHoHbIe HAaHOCTPYKTYphl (MHC) As>S3-Se, GesAs37Sss-Se, As2S3:Mn-Se
[128-133]. Takke ObulM TOMy4YEHBI OTAETbHBIC CIOM unucToro XC U Se MO3BOJIUIO MPOBECTH
CPaBHMUTEJbHBIA aHAIU3 UX ONTHYECKUX U perucTpupyromux cBoicts. Tommunel cioes B MHC
OTIPEICIISUTH 110 CIIEKTPaM MPOITyCKaHus U KomrdecTBY AaHHBIX cinoeB. [imst MHC As»>S3-Se Obutn
ONpeAeNICHbI TOIIIUHBI Kaxk10r0 ciosi: As2S3u Se 1o 1.5 MkMm, 1 MHC As>S3-Se cooTBeTCTBEHHO
3.0 mxm [129]. OGmee konmuecTtBo uepenyrommxcs cinoeB MHC cocraBnsiio 250, yto
COOTBETCTBYET TOJIIMHE KAXIOT0 uepeayromierocss Hanocnost AsySz u Se o 12 um. Takxke mo
CHEKTpaM MPOMYyCKaHHs ObUIH OIpeAeIeHbl TUCIIEpCUs MOKa3aTels MPEIOMICHHsS U ONITHUYEeCcKast
IMPHHA 3aMPENIEHHON 30HbI 151 Kakaoro cios. [Tokazarens npenomiieHus ciost AsaS3 cocTaBUl
n=2.35 u MHC As,S3-Se n=2.45 na niuae BoHb A=650 HM. ComnocTaBisist 3HaYCHHE TTOKa3aTesI
npenomiieHust cinos AsyS3 n=2.59 (A=658 HM), MOJIYyYEHHOTO HAMBUICHHEM HAa HEMOIBUKHYIO
MOJIOKKY C TIOKa3aTeneM TmperomieHus cios AsxS; n=2.35 (A=650 HM), TOJIy4EHHOTO
HambUJICHUEM Ha BPALIAIOUIYIOCS TMOJUIOKKY, MOXXHO OTMETUTh CYIIECTBEHHYIO DPa3HHUIy B
3Ha4eHUsAX, paBHyl0 0.23. DT0O MOXXHO OOBSICHUTH BIMSHUEM YCIOBHH NOJYYEHHS CIIOEB, a
MMEHHO YIJIOM HAaHECEHUHU U CKOPOCThIO ocaxkaeHus mapoB XC Ha MOJJIOKKY, Ha ONTHYECKUE
CBOICTBa MOJYYCHHBIX IUICHOK. Kak Obu10 mokazano B padotax [134-136], yrioBoe HanmblUICHHUE
cioeB As2S3 B BakyyMmMe€ NPUBOAUT K YMEHBIICHMIO IOKa3zaTelsl MNpPeJOMJICHUS 3a CueT
YBEIMYEHHOM MOPUCTOCTHU cJiosl. Tak Kak B MPOLECcce HANbUICHUS HA BPAILLAIOIIYIOCS MOAJIONKKY
Yrojl HaHECEHWs MapoB Ha KaXbli y4aCTOK HAHOCHUMOIO CJIOSl NEPUOJUYECKU MEHSAETCS OT
OJIHOTO 3Ha4YeHUs yriia +0.° 10 MPOTHUBOMOJIOKHOIO yIJIa -0.°, TPOXOs yepe3 HyJIeBoil yroi o=0,
MOKHO OXHJIaTh T0I00HOTO 3 dekTa yBearndeHus TOPUCTOCTH, YTO IPUBOJUT K YMEHBIICHUIO
nokazatens npenomieHus. st cpaBHUTEnpHOTO aHanu3a dopmupoBanus [P B crmosx As>S;3
(moTydeHHBIX Ha HETIOJBIKHYIO M Bpariaronryrocs noainoxky) 1 MHC As»S3-Se ocymiecTBisum
rojorpapuueckyro 3amuch pereTok mepuoaomM 1.0 MKM ¢ HCIONB30BAHUEM IMOJSPU3AIIMOHHON
KoH(uUrypauuu S:S naszepHsix nydeit (A=532 um, E=270 MB1/cm?). JlaHHas MONApU3alOHHAS
KoH(puryparuss  obecrieunBaeT HAWOONBIIYID  MOIYJIAIHMIO WHTCHCHUBHOCTH CBETa B
MHTEeP(HEPEHIIMOHHON KapTHHE, YTO OMpPEAeIsAeT CKAIAPHBIN XapaKTep B3aHMMOJICHCTBHS CBETA C
BemecTBOM. B mporieccezanucu [P Benu koHTpoub /1D B pesxkuMe MpoItyCKaHus MpU HOPMaJIbHOM

najeHuu nyda JazepHoro guona (A=650 mm, P=1 mBr). Ha puc. 3.15 mokazana kuHeTHKa
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n3meHeHus JID mepBoro mopsaka TUQPaKIuy B MPOIecce 3alMCh Ha YKa3aHHBIX CIOsIX As>S3 U

MHC As>Ss3-Se.

14
] e
12 _—
10-5”2 /3/
Ryl | prd
. d
6 / 1=——As,S, HarbineHvie Ha
] // HEMOABVKHYHO MOAMOXKY
2 As,S, HarblrieHvie 1
Ha BpaLLaOLLYOCS MOATIOKKY
3 MHC As,S,-Se 1
| 1 | | |

L L T
200 300 400 500 600 700 800
Skenoanums, hx/cm

Puc. 3.15. Kuneruka usmenenus /19 B npouecce 3anucu /AP ¢ nepuogom 1 Mkm Ha ci1osx
As2S3, HANIBIJICHHBIX HA: 1 — HEMOABUKHYIO MOJI0XKKY, 2 — BPAIIAIOINYIOCS MOAJI0XKKY, H
3 - MHC As2S3-Se npu S:S noasipu3anmoHHON KOHGUIYpaluH.

Kak BunHo u3 puc. 3.15, JID pelieTok, 3anMcaHHbIX Ha clioe AsyS3, MOTYYEHHOM B YCIIOBHUSIX
HambUICHUS Ha BPALIAIOUIYIOCS MOMJIOXKKY, JOCTUTAaeT CBOEr0 MAaKCHUMAalIbHOIO 3HAYCHMUS
MPUMEPHO 3a Ty K€ JKCIO3UIHIO, Kak aisi cios AsyS3, MOTyd4eHHOM MpH HANbUICHHH Ha
CTallMOHAPHYIO MOANOXKKY. Ho mpu srom mocturryras BennuuHa /IO HamHOro Ooiblie H
cocraBisieT okosio 10%. Ilpu ogumHakoBbIX ToMIMHAX cI0eB AszS3 Takoi pocT JID mMoxeT ObITh
00yCIIOBJIEH HECKOJIbKUMH (pakTopamu: 1 — yBenuueHHas BeIHYMHA (OTO-CTUMYJIUPOBAHHOTO
M3MEHEHHMSI TOKa3aTesIsl MPEJIOMIICHHUS CIIOEB, TOJTYYEHHBIX Ha BPAIIAIONIYIOCS MOUI0XKKY, THO0 2
—3HaueHue /D oOycnoBieHa Takke MOAYIALKEH MOBEPXHOCTHOTO penbeda U 3 — yBeTuyeHue
($hoTO-cTUMYTUPOBAHHOTO TTOTeMHEHHUs (KodddunmenTa mormomeHus). Kak u3BecTHO, B CIOSX
As2S3 ipu 00JTy4eHUU TIOMUMO BCeX MPOYMX (POTOCTUMYIIMPOBAHHBIX U3MEHEHUN MTPOUCXOTUT U
CIBUT Kpas TOIJIONICHHUs, TaK HasbiBaeMbli 3ddexr ¢oro-noremHenus. I1oT 3ddexr
XapaKTepu3yeTcss N3MEHEHHEM KOod(HIMEeHTa MOTJIOIIeHUsI B 00JacTu Kpast MOTJIOUICHHUS, YTO
MPUBOIAUT K aMIUIUTyAHOW Moxynsmuu J[P B ciayudae romorpadmueckoii 3amucu. Kak Obuto
nmokazaHo B pabore [137] usmenenue kodhduIMEHTA TMOTJIOMICHUS B Pe3yJIbTaTe OOTyUYCHHS
aproHoBbIM nazepoM (A=488 um, 1=33 MBr/cm?, E=120 JI/cM?) HPOUCXOMUT B CHEKTPATLHOI

obmactu 10 525 HM aiis ciost As2S3 TonmmuHo# 1.5 MxM. B Buay Toro, uto usamepenue /1D B Hamiem
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HKCIEPUMEHTE BEJETCS Ha AJIMHE BOJIHBI 650 HM, T.€. B 001aCTH IPO3pauyHOCTH MaTepHasa, MOXHO
3aKJIIOYNATH, 4YTO AaMIUINTyJHAas MOAYJSILMs He BiauseT Ha 3HadeHue J1O. HMccnenosanume
MOBEPXHOCTHOTO penbeda ¢ momompio ACM mokasano, 4To Ha 3anucaHHbIX /IP mpucyTcTByeT
HeOouIbIIast MOIYJISILKS TOJIIIMHEI CIIOS — opsaKa 4 HM. Pacuert BKi1a1a MOy ISIIMH TTOBEPXHOCTH

B /1D mo mpuBenenHoit 3aBucumoct Pamana-Hara Tonkoii penbedHo-pa3oBoi pemeTku
— J2
N =J1(

st cnost  AsaS3 ¢ mokasarenem mpenomiieHus n=2.35 (A=650 HM) maer 3Hadyenume 1D

i

- (Ad n)) (3.4)

A cosa

1N=0.02%, 4tO sBiETCA MPEHEOPEKUMO MaJloll BEIMUYMHOM M MOKeT ObITh orOporieHa. T.e.
OCTaeTcs TPEAINOJIOKUTh, YTO CTOJIb BBICOKOE 3HadeHue J[D oOycioBieHo MMeHHO (¢oTo-
CTUMYJIMPOBAHHBIM H3MEHEHUEM I[IOKa3aTedsl MPEJIOMJICHUSI  CJIOEB. bein  mpoBenen
TeopeTrdeckuii pacuer 3HaueHus J1D (puc. 3.16) ms JIP mokazarens mpeomMiaeHus

M = Ji (" (and) (33

B ciaydae ciost AsyS3z ¢ Tommuuon d=1.5 mxm. Kak BuaHo, mms moctmxenus 1D 10%
W3MEHEHHE TIOKa3aTeNs MPeOMIICHUs AOKHO ObiTh mopsinka 0.09, 4To sBIsIETCS BIOJTHE
aJIeKBaTHOW BEJIMYMHOM. DTO ellie pa3 MOATBEp)KaaeT BhIBOABI padoThl [137], rae ykassiBaeTcs,
9TO A OoJee MopucToro ciosi AszS3, MONYYEHHOTO B pe3yjIbTaTe HalbUICHUS MaTepuania Moj
YIJIOM K TOJUIOKKE, BeMMYnHA (OTO-CTUMYIMPOBAHHOTO M3MEHEHHUS MOKa3aTeNsl MpeIoMIICHHS
0o0JIbIIIe, YeM IJIs CII0EB, HABUJICHHBIX HA MOJJIOKKY MPU HYJIEBOM YTIIE.

Ha puc. 3.17 rpaduk npencrasnser co0oif kuneTuky uzmenenus 12 msa [P, 3anucanHbIxX Ha
MHC As;S3-Se. Kak BuagHo, JID ¢ yBeIWYEHHEM HKCHO3UILIMM YBEIUYMBAETCS 0 MaKCHMyMa
N=13.6%, npu KOTOPOM HacTylaeT HacChIlllEeHUE U JanbHeniero pocra J[9 He Habmonaercs. s
aHaJIM3a BIUSHU SKCIO3ULUH Ha hopmupoBanue /P Obina 3anucana cepus pemetok ¢ 19 ot 1%
1m0 13.6% (AP c /12 1,2,4,6, 8, 10, 12, 13.6%). UccnenoBanue BeiOpanHbix JIP ¢ momompio ACM
MOKa3aJ10 HaJU4Yhe MOIYJISAIMH IMOBEPXHOCTHOTO penbeda BO BCEX yKa3zaHHBIX pemerkax [138].
Ha puc. 3.17 nokazana kuHeTnka u3MeHeHus /1D ¢ M3MEpEHHBIMU TIIyOMHAMH ITOBEPXHOCTHOTO

penbeda yKa3aHHBIX PEIIETOK.
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Puc. 3.16. Teopernuecknii pacuer Puc. 3.17. Kuneruka uzmenenus /19 ¢
3Hauenus /I nasa [P noka3zarens H3MepPEeHHbIMU INIyOHHAMM NOBEPXHOCTHOTO
NpeJIOMJICHHS B ClIy4yae ciaost As2S3 ¢ peaseda /1P, 3anncannbix Ha MHC As2S3-Se
ToJmuuHOM D=1.5 MkMm. [138]
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Puc. 3.18. 3aBucumoctsb riayouHsl peabeda  Puc. 3.19. JkcnnepuMeHTAIBHO MOJTy4YeHHbIE
AP ot 3xcno3uumu. 1 pacyeTHbIe 3HaYeHHs INIyOHnHBI pesibeda
npu pasaudubix /13.
Kaxk BuaHO U3 pucyHka, riryouHa penbeda [IP pacTeT mo Mepe yBeIHMUeHUs YKCITO3UIINH, YTO
u onpenensieT poct J1D. Ha puc. 3.18 mocTpoeHa 3aBUCUMOCTb TITyOHHBI pesibeda 0T HKCIIO3UIUH.
CrnenyeTr OTMETUTD, UTO JAHHYIO 3aBUCUMOCTb MOYKHO C BBICOKOW TOYHOCTBIO alllIPOKCUMUPOBATH

cE

SKCTMIOHECHIMATbHON (pyHKIMen tuna Ad = A — Be™ ", roe Ad — rnybouna penbeda (B Hm), E —

skenosuims (Jx/cm?), A, B u ¢ — koncTanTs: A=95, B=100, c= 0.004. T.0. 3aBHCHMOCTb I'TyOHHbI

penbeda oT SKCIo3uIUU puHuMaeT Bu: Ad = 95 — 100e ~9-004E,
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Ha puc. 3.19 nokazansl rpadguku n3MEpeHHBIX TTyOuH penbeda mist kaxaoi JIP ¢ BeiOpanHOit
3. Taxxe Ha 6a3ze Teopun audpakuuu Pamana-Hara i TOHKMX pemeToK MOBEPXHOCTHOTO
penbeda ¢ MOMOIIBIO YUCIEHHOTO pacyeTa Oblla ONpesieieHa TeopeTudeckas TiyonHa penbeda.
W3 puc. 3.18 BUAHO, YTO TeOpeTHUecKas M HKCIEPUMEHTAIbHO-U3MEPEHHAs IIyOuHa penbeda
JIOCTaTOYHO XOPOIIO COTJacyloTcs, 0OCOOCHHO B 00JIacTH JIMHEHHOro y4dacTtka, rae n=4+10%. C
Y4eTOM TOTO, YTO TMpHUBEIEHHAs 3aBUCUMOCTh 1D oT rimybunsl mpoduis npumenuma K JIP ¢
CHHYCOUJAbHBIM MPO(QUIEM, OTINYUS B U3MEPEHHBIX U PACCUUTAHHBIX 3HAYCHUAX TITYOHHBI
npodumia Ha yyactkax N=1+2% u n=12+14% moryT OBITH CBS3aHBI C OTKIOHEHHEM MNPO(UIIs
MOBEPXHOCTU OT CHHYCOUAABHON (POPMBL.

Ha puc. 3.20 noxazansl npoduiin nosepxHoctHoro penbeda AP ¢ 12 n=1%, 8% u n=13.6%.

12 80

100

70 904
80
9 60|

8| 70
50
7] 604

40+ 504

Ad, HM
Ad, HM

Ad, HM

304 40+
304
3] 20|
204

X, MKM X, MKM

Puc. 3.20. IIpo¢puas nosepxuoctu AP ¢ I n=1% (a), n=8% (6) u n=13.6% (B).
Kak Bunno u3 puc.3.20 cunycoupanbnas ¢popma npoduiis npucyma st AP ¢ 13 n=8% (puc.
3.200), B To Bpems kak mis JIP ¢ Hu3kuMm wim BeicOkuMHU 3HadeHUsMu JID (puc. 3.20a,B)
MOBEPXHOCTHBIA MPOPHIIb OTIIMYAETCS OT CUHYCOH/IBI.
Takum 00pa3oM OBUIO MOKA3aHO, YTO B CIydae MCIOIB30BaHUS cloeB AsyS3 popmupoBaHme
JIP mpoucxoauT Ha cyeT (OTO-CTUMYJIMPOBAHHOTO HM3MEHEHMsI IOKa3aTelis MpeIoMIICHHUS,
MPUYEM CTENEeHb JTOT0 M3MEHEHHs CHJIBHO 3aBUCUT OT YCJIOBHUU HamNbUICHHs Marephajia Ha
noanoxky [138]. Ilpu HambuleHMHM Ha HENOABWKHYIO IIOJUIOKKY HM3MEHEHHME IOKa3aTels
npenomieHus cocrapiset nopsaka 0.04, yto odycnonuaet 113 n=2.5%, a B ciry4ae HanbUICHHS
Ha JBWXKylryocss momioxky An=0.09 (n=13%). B ciayuyae ucnoib30BaHHsS MHOTOCIONWHOM
HaHOCTPYKTYphl As>S3-Se popmupoBanue /[P mpoucxoaut Ha cueT (HOTO-CTUMYIHPOBAHHOTO
n3meHeHus Tonmuabl MHC, T.e. 3a cueT MOy IAIMHY TOBEPXHOCTHOTO perbeda.
Jns uccnenoBanust penbeooOpa3oBaHUs B MHOTOCIOHHBIX CTPYKTypax C IOMOIIbIO
3JIEKTPOHHO-JIy4eBOM 3amucu Obu1 ucnoib3oBad Tesla BS 300 ¢ mpucTaBkoil KOMITBIOTEPHOTO
YIpaBlIeHUS JUIsl 3aTUCH TpadudeckX 00beKTOB. bbutn 3anmucanbl Kak qUPPAKIIMOHHBIEC PEIIETKH,
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Tak U rpadudeckue 00ObEeKTHI B BUJE TekcTa min n3oopaxkenuit [130,139-141]. Cepus pemeTok ¢
nepuooM 2-4 MKM M pa3HOM 10301 ObLIa 3armrcaHa Ha MHOTOCIIONHOM CTpyKType GesAs37Sss-Se
[139]. IToka3aHo, 4uTo rIyOMHa MPOQUIIs 3aBUCUT KaK OT MEpUO/a PEUIETKH, TaK U OT 103bl. Ha
puc. 3.21 moka3zaHbl Tomorpadus MOBEPXHOCTU PEUIETOK C MepuogamMu 2 U 4 MKM H J03aMHU

o6myuenus 4.6 mKn/cm? n 13.8 mKn/cm?.

033,

0.00

a 0 B
Puc. 3.21. Tonorpadus nosepxnHoctu /[P, 3anmcaHHbIX HA MHOTIOCJOIHON CTPYKTYype
GesAs37Sss-Se ¢ pasHBIM NEPHOIOM M 1030l a — mepuod 2 MM, a03a 13.8 mKiu/cm?; 6 —
nepuoa 4 MM, 103a 4.6 MKi/cm?; B — mepuoa 4 mxm, 103a 13.8 mKa/em? [139].

C yBenudeHueM 70361 3anucH (o1 4.6 1o 13.8 MKn/cm?) u neproza permerku (0T 2 10 4 MKM)
rryouHa npodutst pemetku pacteT oT 50 Hm 10 110 am. Ha puc. 3.22 nmokazansl Tonorpadus
MOBEPXHOCTH M W3BJCUEHHBIC Mpodmmm rpadudeckoro odbekra B Buue cioBa «SECURE»
3alMMCAaHHOTO Ha MHOTOCIONWHOUW cTpykType GesAs37Sss-Se tommmuaon 3 MM [140]. ['myOuna

npodHIA 3aBUCHUT OT JI03bl 0OIyUYEHHs, U cocTaBiseT mopsaka 200 am mpu go3e 30 MKn/cm?,

Opm 5§ 10 15

265.0 nm

2000

150.0

100.0

50.0

0.0

LY

0

x[um]
Puc. 3.22. PeabedHble TpexMepHbIe H300paskeHNsl 3aNIMCAHHBIX CTPYKTYP M U3BJe4YeHHBII

npoduias [140].
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Taxoke B kauecTBe N300pakeHust ObUT BBIOpaH pucyHok BMP pasmepom 512*512 nukceneit
¢ usobpaxenueM repba MomnnoBel. Huke mokazaHO MONMKCEIbHOE NPEACTABICHUE PUCYHKa,
npousBoaumoe mnporpammoit IIK-POM u ACM wu3MepeHuss NOJIY4YEHHOW Tomorpadpuu

noBepxHocTu 3anucanHoi crpyktypsl Ha MHC GesAs37Ssg-Se (puc.3.23) [130,139].
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Puc. 3.23. PeabedHble TpexMepHble H300paskeHNs 3aNIMCAHHON CTPYKTYphI I'epba
Moaaossi [130,139].
brina obGnapykeHa Bbicokas uyBCTBUTETbHOCTBMHC GesAs37Ssg-Se K aieKTpoHHOMY
My4YKy, TMPHUBOJSIICE K MPAMOMY (GOPMHPOBAaHUIO penbeda Jaxe NP OYSHb MaJbIX J103aX

O6J'Iy‘-IeHI/ISI. Kak moxHO BUIACTH U3 pI/IC324 MPOJICT 3JICKTPOHHOI'O ITy4YKa OT OAHOT'O IMMUKCCIIA K

JIpyromy MPUBOIUT K pOCTy penbeda mopsaka 50 HM.
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Puc. 3.24. Tonorpagusi NOBepXHOCTH M COOTBETCTBYIOIIIHE U3BJIeYeHHbIE NPOoduIn
3anucanHoi TudpakunoHHoil cTpykTypbl HAa MHC GesAs37Sss-Se. (mpoduis 1
COOTBETCTBYET HANIPABJICHHIO IBUKEHHS 3JIEKTPOHHOI0 NMy4YKa U nNpodpuiip 2
NneprneHInKyJISIPHO ABHKeHNI0 my4ka) [140]

3.2 A”aimu3 auQpaKMOHHONH 3(P(PeKTHBHOCTH KAK CTeNeHH MOAYJSAIHUH INapaMeTpPoB

PerucTpupymrouen cpeabl.

[Ipu uccnenoBaHWK MaTepHaoB B KayeCTBE PETUCTPUPYIOIIEH cpelbl 0co0oe BHUMaHHUE
yaemnsercs /IO, Tak Kak MMEHHO 3Ta BEIWYMHA OINpPENENSIeT UX MPAKTHYECKOE NMPUMEHEHHE B
kauectBe JIOD [142-145]. OcoOblii wHTEpeC BBI3BIBAET BO3MOXXHOCTh YCTAHOBJICHHUS
3aKOHOMEPHOCTEM MEXIQy MapaMeTpaMu TOJOTrpaMMbl M IapaMeTpamMHu Cpelbl, KOTOpHIE
OTPEIEIAIOT HHTCHCUBHOCTh TU(PAripOBaHHON BOJHBI M €€ MPOCTPAHCTBEHHBIA CHIEKTp [146-
148]. OmHako, MpakTHYEeCKH BO BceX paborax s oneHkw JID miis yKa3aHHBIX MaTepHasoB
IpUMEHsieTcs TeopHsl cBs3aHHbIX BoJH KorembHuka [148], pa3Butas st rojorpaduieckux
pELIETOK ¢ MOIYJSIUEeH TOJNIbKO ToKaszarens npenomieHus. OmgHako B paborax Kukunemn
[149,150] ObLIO MOKa3aHO, YTO HCIIONIB30BAHWE MHOTOCIOWHBIX CTPYKTyp Ha ocHOBe XC B
KauecTBe rosiorpaduyeckoil perucTpupyrome cpeibl, NpUBOIUT K MpsIMOMY (OPMHUPOBAHUIO
MOBEPXHOCTHBIX pelibe(hHBIX TU(PPAKINOHHBIX pemeTok. Taike B padotax Terepuca [151,152] u
TpynoBa [153-155] coobmraercss o mpssMoM (HOPMHUPOBAHHUH PEIbEPHBIX CTPYKTYp B ciosax XC
MIPH TOJISPU3ALMOHHOM Tonorpaduyeckoil 3anucu. AHanIu3 U UHTEpIIpeTaIus ronorpad@uyecKkux
HKCIIEPUMEHTOB Ha TaKUX CTPYKTypax TpeOyeT mpuBeneHus (opmyn KoreiabHuka Ha ciydaii
PELIETOK ¢ MOAYJIALKEH TOBEPXHOCTHOTO penbeda. [ onTuMHU3auy ycuoBHil (OPMUPOBAHUS
¢dazoBeix JIC B perucTpupyromieil cpene Oblla MpoaHATU3MpPOBaHA 3aBUCUMOCTh JID ot
MapamMeTpoB MOJIYJIALMMU ONTHYECKUX MapaMeTpoB Cpelbl (MOKa3aTens MpeIoMIICHHS,

Kod(uimenTa morIomeHusl, TOBEPXHOCTHOTO penbeda, meproa pemerku) [156-158].
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B npocrefimem ciyyae mpu B3aMMOJICHCTBUH ABYX KOTEPEHTHBIX TIockuX BoJH 1 u I (puc.
3.25a) oOpa3yeTcs neMeHTapHas rojorpamma, KoTopast mpencrasiser coooit J[P Tommmaer D, u
B KOTOPOH M3MEHEHHE MapaMeTpPOB CPENIbl MPOUCXOAUT N0 KoopauHare x (puc. 3.25 a, 6). [Ipu
3TOM PACCTOSHUE MEXIY COCEIHHMMHU MAaKCMMyMaMH HWHTEHCUBHOCTH B PETHUCTPHUPYEMOM
nHTephepeHInoHHON KapTuHe (puc. 3.25 0) onpexaensercs cooTHomeHnrneM A= A/(sinf;+sinb>),
r7ie A - JJIMHA BOJIHBI PETHUCTPUPYEMOTO M3IydeHUs, 01 1 02- yriibl mageHus HHTEpPEpUpyOmuxX
BoJH |1 1 Iz Ha perucTpupyromyto cpeny (Ha puc. 3.25 a) npuBeeHa CAMMETPUYHAs CXEMa 3aIIUCH
royiorpammel, rjae 01=0,=0). DiaeMeHTapHas rojiorpamMma, OJIy4YeHHAs! IPU TAKOW CXEME 3aIliCH,
SIBJISIETCSI CUHYCOMAAQIBHOM PpEIIETKOM, a mapameTrp A B 3TOM cllydae OMNpPEAeNsieT MEPUo.
M3MEHEHHUS ONTUYECKUX MOCTOSHHBIX B TOJIOrPaMMe, TO €CTh €€ TPOCTPAHCTBEHHYIO YacToTy. Ha
puc. 3.25 B) npuBeaEHBI OCHOBHBIE ITapaMETpPBL, XapakTepusyroumue 13 3anucaHHoi peleTKy Npu
T(pakIuy Ha aMIUTUTYAHBIX U ()a30BBIX CHHYCOMIAIbHBIX peIIeTKaxX (He3aBUCUMO OT Criocoda

WX TIOJTyYCHHS).
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Puc. 3.25. Cxema ¢popmupoBaHus 3j1eMeHTAPHOM roJiorpaMmmbl — ogHoMepHoii [IP; a)
pacnpocTpaHeHue IBYX KOrepeHTHbIX Imj1ockux BouH I1 u I2, nepecexkarommxcs moj
yriom 20; 0) popmupoBanue [IP ¢ neprnoaom A B cpene ToammuHoi D 3a cuer nu3MeHeHus
ONTHYECKHUX MOCTOSHHBIX CPelbl; B) pacnpeaejieHue HHTEHCMBHOCTH U3JIy4YeHHUS B
HHTep(pepPeHUMOHHOM KAPTHHE 10 OCH X (B HANPABJIEHMH BEKTOPA pelleTKH, KOTOPbIii
KOJIJIMHEAPEH OCH X); I') AM(PpaKuus CYUTHIBAOIEr0 U3JIy4YeHHUs HA TroJlorpamMme-

peuierke ¢ (popMUpoOBaHHEM TH(PPAKUHMOHHBIX OPAIKOB.
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OnTuyeckuil mapameTp cpeabl, MOIYJIALUS KOTOPOrO MPOUCXOIUT MPU B3aUMOJICHCTBUU C
U3ITy4YEHUEM, OIpeNieisieT TUIl TOJI0rpaMMBbl: aMITUTYIHas, pa3zoBas win perabedHo-(a3oBas.

B cnyuae ¢azoBoit wim penbedHO-]Pa30Boil rogorpaMmsl B perHCTPUPYIOLIEH cpene Mox
BO3JICUCTBUEM HU3IYUYCHUS MPOMCXOAT W3MEHEHMs IOKa3aTessl MPEJOMIICHUS WM TOJIIIMHBI
Marepuana. Takum oOpaszoMm, audpakius HU3IydeHHs Ha ¢a3oBoW rojorpamMmme oOyCIIOBJICHA
MOJYJISIIMEN TOKa3aTens MNpeJoMIIeHUs JmOo Mopxyisiueil Tommuubl. [lpu paccmorpeHuu
¢azosoii JIP neproarueckoe n3MEeHEHHE MOKa3aTels MPEeJIOMIICHHUS WM TOJIIUHBI B HAIIPaBJICHUH
BEKTOpA PEIIECTKU ONPEENAI0TCS BRIPAKECHUSMHU:

n =no+ An-cos(2nx/A) — nnst GoTo-pedpaKTUBHBIX MATEPHAIIOB (3.6)
d = dot+ Ad-cos(2nx/A) — niis penbedorpadudeckux MaTepruagoB (3.7),

I7Ie No— CpeaHee 3HAa4YCHUE TII0Ka3areNis MpeJoMIIeHUs; An - aMIUIUTyJa W3MEHEHHS
nokasates npenomiieHus; do— 3HaueHue TOIUHBI cpebl; Ad - aMIUTUTY 1a U3MEHEHUS TOJIIIMHBI
cpenbl, A — epuo/1 peuieTKu.

B stux ciaywasx BenmuumHa /IO ompenensercs mapamerpamu An u Ad, KOTOpble B CBOIO
oyepesb ONMPEEIIIOTCS XapaKTEepOM B3aUMOJICHCTBUS M3IIyUYeHHs C BEIIECTBOM M IapamMeTpaMu
peructpupyome cpeapl. MakcMMaabHO JOCTHKHMBbIE 3HaueHus JIO, BBIYMCICHHBIC A
(azoBbIX rosorpamm, coctasisieT 33% A peneTok ¢ CuHycouaanbHbIM npoduiem u 40% ans
pELIETOK ¢ MpsAMOYroiasHbIM IpodmieM [159]. @opmupoBanue penbedHONW PEIISTKH 3a CUET
M3MEHEHHsT TOMIUHBL Ad COCTOMT W3 ABYX OTamoB: 1 — perucrpauusi pemeTkd IyTeMm
AKCIIOHUPOBAHUS HWHTEP(EPEHIIMOHHOW KapTUHBI, WU 2 - TOCTIKCIO3UIIMOHHAsA 00paboTka
rojJorpamMM, KOTopasl BKJIIIOYAaeT B ce0sl pa3NUYHble XUMHUYECKHE U (DU3MYECKHE IMPOLECCHI,
HampuMep, TpaBJICHUE pEHIeTKH 3a CYeT (POTO-CENeKTUBHOTO WM3MEHEHHS PacTBOPUMOCTH
BeniectBa. DopMHUpOBaHUE [MOBEPXHOCTHOTO peiibeda pemeTkud IMO3BONISIET 3HAYUTEIHHO
yBenuuuth /D, a Takxke 3aUKCHpPOBATH TOJOTPaMMy, YTO JENaeT €€ HEUYBCTBUTEIBHOU K
nanpHeimeMy oOiydeHuto. Ho mpu 3TOM MOCTIKCIO3UIIMOHHAs 00paboTKa rojorpamm 4acrto
MPUBOJIUT K HapYyLICHUIO 3alMCAHHONW MHTEepGEpEeHLMOHHONW KapTUHBI, U3MEHEHUIO penbeda U
YCHJICHUIO paccestHus cBeTa. Takum o0pa3om, popmupoBaHue peinbeHBIX CTPYKTYP B OJMH 3TaIl,
T.e. OAHOCTaxuitHoe (opMupoBaHue penbeda B Mpolecce 3alucu, UMEET NPUOPHUTETHBIN
XapakTep, T. K. COYETaeT BO3MOXKHOCTh 3HAYUTEIbHOro ycmieHus /1D 3a cuer penbedHOi

COCTAaBJISIFOIIEH ¥ TOYHOM TIepeIauu 3amrcaHHoro n3oopaxkenus [160].
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['omorpamMma mpecTaBisieT OO0 OHOMEPHYIO PEIIETKY C MEPUOAOM A B HEKOTOPOM cpeie
C MoKa3zareseM mpesoMIeHus # 1 Tonmuaon D (puc.3.25). [lpu ocBeneHnn rojaorpaMmsbl JUTHHOM
BOJIHBI M3IyYCHHMS A pacCMaTpUBAIOTCs Majaromas BoiHa [, BomHA [y, mpoxonsmas o0beM
rojorpaMMmbl 0e3 M3MEHEHHsI HalpaBieHUs (HYJIEBOW MOPSIOK AUQPPAKIMK) U BOIHBI I; U 14,
TuQparupyronpe Ha CTpyKType rojorpaMmsbl o yriaoM o. 1D onpeaensercs Kak OTHOIIECHHUE
U3Iy4YeHUs B AU(parupoBaHHOM BOJIHE ONPEIETICHHOTO MOPIKa MU pakuuu I, (r1e m — mopsaok
TUGpaKki) K IMagaloneMy Ha TojorpaMmy wu3nydeHuro /. JlJis XapakTepUCTHKU peaTbHBIX
roJIorpaMM, MMEIONIUX IMOTEepH (Ha TOTJIONMICHUE, pacCesHHe, OTpaKEHHUE W T.1.), MBI OyaeM
UCIOJIb30BaTh TPUBEJCHHbIC, WJIM HOPMHUpPOBaHHbIe, 3HaueHus J[O, ompexnensemble Kak
OTHOILICHUE W3NY4YeHHUS B TU(PPArHPOBAHHON BOJIHE m-TOpAAKa [, K CyMMe W3IyYeHHH Bcex
MOPSAKOB TU(PaKLKK, BKIIOYas HyJeBoi. B aTom ciyuae ans pemerku, Gopmupytomeit +1, 0 u
-1 mudpakauonnsie nopsinku, J1D onpenemnsiercs kak n=I/(Io+1i+L1).

B cnydae dazoBbix romorpamMm Moysisnms ¢dasel ¢(X) onpeaensercs GopMynon

0(X)= @ot A@-cos(2mx/A) (3.9),

r7ie (o— cpenHee 3HaueHHe (asbl cpeanbl; AQ - aMIuuTy1a Ga3o0BOH MOIYJIISIHUM; A — IEPHOA
PEIIETKH.

Kax n3BecTHO, BOJIHA IIpU NPOXOXACHUU YEPE3 CpeLy C IOKa3aTesleM n U ToluHod D B
3aBUCUMOCTH OT ONTHYECKOT0 MyTH (NPOM3BEACHUS TIIOKa3aTess IpENOMICHHUS Ha
reOMETPHUECKYIO TOJIIIMHY CpeJibl) MPUOOPETAET CeayoUyo (azy:

¢=2n/L*(n D) (3.9),
rae n u D — nokasarens npeaoMIICHHs U TOJIMHA CPEIBI COOTBETCTBEHHO.
B ciyqae dazoBoii /IP npu MOy sIIuy apaMeTpoB CPeJbl MPOUCXOAUT M MOAYJISALUS a3kl

MIPOXOISAIICH BOJTHBI CIICTYIOIUM 00pa3zoMm:

Ap, = ) :;Tm * (An D) — B ciiyyae Moy isinuu mokasatens npenomiieHus (3.10)
Ap, = 7 ::w - (Ad n) — B cimydae MOIyJIAIAN TOBEpXHOCTHOTO penbeda  (3.11).

Ecan MNpoOUCXOAUT OJHOBpPCMCHHAA MOAYJIAIMA W  TOKa3aTCiid MNPCIOMIICHUA U

MOBEPXHOCTHOTO penbeda MOy AU (a3l IpuoOpeTaeT BUI:

Ap, = —2—.(AnD + Adn)  (3.12),

A cosa
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rae n u D — mokasarenb NPeJOMJICHUS W TOJIIMHA CPeAbl COOTBETCTBEHHO, An u Ad —
aMIUIATY1a MOJYJISLIMY TTOKA3aTesl MPEJIOMIICHUS U TIOBEPXHOCTHOTO penbeda, A - IJTMHA BOJIHBI
U3ITy4eHUs, O - YTOJI JUPPAKIIIH.

CornacHo Teopuu nudpakuuu cBeta /1D TOHKHX CHHYCOHIAIBHBIX PEIICTOK OMPEAeTIseTCs

¢dbyukauent beccens cnemyromum obpazom [159]:
A
_ 72829
n=1iG (3.13)
riae J; —pynkus beccens nepsoro poaa, Ap — Moaynsauus (as3sl IIIOCKOW CHHYCOMIAIBHOM
PELIETKH.

Hcnonb3ys 3aBUCUMOCTb MOIYJISIIUU (Da3bl OT MOAYIMPYEMBIX TAPaMETPOB CPebl IPUBEIEM

3aBUCUMOCTH J1D JUIsl cily4yaeB pemieTKH Mokas3aressi MpeoMIIeHHs] U TOBEPXHOCTHOTO penbeda

COOTBETCTBEHHO:
Ny = J? (/‘1 " . (An D)) — JID pelIeTKH NoKasaTels npeoMieHns  (3.14)
cosa
n, =J? (/1 “— . (Ad n)) — JID pewieTky MoBepXHOCTHOTO penbeda  (3.15)
cosa
_ 20T 3
Ny = J2(=-@nD + Adn)) (3.16)

1D pemeTky ¢ MOAYIISAIMEH 1 TTOKa3aTelIs MPEJIOMIICHUS U TIOBEPXHOCTHOTO pesibeda.

C nmomortpto mporpaMmMHOTo odecnieuerust Matlab Obu1 co3gan anroputm pacuéra JI9 kak mis
pELIETOK TMoKa3aTessl MPeNOMJICHHS, TaK U PELIETOK MOBepXHOCTHOro penbeda. Ha puc. 3.26
MPEJICTABICHO CEMEWCTBO pacueTHhIX 3aBucumoctedd JIO (A=650 ©uM) oT TIyOUHBI
MOBEPXHOCTHOTO penbeda it [IP ¢ pa3nuyHbIME IEPUOAAMHU U SKCIIEPUMEHTAbHO-U3MEpEeHHAs
KHHETUKA W3MEHEHHUs /[D B 3aBHCHMOCTH OT AIKCHO3WIUU U IS pasNu4HbIX nepuonos /P,

3allMCAHHBIX B MHOTOCJIONHOW HAHOCTPYKTYype As2S3-Se [156].
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Exposure, kJ/cm?
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Puc. 3.26. CMogesupoBaHHas (a) M JKCIIepUMeHTAIbHAsA (0) KUHeTUKA u3MeHenus /(D B
3aBHCHMOCTH OT SKCIO3ULMH U ISl Pa3JUYHBIX epruooB /1P, 3anucaHHbIX B MHOTOCJI0HHO

HAHOCTPYKTYpe As2S3-Se [156]. Ilepuoas! pemieTok 11 0003HAYEeHHBIX KPUBBIX
coorBeTcTBOBAIN: 1—3000 nm; 2—1920 nm; 3—1410 nm; 4—1170 nm; 5—960 nm.

Kak BugHo wu3 puc. 3.26 3aBucumoctb /1D (1) (a30BbIX pemeToK OT 3KCIO3UIUH,
IPONOPLMOHAIBHON TNTyOMHE MOBEPXHOCTHOIO peibeda, HOCUT OCHMUIUPYIOIIUN XapakTep.
ITosToMy 1o U3MepeHHbIM 3HaueHUsIM /1D oHO3HaYHOE onpeieseHre IITyOuHbl peabeda MOKHO
IIPOU3BECTH TOJIBKO MMEs BCIO KMHETUKY M3MeHeHus J13. [locie 3anmucu pemerok, ¢ moMoIIbk0
ACM Obpu  u3MepeHbl Tomorpadusi TMOBEPXHOCTH M MOJYJSIMA TIIyOWHBI penbeda.
IToBepxHOCTHBIE NpOUIM JUISI KaXIOW peIIeTKH HMEIU CUHYCOMJAIbHYI0 (OopMy, 4TO
MOJTBEPXKIAET HE3HAUUTEIbHYIO POJIb HECUHYCOMJAIBHOIO BKJIaZa Mpo(uis B MPeAoKEHHOM
mojenu pacyera 13. Ilo pesynsratam ACM-u3Mepenuit 6bu1a paccurTaHa riryOrMHa MOy ISIIHH
pemeTok, onpexaenseMas kak u=h/A, rae h - BelcoTa MOBEPXHOCTHOTO penbeda, a A - Iepuos

pemetku (puc. 3.27), 4ToOBI UCCIEI0BATh, KAK OHA MEHSETCS C U3MEHEHUEM TIEPHO/Ia PEIICTKH.
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Puc. 3.27. Tonorpagusi noOBepXHOCTH ¥ NPOPHUIb ISl 3alIHCAHHBIX PElIEeTOK €
nepuogamu: 1—3000 nm; 2—1920 nm; 3—1410 nm; 4—1170 nm; 5—960 nm [156].
Kak crmenyer u3 mpuBENEHHBIX JAHHBIX, YBEJIMYEHUE IEepUOAa IMPUBOAUT K YBEINYEHUIO

BBICOTBI PEIIETKH MPU OJIMHAKOBOM 3KCMO3UIUMU. DTO O3HAUAET, UTO CKOPOCTH 3aMKUCH PEIIETOK
3HAYUTEIBHO YBEIMUUBACTCS ISl PEIIETOK ¢ O0NbmuM mepuoaom (ot 6,1 HM/MUH Uit Iepuoaa
960 am 10 21,6 am/Mun 11 nepuoaa 3000 am). [Ipu 3ToM rimyOrnHa MOAYJISAIIMKA ObLIa TPUMEPHO
OJIMHAKOBOM ISl BCEX pEIIETOK M cocTaBisia B cpemHem 0,22. HaGmiomaercs xoporiee

COOTBETCTBHE MEXIy TIyOWHOH penbeda pemerok, u3MepeHHod ¢ momombio ACM, u
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TCOPCTUICCKUM 3HAUCHUECM, ITOJTYUYCHHBIM B COOTBCTCTBUU C KUHETUKOMN I[3
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Taxxke B padote [157] Obut mpoBeneH aHanu3 AUGPAKIHMOHHON d(PGHEKTHBHOCTH (Pa30BbIX
pelIeToK B 3aBUCUMOCTH OT Kod(ddummenta 3amonHeHus: (duty cycle) u ¢da3oBoii riyOUHBI

PEIIETOK C MOMOLIBIO CO3JJaHHOTO anropuTma Matlab.
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Puc. 3.28. 3aBucumoctb 1udpakunoHHoi 3p)(PeKTUBHOCTH OT IJIyOuHbI (a30Boit
MoayJasauuu (a) u kodgduuuenTa 3anoJHeHUs NP riayouHe pa3zoBoil MOXyaIUn AQ=n
paauas (0) ajs mectu nopsiakos 1uppakuuu (ot 0 o 5) [157].

Kak Opuio mokazaHo, M3MEHEHHWE IIIyOMHBI (ha30BOH MOAyIsuUMu HU  KoddduuumeHra
3aMOJIHEHUS PEIIeTKU MO3BOJIAET IUIAaBHO peryaupoBath /1D u mepeHanpaBisiTh HHTEHCUBHOCTD
CBETa B HyKHbIE TU(PparupoOBaHHBIE TOPSIKH.

B pabote [158] 6bu1M cMoenupoBaHbl (pa3oBble pEIIETKH U olleHeHa [ID B 3aBHCHMOCTH OT
qrclia IMTPUXOB U TMAMETPa CUUTHIBAIOIIETO MyYKa M0 €ro CMOACTUPOBAHHON AU(PPAKIIHOHHOMI
KapTuHe. PaccmaTrpuBaiuch Ba OCHOBHBIX ciiydas: | - Korja AMaMeTp CUMTHIBAIOLIETO IMydKa
paBeH IJIOLIAAN PEUIeTKH, cocTos el n3 N uncia ITPUXoB, U 2 - KOria TuaMeTp CUUTHIBAIOIIETO
nmyyka Obul OOJIbIIe MJIOMIAAN PEIIeTKU. Bblio mokazaHo, 4YTo B MEPBOM Cllyyae MaKCHMAaJIbHOE
3Ha4YeHue /D He 3aBHCUT OT KOJIMYECTBA IUTPUXOB, U Ja)Ke MPH UCIOIB30BAHUU BCETO OJHOTO
mrTpuxa qudpakiuonHas 3¢ GeKTUBHOCTh MEPBOTOo nopsiaka nocruraet 3HadeHus 40,5% u 33,9%
JUIS KBaJpPaTHOTO U CHUHYCOUAAIBHOTO MPOGMISs PEIIETOK COOTBETCTBEHHO, YTO HJ€aIbHO
CXOJIUTCSI C MAKCUMaJIbHBIMH 3HaYeHUAMU J[D 111 aToro THNa ipodust [ 159]. Bo BTopom ciydae
OCHOBHAsl 3aBUCHUMOCTHh J[D OT KOJNMYECTBa INITPUXOB CBSI3aHA C OTHOLICHHWEM JHaMETpa
CUMTBHIBAIONIETO MyYKa K IJIOMAAN pemeTKu. [Ipu yBenTuaeHnn 3Toro oTHomeHus /1D HeHyIeBbIX

MOPSIIKOB YMEHBIIACTCS BIIOTH 10 HYJIA (puc. 3.29).
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Puc. 3.29. 3asucumocts 19 0-6 nopsaakos Audpakuuu Ajs pelieTKH ¢ IPAMOYT0J1bHbIM
npoduseM (a) 1 CHHycOMAAIbHBIM (0) 0T yncaa mTpuxoB N npu riayonHe ¢pazoBoi

MOAYJAUMHM AQ=T pajuaH U q1uamMeTpe cunThiBawiero nyuka D=100A [158].

3.3 Bunsinue ¢popM@paKTOpa U HEJIMHEHHOCTH HA M (PPaKIHOHHYI0 3 PeKTHBHOCTH
3aNMCaHHBIX pelieToK. J{uppaKkunoHHBIA C10C00 H3MepeHUs] AUHAMUYECKOr0 JHANa30Ha
doTooTkiIKa To0rpaduueckoro pazoBoro MmarepuaJia.

[Iposienenne ¢dopmdakropa B PETUCTPUPYIONICH Cpele Ha OCHOBE MHOTOCIOWHON
cTpykrypsl XC U B a3onoiaumepax ObLIO 3KCIEPUMEHTAIBHO TOKa3aHO JJIS ToyiorpaduyuecKkux
pEIIETOK, 3allUCaHHBIX TIayCCOBCKMMM myukamu [161-165]. 3HaueHus paccumTaHHBIX
dhopMdpakTOpOB I TOJCTHIX U TOHKUX T'ayCCOBBIX TOJOTPAMM J1a€T OCHOBAHHE CUUTATh dP(HEKT
nposiBieHus: (popMmdakTopa OJUHAKOBO MPUMEHUMBIM M ONM3KUM N0 3HAYEHUSAM Ui JABYX
pexxumoB audpakuuu: bparra u Pamana-Hara [164,165]. Dddext hopmbakTopa romorpamm ObLI
UCTOJIBb30BAaH MPH OMNPEACICHUN JAWHAMHYECKOrO Juarna3oHa (OTOOTKIMKA IPH H3yUYECHUH
PETUCTPUPYIOIINX CPESl HA OCHOBE MHOTOCTONHOM cTpyKTyphl XCII 1 B a3ononumepax [162].

B mannoOii paborte wmcciemyercs CBA3b BenWuuHBI dopmdakTopa U D sraeMEHTapHBIX
roJorpamMM, NpEACTaBIAIOMINUX co00il rojorpapuueckue pemerku. s TOHKUX (ha30BBIX
pELIETOK, BOCCTAHOBJIEHHWE HA KOTOPBIX IMPOUCXOIUT B pexume audpakmuu Pamana-Hara,
XapaKTEPHO HAJTMYME MHOTUX MOPAIKOB nudpakiuu [159], B oTiimune oT 00bEMHBIX TOJIOTPAMM,
nudpakiys Ha KOTOPBIX OMUCkIBaeTcs B pexkume bparra. [Ipu ronorpadguieckoit 3anicu pemeTok
pacripesielieHue WHTEHCHBHOCTH H3JIy4eHHUsS IpeoOpa3yercss B IMPOCTPAaHCTBEHHYIO (Pa3oByro
MOJIYJISIIIUIO MaTeprana, 3a C4eT H3MEHEHUS TOJIIMHBI THO0 rmokasarens nmpenomieHus [166]. s

WCCTIeI0BaHMS BIUSHUS HEOJHOPOIHOCTH OCBelIeHUsS Ha [/[D B mporecce 3amucu penbeHBIX
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peLeTOK ObUIM HCIOJIb30BAHBI HEPACIIMPEHHBIE IyYKH J1a3epa, MHTEHCHUBHOCTb KOTOPBIX IO
TTOJTIO JTy4Ya XOPOIIIO OMUCHIBAaETCS TayccoBoi hyHKIuei. InTepdepeHIus Takux JIydeil IpuBOIUT
K (OpMHpPOBaHHIO HHTEP(PEPEHIMOHHON KapTUHBI C TayCCOBBIM pacCHpeAeICHHEM TITyOUHBI
MOJYJSIMK HWHTEHCUBHOCTH. Jlns psaa wmarepuanoB (asomomumepsl, XC) oOiydeHue
UHTEP(QEPEHIIMOHHON KapTUHOM MNPUBOAUT K MNpAMOMY (OPMHUPOBAHHIO ITOBEPXHOCTHOTO
penbeda, COOTBETCTBYIOIIETO HHTEPPEPEHITMOHHON KapTure [167,168].

Judpakiuss MOHOXpPOMAaTHYECKOTO CBETa Ha TrayccoBoil penbedHON pemerke Oblia
CMOJISIMPOBAHA MyTEM HCIIOJIb30BAHUS aITrOpUTMa yriioBoro crekrpa [169]. Jlns atoro Obuta

CMOJIETTMPOBaHA TayCcCcoBa pemieTka ¢ pa3oBoi MOAYJIISAIMEH COOTBETCTBYIoMEH hyHKIuu ["aycca

Ap(x,y) = AeT”  (3.17),
re T — paccTosHue OT ocH pemeTku (r? = x? +y?), a @ NPUHATO HA3BIBATh MIMPHHON HIIH
3¢ (HEeKTUBHBIM PaIUyCOM T'ayCccoBa MyUyKa, KOTOPBIM paBeH pacCTOSHUIO, HA KOTOPOM aMIUIUTYAa
($ha30Boil MOAYISAIINH YOBIBACT B € Pa3 MO CPABHEHUIO C aMIUTUTYAON (a30BOM MOMYIISIIIAK HA OCH
(A),
Ap(w) =AJe (3.18).

Ha puc. 3.30 cxemaTnuecku moka3aHa IpoCTpaHCTBEHHas (hopMa pemeTkH (BI0JIb KOOPIUHATHI
X) C TayCCOBBIM pacmpeelicHuEM aMIUTUTYIbI (ha30BOM MOAYIAIUU MpU 3PHEKTUBHOM panyce
pemetku w = 1. Kak Oyner mokaszaHo najee, Ha BEJIMUMHY UM KMUHETHKY /IO Bimser u nuamerp
cuuThiBaroniero wu3nydyeHusa. Ha pwuc. 3.30 Takke MOKa3aHbl CYUTHIBAIONIME MYYKH C

OoTHOCUTENbHBIMU paanycamu oT 0.1o 1o 1.0w.

A
Ananus JID U1 TaycCOBBIX PELIETOK MPOBOJMIM 110 GopMyne 1, = J2 (7(”) (3). B Buny
TOT0, YTO MPOCTPAHCTBEHHAs (pa3oBasi MOIYIIALIMSA MaTepraia Ad onpenensieTcs pacrpeneleHueM
WHTCHCUBHOCTH W3JIYYCHHUs, HEPaBHOMEPHOCTh OJKCIO3WUIMH TOo momo E(X,y) mpuBOAHMT K

HepaBHOMEpHOU (a3zoBoit Mmoaysaiuu Ad(X,y).
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Puc. 3.30. I'ayccoBoe pacnpenesieHusi aMILTATYAbI ()a30BOMH INIyOMHBI pelIeTKH NPH

3 PeKTHBHOM paauyce pelIeTKH PABHOM W = A/ e, 1 Pa3JIHYHBIX OTHOCUTEIHLHBIX
paauycax cunthiBawmero myuka: ot 0.1o xo 1.00 — (a), ot 1o 10 10w (6) [161].

Ecnu npunsTe, uro (azoBas mogymanuus Ad(x,y) onpeaensiercss COOTHOILIEHUEM

AP(x,y)=E(x,y) (3.19),
rje E(x,y) — AKTIO3UITHS, TO BBIPKCHHE 1 C) MOXHO nepenucaTh
M (6, y) = Ja(E(x,y)) (3.20).

Cpennss JID mepBoro nopsaka OyaeT paBHa 1], = % [[ JZ(E (x,y)dxdy (3.21),
e § — IUIOIIA/Ib TOJIOTPaMMBI.

[TpuHuMas, YTO CKOPOCTh MOAYJISIIMYU (ha30BOTO peibeda OblIa TMHEHHOMH, Oblila pacCuuTaHa
JID st pelieTok ¢ rayCCoOBBIM pacHpeAesieHuEeM AKCHO3UIMU. [Ipr 3TOM M3MEHsIM 3HaYeHue
panuyca CUYMTHIBAIOILETO JIy4ad, YTO PABHOCHIIBHO U3MEHEHUIO IO CUUTBIBAEMOI0 y4acTKa
rojgorpaMmMsl. Ha puc. 3.31 nokasana kuHeTnka nu3MeHeHus /1O rayccoBOi peIIeTKH IS pa3HbIX

paauycoB cuuthiBarorero gy4a r (ot 0.1 mo 1.0 k ahpexTuBHOMY paguycy roorpamMmsl).
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3aech 3kcno3unus E mpuBOaUTCS B HOPMHUPOBAHHBIX €IMHHUIAX Tak, yTo E=1 m3Mmenser
($hOTOOTKIIMK ToJIOTpadueckoro MaTepuaia, MPUBOIS K POCTY aprymeHTa moja (yHKIHEH
beccens, paBHOMY 0JTHOMY pajauaHy.

35 100

r= 90 r=
30 0.0 60 0.0
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Puc. 3.31. Kuneruka usmenenusi /19 nepporo nopsiika TOHKOi rayccoBoii pelieTKH 1
00beMHOI rayCcCOBOM peleTKH NPHU yBeJIHYeHNH IKCIO3UIUN IS THaMeTpa
cunThiBawiero nyuka ot r=0.1o g0 1.0 (a,0 — coorBecTtBenHo) u ot r=1m® no 10® (B,r —
cooTBecTBEeHHO) [161].
Benuunna dopmdakropa V¥ ompenenser 3amaznblBaHUE MO SKCIO3UIUHU JTOCTHKECHUS

nepBoro MakcuMmyma /13 mo cpaBHEHHUIO C pABHOMEPHOU PEIeTKOH, U orpeneisiercs mo Gopmyse

w="of o (3.22),
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rane En — TpeOyemas skcmosummsi Uil JTOCTHOKCHHST MakcumyMa J[D B mepBoM ToOpsIKe
paBHOMepHOU (1Tmockoit) pemetku (79=0.0w), E: — TpeOyemas sKCoO3UIUs ISl JTOCTHXKCHHS
MakcuMmyMa /IO B mepBOM MOPsIIKE rayCCOBOM PEIIETKH.

Kak BugHO, B 3TOM ciyuyae kpuBas /[D omnuceiBaeTcs KiIacCHMYECKHUM BblpakeHueM [10
TOHKHUX PEILETOK, onpenenseMas kak kBaapat ¢yHkiuu beccens. [Ipu Bcex npyrux auamerpax
CUMTBHIBAIOUIETO JIyda HEPaBHOMEPHOCTh AKCIIO3UIMHU MO TOJI0 MPUOOpETaeT JOMUHHUPYIOIIEe
3HavyeHue. [ Bcex aTuX ciydaeB Obul paccuntan popmbaxTop ¥, Kak OTHOIIEHUE SKCIIO3UIHH
IpU JOCTHKEHUH MakcuMmyMma J[D paBHOMEpHOW pEIIeTKH, K SKCHO3MLIUU TPH JOCTHKEHUH
Makcumyma [ rayccoBor pemeTKu.

B Ttabmumne 3.3 mnpuBenmeHbl 3HaueHUs HaWjaeHHOTO QopMdakTopa sl pa3HBIX PaguyCcoB
CUMTBIBAIOLIETO MyYKa.
Tab6auna 3.3. 3navenust HaligeHHOro popmpaxkTopa V¥ 1J1s1 pasHBIX paguycoB

CYUTBIBAKOIIEIO IMYYKaA r.

r | 00o | 01lo| 020 | 03w | 040 | 0.50 | 0.600 | 0.70 | 0.8w | 0.9 | 1.0®
E. | 1.88 | 1.88 | 1.88 | 1.88 | 1.98 | 2.07 | 2.17 | 2.26 | 2.45 | 2.54 | 2.79
Y | 100 | 1.00 | 1.00 | 1.00 | 0.95 | 091 | 0.87 | 0.83 | 0.77 | 0.74 | 0.67
r |00o | lo 20 3w 50 | 10w
E. | 1.88 | 273 | 333|333 | 333|333
Y | 1.00 | 0.67 | 0.56 | 0.56 | 0.56 | 0.56

AHanornuuHple pacyeTsl ObLIN MPOBEIEHBI U AJIS CIydasl CYMTHIBAIOLIETO Myyka 7 > w. Ha
puc. 3.30 (0) cxemaTnuecku Mmoka3zaHa MPOCTPAaHCTBEHHAs (hopma pereTku (BA0JIb KOOPIUHATHI
X) C TayCCOBBIM pachpe/esIeHneM aMIUIUTYbl (a30BOi MOIYJSIUU U CYUTHIBAIOIINE MyYKH C
OTHOCUTENbHBIME panuycamu oT lo 1o 100 (r=lo, 20, 30, 5o u 10w) u Ha puc. 3.31 (B,1)
MOKa3aHa KWHETUKA U3MeHeHHsI IO rayccoBOM pemeTKy Al pa3HbIX PaIuyCOB CUHUTHIBAIOIIETO
nydar (oT lo g0 10w).

CxoxecTh KapTHUH TMO3BOJISIET MPEANOJIONKUTh €IMHYI0 MPUPOAY 3aBUCHUMOCTH D oOT
HEPABHOMEPHOCTH JKCIO3UIIMH, & UMEHHO 0 TayCCOBOMY pAaNpeaeleHUI0, H COOTBETCTBEHHO
BEIMYUHBI PopMPaKTopa.

OKcnepuMeHTanbHOe HabmoneHne BiustHUS (opmdbakTopa Ha 1D ocymiecTBisiid Ha
rojiorpaduueckux pemietkax ¢ nepuoaoM 5,0 mxm (200 1/MM), 3alTMCAHHBIX C TIOMOIIIBIO JIBYX
cxomsmuxcs ydeit (A=532 um) o cxeme Jleiita-Ynarauekca [161]. s 3anucu HCOIb30BAINCH

HEpaCIIUPEHHbIE Y4l C rayCCOBBIM pacHpe/leIeHHeM MHTEHCUBHOCTH MO TOJIO Jydya. 3amuch
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MPOBOIMJIACH Ha MHOTOCJIOWHBIX CTpyKTypax Ha ocHOBe XC As»S3-Se (tommmuoir 2940 HM).
OxcnonupoBanne MHC  dopmupyemoii  uHTep)EpEHIIMOHHONW KApTUHBI MNPUBOJIUT K
(bopMHPOBAHUIO MTOBEPXHOCTHOTO penbeda, T.e. K popMupoBaHuio penbedHo-dpazosoit JP. 11D
M3MepsIach B MEPBOM AU(DPAKIIMOHHOM MOPSIKE HA MPOIYyCKaHUE C TIOMOIIBIO JIA3EPHOH YKa3KH
(A=650 M, P=1 MBT) nipu neprieHaIuKyIIpHOM TaJCHUN CUYNUTHIBAIOMIETO Jiyda. FIHTEeHCHBHOCTH
B MIEPBOM U HYJIEBOM JH(PPAKIHOHHBIX MOPSAKAX PETUCTPUPOBATIACH C MOMOILBIO KPEMHUEBBIX
dbotonnonoB ®JI-24x U CUCTEMOM JIEKTPOHHOTO YCUJICHHUSI CUTHANIOB. Panmnyc 3amuchiBaronmx
Jy4yell paBHOM MHTEHCUBHOCTH COCTaBIIsI 0K0JI0 1.0 MM, ITpH 3TOM IMaMeTp CUNUTHIBAIOIIETO JIyda
BapbUPOBAJIH C TOMOLIBIO (poKycupyroeit uH3bl B ipeaenax 0.1 — 3.0 mm.

Ha puc. 3.32 npezncrarieHa skcriepuMeHTadbHas (a) U cMojenupoBaHHas (0) KMHETHKA
u3MeHeHus /IO peleTrok Npu OAMHAKOBBIX YCIOBHSX 3allUCH U IPU Pa3IMYHBIX JHaMeTpax
CUMTBIBAIOUIETO JIy4a (OT MaKCHUMalIbHO Y3KOro (7=~0.0®) 10 MIMPOKOro, MOKPHIBAIOLIETO MOYTH

Bclo pemietky (7~1.0w) u 6onee mupokoro (r=3.0w).

35 35

30

25

S

520—

0 10 20 30 40 50 60 70 80

Exposure, E Exposure, min

a 6
Puc. 3.32. DxkcnepumenTanbHas (a) M cMoeTupoBaHHasl (0) KHHeTHKA u3MeHenns 1D
pelIeToK NpH OJAMHAKOBBIX YCJIOBHUSX 3alIMCH M NP PA3JINYHbIX JHAMETPax
CYMTBHIBAKIIErO JIy4a (0T MAKCMMAJIBHO Y3K0ro (r=~0.0®) 10 IUPOKOro, NOKPbLIBAOIIEr0
Mo4YTH BCIO peureTky (r=1.0m) u 6osee mupokoro (r=3.0mw) [161].
[TocTpoeHHbIe CMOAETUPOBaHHbIE KHHETHKH J|D mpu hopMUpOBaHHM rayCcCOBOM PELICTKH
1 OKCIIEpUMEHTAIIHO-TIOJIY YEHHBIE TO3BOJISIFOT COOTHECTH OTHOIIEHHUS PaJiyCOB CUMTHIBAIOILIETO

IMy4dKa U pCIICTKHN NIYTEM MAaKCHUMAJIBHOI'O COBIIAJICHUS IBYX KPUBBIX.
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Hcxonst M3 MOMYYeHHOTO 3HAYEHHs SKCIO3HMIUH JJIsl PaBHOMEPHOW pEIHIETKH ObUH
paccunTaHbl 3Ha4eHHs (popMmbarkTopa IS rayCCOBCKHX PEIICTOK IPH Pa3IUYHBIX JHaMeTpax
Jy4a, KOTOpble mpuBeaeHbl B Tabnuie 3.4. ConocTaBiiss NOJy4YCHHbIE JaHHbBIE C TEOPETHUECKU
MOJIyYeHHOH 3aBUCHMOCTBIO opmPakTopa ¥ oT paanyca CUMTHIBAIOIIETO Ty4Ka, ObLI OLIEHEH
payC CYMTHIBAIOIETO JIy4a * M CONOCTABIICHBI SKCIIEPIMEHTAIbHbIE JAHHBIE C TEOPETUICCKUMH.

Taoauna 3.4. 3navyenus: HaiiieHHOro popMmpaxkTopa ¥ 11 pa3HbIX paguyCcoB

CYHUTBHIBAKOIIECIO ITy4YKa r.

No 1 2 3 4 5 6 7
E: | 28.8 |334 |[372 |415 |455 |48.0 |49.6
b 1 0.86 | 0.77 | 0.69 | 0.63 | 0.59 | 0.58
r | 00o | 0.60 | 080 | 1.000 | 1.5 | 2.000 | 3.0

OkcriepuMeHTalIbHOe  3HaueHue ¢opmpakTopa V¥ TOHKOH TrayccoBOW  pEIIETKH,
onpenensiemoe 1o dopmyne y=E.o/E: tne En — TpeGyemas skcmo3uius st JOCTHXKECHUS
Makcumyma JID B mepBOM MOpSAKE paBHOMEPHOW (IJIOCKOHM) pemeTku (Wi B Cllydae
MCTOJIB30BAaHUSL Y3KOTO cuuThIBatouiero nyda ¢ paguycoMm 7=0.10-0.3w, a E: — Tpebyemas
AKCIIO3UIIUS ISl JIOCTIDKEHUs MakcuMyma /IO B mepBOM MOpPSAKE raycCOBOHM pENIeTKH, OBLIO
ONPEACIICHO MO AKCIEPUMEHTAIBHO-MIOJYYEHHON KHHETUKE pocta [[D rayccoBod pemieTk.
Ucxons u3 cootnomenus y=E/E: Ob110 onpeneneno, uto ¢hopmbakTop TOHKOH pEIIETKA B

pexume audpaxiun Pamana-Hara npu 3anuicy rayccoBbIMH ITydKamMu coctasisier ¥ = 288/, - =

0.69.
JAndpakunoHHblil c1ocod u3MepeHus JUHAMUYECKOT0 1Mana3oHa GoTooTKINKA
rojiorpagpuyeckoro ¢gazoBoro MmarepuaJa.

B pabGorax [161,165] mnpemnokeH audpakUMOHHBIA CHOCOO HM3MEpPEHHS BEITUYHHBI
(doTooTKIIMKa roJorpadguueckoro Marepuaia mo CTpyKTypHUPOBAHHON NTU(PAKIIMOHHON KapTHHE,
ocHOBaHHBIN Ha dddekte hopmpakTopa. [IpsMoe n3mepeHne KOJIUIECTBa KOJICI B UCCIETYEMbIX
nopsiikax audpakiuy, BOSHUKAOIMMX H3-3a Hamuuus dddekra GopmbakTopa, U perucTpams
COOTBETCTBYIOIIUX HyJnel (QyHkuuid beccens Bcex 3aperuCTpUPOBAHHBIX MOPSIKOB MO3BOJISIET
YBEJIMYMBATh TOYHOCTH MOYYEHHBIX U3MEPEHUH (POTOOTKIMKA IO CPABHUMOM C KITACCUYECKUMU
nHTEephepeHITMOHHBIMEI MeTonaMu (A/20).

Oddexr dopmpakTopa romorpamm [161-164] ObIT HCHOIB30BaH TPH OMPEACICHUN
JUHAMHYECKOT0 Juarna3ona GOTOOTKINKA MPU U3YYCHHH PErHCTPUpPYIONMX cpea Ha ocHoBe MHC

XC u B azononumepax [162-165]. IIpemnaraemplii cmoco6 M3MepeHUs] OCHOBAH Ha W3MEPEHUHU
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KOMITOHEHTHI (POTOOTKJIMKA, HEMOCPEACTBEHHO Jaromieil BKiIaax B (a30BYyI0 MOJIYJALHUIO,
onpenenstontyto /19 rogorpammer B iporiecce 3anucu. [Ipu atoM a3 ekt popmpakTopa, KoTOpsIii
NPUCYTCTBYCT IPHU 3allUCU TOJIOrpaMM HCOJHOPOAHBIMU IO MHTCHCHBHOCTU IIYYKAMU, O6I>I‘-IHO
rayCCOBBIMHU, TPHUBOIUT K CTPYKTYPHPOBAHUIO AU(DPAKIIMOHHOW KapTUHBI, a HMEHHO K
(hOpMHUPOBAHHIO YEPEAYIOIINXCSI TEMHBIX U CBETIIBIX KOJIEII, Kak MmoKa3aHo Ha puc. 3.33. U3mepsis
KOJMYECTBO KOJEIl BO BCEX BUIUMBIX MOpPsAKaX AU(PpaKUUU, MOXKHO ONPENEIUTh BEIUUYUHY

(bOoTOTKIINKA TONOTpaPUUECKOro MaTepHraa.

Puc. 3.33. IndppakumoHHasi KAPTUHA HYJIEBOI0 M MEPBbIX MOPSAKOB ¢ HA0I101aeMbIMH
KOJIBIIAMH B KaA0M nopsiake (mo 6 xoJien) [162]

Takue KoJbIla BOZHUKAIOT KaK B OOBEMHBIX OPATTOBCKUX TOJIOrpaMMax, TaK U TUIOCKUX
rosiorpammax Pamana — Harta, BO3HUKAIOIMX MPU B3aMMOJCHCTBUM ABYX HEIMHEHHOCTEH. s
OpATTOBCKHUX TOJIOTPAMM 3TO B3aUMOJICHCTBUE CHHYCOMIAIBHON 3aBUCUMOCTH /|D 0T 3xcnio3unum
C TayCCOBOM HEIMHEMHOCTBIO IO IIOJI0 TIOJIOTPAaMMBI IIPU €€ JKCIOHMPOBAHUM I'ayCCOBBIMU
JA3epHBIMU IIyykKamu, a i roiorpamm Pamana — Hara rayccoBoil HEIMHEHHOCTH
3aMUCHIBAIONTUX MTyYKOB U HEIMHEHHOW 3aBUCUMOCTH (YYHKIIMH beccens oT 3KCIo3uiinm, KOTopoit
onuceiBaercs JID toHkux romorpamm [159]. JlokanpHas JID kakaoro u3 m peaan30BaHHbBIX
MOPSAIKOB AU(pakIuu TOHKUX rojorpamMm Pamana-HaTta omuchiBaeTcs COOTBETCTBYIOIIMMHU

nopsiakamu ¢yHkimu beccest.
Ap
e =) 63
rae m — TOpsAoK audpakiuu, (GOTOOTKIMK A@ s MPOITyCKAIoUmed W OTpa)karomen

rojorpaMmbl COOTBETCTBEHHO pPaBCH

21

L4 A(p = m(n - 1)Ah (334)
am

L4 A(p = mﬂh (335)
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3]1eCh A - ITTMHA BOJIHBI CYUTHIBAIOIIETO U3NTyUeHUs; O — yron qudpakiiui CYUTHIBAIOIETO
W3JIy4eHUs1 B TOpANOK m, a Ah- BbIcOTa (DOTOMHIYIIMPOBAHHOTO IMOBEPXHOCTHOTO pelibeda
rOJIOTPaMMBI.

[Ipu pocre ¢a3oBoil MOAYNALMU B apryMEHTax IUIsl BCEX PAacCMATPUBACMBIX CIIydaeB
rpaduku J1D 11 Kaxka0ro nopsaka AMPpakiuy MPOXOoIsAT Psii HyJIEBbIX 3HAUEHUH, KOTOPbIE MbI
u Oyznem OpaTh B KaUeCTBE PENEPHBIX TOUEK MPHU OMPEEICHNN KUHETUKHU (Pa30BON MOIYISAIUY.
JUist SKCTIepUMEHTABHOTO H3MEPEHHsI IMHAMUYECKOTO0 Jirana3oHa (POTOOTKIMKA OBLIM 3aITUCAHBI
rojorpaduueckue pemeTku ¢ nepuogom 5,0 MM (200 11/MM) C MOMOIIBIO ABYX CXOMSIIUXCS
nyaeir (A=532 HMm) mo cxeme Jleiita-Ynarauekca (puc. 3.2). s 3amucu MCIOJIB30BAIHCH
HEpacCIIUPEHHBIE JIa3epHBIE JTYYU C TayCCOBBIM paclpe/ielieHneM HHTEHCUBHOCTH 10 TOJIIO JTyya.
3anuck mpoBoauiack Ha MHC As>S3-Se (Tonmuaou 2940 HM). DKCIIOHUPOBAaHNUE MHOTOCIIOMHOM
CTPYKTYpbl (popMupyemoii HHTep(EepeHIMOHHOW KapTUHBI NPUBOAUT K (HOPMUPOBAHHIO
MIOBEPXHOCTHOTO penbeda, T.e. K GopMupoBaHuio pesbedHo-(ha30Bol JUPPAKITUOHHON PEIIECTKH
[168]. Panuyc 3anuchiBaromyX Jydyed paBHOM HHTEHCUBHOCTH COCTABJISI OKOJIO 1.5 MM, TIpu 3TOM
JaMeTp CUMTHIBAIOIIETO JIyya cocTaBisul B mpenenax 0.1 mm.

Ha puc. 3.34 nokasaHbl 3KCIIEpUMEHTAIbHO-U3MepeHHbIe KuHeTuku [ nynesoro n
MEepBOTO TOpsiKa TpHU Tojiorpaduueckoi 3amucu  pemeTku B TeueHue 280 MUHYT.

JludpakimonHas KapTHHA 3allMCaHHOM PELIEeTKU HyJI€BOTO U MEPBbIX MOPSAIKOB MOKa3aHa Ha puC.

3.33.

35 a5

3
30 —_—=dyae2)

—1]1=J‘1-*(_\q:- 2)

25

20+

n, %
1, %

15

104

1 1 2
—T T T T "~ T T~ T " "~ T T T T T T "1 T T T 1 o ! T
0 25 50 75 100 125 150 175 200 225 250 275 2 = 7 15 2 25 30 35 =
Oxkcnoavumns E, MuH DA30B3A MOQYNALMA Ao, pag

a 0

Puc. 3.34. DKcnepuMeHTAILHO H3MEPEHHbIE () U cMoaeupoBannbie (0) kuneruku /19

HYJICBOT'0 ¥ NePBOro MOPSAAKA NpH rojorpaduyeckoii 3anucu pemerkn [162].
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[Tpu ucnonb30BaHUM TrayCCOBBIX MYYKOB JUISl 3aIIUCH PEUIETOK NU(paklMOHHAS KapTHHA
TaKOW pEIIeTKH CTPYKTYypUPYETCs, KKl MOPSA0K KOTOPOH COCTOUT M3 TEMHBIX U CBETJIBIX
KOJIell, KOJIMYECTBO KOTOPBIX N B KaKJJOM MOPSAJKE COOTBETCTBYET KOJINYECTBY IKCTPEMYMOB C
MUHUMATHHON U MaKCUMAIIbHON HHTEHCUBHOCTHIO. Ha puc. 3.34(a) mo kunetuke /|2 HyneBoro u
MEPBOrO0 MOPSAJIKOB BHUIHO, YTO KOJMYECTBO MPONIEHHBIX SKCTPEMYMOB C MHHHMAJIbHOM
MHTEHCUBHOCTBHIO B KQ)KJIOM TMOPSIIKE PABHO LIECTH, YTO COOTBETCTBYET HMIECTU TEMHBIM KOJIbI[AM
(N=6) B COOTBETCTBYIOIIMX JU(PPAKUMOHHBIX MOpSAKAX, IOKa3aHHbIX Ha puc. 3.33.
CMmonenupoBaHHbIe KHHETUKKU/]D HyJIEBOTO M MEpBOTO MOpSAIKa, MOKa3aHHbIe Ha puc. 3.34 (0),
HMMEIOT TaKOW K€ OCIHUUIMPYIOIIUN XapaKTep ¢ MPOXOKICHUEM uepe3 dKcTpeMyMbl. [lo nanHon

3aBUCUMOCTH OBLTH ONpeNeIeHbl 3HaueHUs (Pa30BOM MOAYISAINMU IS KOKI0TO MUHHUMYyMa J[O,

A
T.e. KOpHS YpaBHEHHS 1), = J3 (7(”) = (0 u OBUIM TMOCTPOCHBI 3aBUCUMOCTH KojudecTBa N

NPOIIEHHBIX MHUHMMYMOB (HyJeil 1) oT BenuuuHbI (azoBoid moxymsauuu A¢ (puc. 3.35(a)).
JlaHHBIE 3aBUCUMOCTH MOTYT OBITh ONMCAHBI TMHEHHON (yHKIMEH THTIA

N = (Apy + A)/B, e A u B — HEeKOTOpbIe KOHCTAHTHI.

HerpynHo BuaeTh, 4TO MO KOJMYECTBY NPOMIEHHBIX HyJNeill (HaOIIOaeMbIX KoJelr)
KaKJIOTO Topsaka AUGPaAKIIUA MOKHO PENIUTh OOpaTHYIO 3a/lady W ONpeneiuTh U (Ha3oByrO
Moxayisinuio A@y = BN — A. 3aBUCHMOCTD 3HA4YC€HHS JOCTUTHYTOW (a30BOH MOMYJISAIIUU OT

KOJIMYECTBA MTUKOB (HAOII0JaeMBIX KOJIEI) MpecTaBieHa Ha puc. 3.35(0).

60

N, ,=0.318"A¢-0.5 504  Ap=3.14N,+1.54
40

30

20

Konnuectso koneu N
[ec]
1

® m=0
H m=1
JIMHelHas annpokcumaums
o771 o+———7F—7——7 T T 7T T T T 7T

0 10 20 30 40 50 60 0 2 4 6 8 10 12 14 16 18 2
dazosas Mogynsauus Ao, pagmaH Konunyectso koneu N,

a 0
Puc. 3.35. a - 3aBucumMocTb KOIHYECTBA KoJiell B ABYX nopsinkax No-1 BO Mepe pocTa

B m=0
" m=1

dasoBas Mmoaynsaumsa Ae, paguaH

nnHenHas annpokcmmMmaunsa

(dazoBoii mogyasimuu A ot 0 10 65 paguan; 6 - 3aBUCMMOCTH 3HAYEHUS U3MePsIeMO

(azoBoii MOAYJISIIUM OT KOJIMYECTBA KOJIEL AJIs HyJ1eBOI0 H NepBOro nopsiakos [162].
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Kak Opimo mokazano B paborax [161,165] TounocTs u3MmepeHust (PpazoBOM MOIYISITUN
3aBUCUT OT KOJHMYECTBA paccMaTpUBaeMblX JIU(PAKUMOHHBIX MOpAnkoB. Jlins omgHOrO
paccMaTrpuBaeMoro AUQPPaKIIMOHHOTO MOPSIKAa TOYHOCTh COCTaBIsAeT T paauad. C yBennueHuEM
KOJMYECTBA PACCMATPUBAEMBIX TOPSAIKOB, TOYHOCTh W3MepeHus (a3oBOH MOMYISIIHH
YBEJIMUYMBAETCS MPOMOPIHOHATIBHO, U COCTaBIsET m/k, TAe k — KOJIWYECTBO paccMaTpUBAEMBbIX
T (PaKIMOHHBIX MOPSAAKOB. B Tabmuie 3.4 npeacTaBiaeHbl 3aBUCUMOCTH KOJIUYECTBA KOJIe No-m
1 $a30BOM MOAYIALNU AP OT KOJIMYECTBA UCCIeNyeMbIX opsiakoB audpakiuu k(0-m).

Tadauua 3.4. ®yHKIMH 3aBUCUMOCTH KOJIN4ecTBa KoJieln No-m 1 (pa3oBoid

MOAYJAUMHN AQ 0T KOJIMYECTBA UCcIeyeMbIX NOpsAAKoB 1udppakumnu k(0-m).

Komnnuectso
[TorpemnocTe
MOPSAAKOB KonnuectBo koner No- da3oBasg MOLYJIALNA
HU3MEPEHUS
mudpaximu k(0- m(k, Ap) Ap(k,No-m)

Ap(k)
m)
1(0) N = 1(Apy + 1,530)/2n Apy =2nN/1 - 1,530 /1
2 (0-1) N = 2(Apy — 1,547) /21 Apy = 2nN /2 + 1,547 /2
3 (0-2) N = 3(Apy — 3,482)/2n Apy = 2nN /3 + 3,482 /3
4 (0-3) N = 4(Apy — 5,051)/2n Apy = 2nN /4 + 5,051 n/4
5(0-4) N =5(Apy — 6,473)/2n Apy =2nN /5 + 6,473 /5
6 (0-5) N =6(Apy — 7,780)/2m Apy =2nN /6 + 7,780 /6
7 (0-6) N =7(Apy —9,019)/2n Apy =2nN/7 + 9,019 /7
8 (0-7) N = 8(Apy —10,189)/2n | Apy = 2nN /8 + 10,189 /8
9 (0-8) N =9(Apy —11,317) /2 | Apy = 2nN/9 + 11,317 /9
10 (0-9) N =10(Apy —12,392) /21 | Apy = 2nN /10 + 12,392 n/10
11(0-10) | N =11(Apy — 13,432)/2n | Apy = 2N /11 + 13,432 n/11
k (0-m) N = k(Apy — A) /21 Apy =2nN/k + A n/k

Ha puc. 3.36 nmoka3zana 3aBUCUMOCTh TOYHOCTU U3MEPEHHUS OT KOJIMYECTBA UCCIETYEMBIX
nopsiakoB k (ot 1 go 11). BunHo, 9TO ¢ yBeTMYEHHEM KOJTUYESCTBA UCCIEAYEMBIX TUDPAKITHOHHBIX
NOpAAKOB HNOIPCHIHOCTL HU3MCPCHUA, OIpcacidcMad pacCTOIHUCM MCKAY COCCAHUMU
3HAYCHUSIMU HU3MEpSeMOro A¢ Mo CyMMe HYJIEBBIX 3Hau€HUH (KOJel) BO BCeX HAOMI0IaeMbIX

nopsaakax I[I/I(l)paKL[I/II/I YMCHBIIACTCSA, TCM CaMbIM YBCINYHBAA TOYHOCTb U3MCPCHUS. Taxkum
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o0pa3oM, MO aHanMM3y KUHETHKH (1) C MOJCYETOM KOJUYECTBAa MPOWUJIEHHBIX MHUHUMYMOB
MHTEHCUBHOCTU (1)) KaXIOTO OTIENbHOrO MOpsiaka JUGPaKIUU MOXKHO OLEHUTHh BEIHUHUHY

($ha30Boil MOIYJISIIUU M, COOTBETCTBEHHO, (DOTOOTKIIMKA C TOYHOCTHIO OOJIee 7T paauaH.

0

MorpewHocTb A(A), pagnaH

1 2 3 4 5 6 7 8 9 10 11
KonnuecTtso nopsgkos agndpakumm k

Puc. 3.36. 3aBHCMMOCTDH MOTPEIIHOCTH U3MEPEHUS OT KOJIUYECTBA UCCIeAyeMbIX
nopsakos k (o 11) [161,165].

JUis 3KCTIEpUMEHTAILHOTO TOATBEPKIACHUS MPEI0KEHHOT0 MeToAa peibeHOo-(pa3oBas
pemeTka Oblia 3anucaHa rayccoBbiMu nmyukamu Ha MHC As>S3-Se. JudpakiioHHbIe KapTHHBI
MIEPBBIX BOCEMU NMOPAIKOB (m=0-7), 3aperucTpupoBaHHbIC B pexUMe mponyckanus (A=650 M) u
B pexxume otpaxeHus (A=405 Hm), nmokazansl Ha puc. 3.37a u 3.376 COOTBETCTBEHHO.

Kax BugHO 13 puc. 3.37 xonmuecTBO HAOII0aeMbIX KOJIEI B AU(PAKIIMOHHON KapTHHE IS
OJTHOM M TOM e PEeIIECTKH YBEIUYMBAETCS B CIIyyae OTPAKEHUS 3a CUET JBOMHOTO Habera (assl 1
OoJiee KOPOTKOH JUTMHBI BOJIHBL. ClieyeT OTMETUTh, YTO KOJMYECTBO KOJIEI] B HYJIEBOM U TIEPBOM
NOpsAKaxX Ha OTPaKEHUM PAaBHO yJIBOCHHOMY YHMCIly KOJEIl B MPOIyCKaHWHU, a B CTOPOHY OoJiee
BBICOKHUX MOPSAKOB M>2 JAHHOE COOTHOLIEHNE MEHAETCS 3a CYET TOr0, YTO YBEJINYMBAETCS YO
mudpakuuy Om B 60see BHICOKHE TOPSIIKU 71, YTO COTJIACHO BBILICTIPUBEACHHBIM (hopMynam A¢
BeZIeT K OoJsiee BHICOKOH (Da30BOM MOAYIISIIMU, U COOTBETCTBEHHO OOJIbIIEMY KOJIUYECTBY KOJIEIl

N B Oosiee BBICOKHX TUMDPAKITMOHHBIX TIOPSIKAX.
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Puc. 3.37. IlndpakumonHbie KAPTUHBI EPBBIX BOCbMH NOPAAKOB (m=0-7),
3aperucTPUMpPOBAHHbIEC B peskUMe: a - nponyckanus (A=650 um); 6 - orpaxkenus (A=405
HM) [161].

[To xonu4ecTBY U3MEPEHHBIX KoJiel N B KaKI0M TU(PPAKIIMOHHOM Topsiake (u3 puc. 3.37)
Oblia OlleHEeHa BennynHa (a30BOM MOAYISAIUMU A U TIIyOMHBI TOBEPXHOCTHOTO penbeda Ah mo
BBIIICTIPUBEACHHBIM (opMyJiaM ISl Kaxaoro crnocoba m3Mepenus. [lokazarens npenomieHus
MHC 065Ut O1IEHEH U3 CIIEKTPOB MPOMYCKAaHUS U ObLT paBHBIM 2,65 Ui JaHHOM JUITMHBI BOJIHBI
(A=650 u™m). Ha mponyckanue HCKOMBbIE BEJIMYMHBI COCTABUIIN:

Apno = 17,31+£3,14 panguan, Ahyy = 1,09£0,20 MrwMm;

Apno-1 = 20,40%1,57 pagunan, Ahyg_1 = 1,28£0,10 Mxwm;

Appyo—s = 20,35+£0,536 paguan, Ahyo_s = 1,2840,04 mkmMm;

Appo—7 = 21,18 + 0,40 paguan, Ahy_, = 1,33£0,03 mxm.

Ha otpaxeHne uckomple BETUUYHUHBI COCTABUIIN:

Apno = 42,45+3,14 panguan, Ahyy = 1,37£0,10 MrwMm;

Appno—1 = 42,39+1,57 papguan, Ahyo_, = 1,37£0,05 MxmM;

Appo—s = 41,29+0,536 paguan, Ahyo_s = 1,3310,02 mxwMm;

Appyo—7 = 40,82 + 0,40 paguan, Ahy_, = 1,3240,01 mxm.

Kak BugHO, yBelnMuUeHHE KOJIMYECTBA pPACCMATPUBAEMBIX MOPSIAKOB MPUBOAUT K
YBEITUYEHUIO TOYHOCTH W3MepeHHst (a30BOH MOMYISILMU PEIETKH KM COOTBETCTBEHHO

(OTOOTKIIMKY perucTpupyrome cpeasl. [Ipu 3ToM MeTo OIIEHKH Ha MPOMYCKaHUE U OTPaKeHUE
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JA0T CXOXKUE PE3yJbTaThl, a Oojiee KOPOTKas JJIMHA BOJHBI JaeT OOJBINYI0 TOYHOCTH. JIiIst
Bepu(DHKaIMK MOTYYSHHBIX PE3YJIHTATOB TIIyOHMHA TOBEPXHOCTHOTO penbeda Obuta n3MepeHa Ha
ACM. B Buay rayccoBOro pacrmpeneieHusi TiyOHMHBI MOBEPXHOCTHOTO penibeda HU3MepeHue
IIPOBOAMIIN B Pa3/IMYHBIX TOUYKAX BAOJIb PEIETKHU (OT Kpas 10 CEpeANHbI), KaK MI0Ka3aHO Ha pUC.

3.38. Pa3mep o06nacTu CKaHMPOBAHUS COCTABUI 25X25 MKM.

= 06 < 06 < 0.6
0.4 0.4 0.4

0.2+ 0.2 0.2+

0.0f 0.0 T T T T 0.0
1.24 A 1.2

£ 038 £ 0.8

< 061 £ 061
041 0.4+

0.2+ 0.24

0.0 - ' " T 0.0

Puc. 3.38. IIpo¢uau noBepxHOCTHOrO pesibeda, u3mMepeHHblie ¢ noMombw ACM Ha
Pa3JHYHBIX YYACTKAX BJ0Jb pelieTKH (0T Kpasi 10 cepeauHbl). B neHTpe npuBeieHa
’XeMaTH4YHasA Tonorpagus pemeTk ¢ rayccoBbIM pacnpeaejeHneM riryouHbl pejabeda [162

Hannbie wuccnenoBanuss ACM  mokaspiBalOT, YTO TiOyOMHA TpoduUis pEHIeTKH
YBEIIMYUBAETCS OT Kpasi K Cepe/inHe, B cepeinHe IIyOnHa MOBEPXHOCTHOTO peibeda cocTaBuiia
1,26 Mxm. PacxoxaeHue pe3yiabTaToB, NOMEPEHHBIX OINMCAHHBIM BbINIE JU(PPAKIHOHHBIM
criocobom, u ¢ nomouibio ACM, u cocrasinsmomiee okoiao 60 M (10 5% ot riyOuHbl penbeda)
MOYHO OOBSICHUTB JJOCTATOYHO MAJICHBKOHN 00J1acThi0 ckaHupoBaHus Ha ACM (25x25 Mkm), 4TO
npu auameTpe pemeTky okosio 2000 MKM 1 TaycCOBOM pacrpeielIeHUN TITyOHHBI PEIIETKH MTOMCK
[IEHTpa PEIIeTKH ¢ MaKCHUMAaJIbHON TIyOMHOH SIBISETCS TOCTATOYHO TPYIHOW 3amadeil. MoxHO
npeArnoaraTh, YT0 U3MEPEHHBIM y9aCTOK pPEIIeTKH ¢ TIyOonHou 1,26 HM, HE SBISETCS LIEHTPOM
pELIEeTKH, a HAaXOAUTCSA TIe-TO PSIIOM.

Kak moka3aHo, omMcaHHBI CIIOCOO AKCIEPUMEHTAIBHOTO OIpPENEeNICHUs] BEITUYNHBI
($OoTOOTKIMKA TroJ0rpaduuecKoro Marepuaia MOXKET OBITh HCIIOJIB30BAHO NPH pa3paboTKe |
UCCIIETOBAaHUH HOBBIX MaTepUaIOB JUIsl rosiorpaduu, UCCIIEOBAHUY KHHETHKH 3alIMCH FOJIOTPaMM

U TIpU OTPabOTKE PEKUMOB MX 3alHMCH, CO3TAHUU ToJIOrpapuuecKUX ONTHUYECKUX DJIEMEHTOB U
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nucIieeB, B rojorpaduyeckod uHTEephepoMeTpur W AePEKTOCKONHMHM, a Takke IMpH

roJjiorpaduueckoii 3anucu nHHOpMaIuy.

3.4 BeIBOALI K I'1aBe 3.

1. [ToxazaHo, 4TO mpH CKAIAPHOUM royiorpadudeckoi 3amucu B TOHKUX IwieHkax XC, JIP
SBIIAIOTCS  aMIUIMTYAHBIMH, OOYCJIOBICHHBIMU  (OTOMHAYLUUPOBAHHBIMU  W3MEHEHUSIMU
KO3 pHIIMEeHTa MOTJIOIIEHHUS U TTOKa3aTess MpeloMIeHUs B 00beMe Marepuaia. YBenuuenue /19
B MHC XC-Se 1o cpaBHEHUIO ¢ OTeIbHBIMU cI0MHU XC 00yCIIOBIEHO TEXHOIOTUEN HATIBLICHUS
Ha BPAIAIOLIYIOCS MOJUIOKKY, CO3JAIOUIei TOMOIHUTEIbHYI0 HEYMOPSI0UYEHHOCTh B CIOSIX,
KoTOopas  ‘‘3aMOpakMBaeTcsi’, OJylaromaps HaHOCTPYKTypuUpOBaHHWIO. Takum  oOpazom,
(doTonHIYIMPOBAaHHOE M3MEHEHHE KOA(pHUIMEHTa MOTTOMEHUS U TTOKa3aTells MPeOMICHUS B
00beMe HAaHOCTPYKTYPbI YBEIUYHBAETCSI.

2. B ToHKHX IUIEHKax HcCcleAyeMbIX (OTOMOIMMEPOB CKallsipHas rojorpaduueckas 3amnuch
MPUBOIUT K 00pa3oBaHUI0 aMIUTUTYIHBIX J[P B 00beme mommMepHo# tieHkH. s momydeHus
penbeda HeOOXOIMMO JTOTIOTHUTENIBHOE TPABJICHHE.

3. TlokaszaHo, 4TO Kak IPH PacTPOBOM, TaK U MpPH rpaguuecKoM OOIYyUYECHHH 3JICKTPOHHBIM
aygoM MHC XC-Se 1 TOHKUX TUIEHOK ()OTOIOIMMEPOB, 00pa3yroTCsl aMITUTyAHO-(a3oBkie [P,
0OyCJIOBJICHHBIE 00pa30BaHUEM JJICKTPOHHO-ABIPOYHBIX TIap B 00bemMe o0O0pasloB |
“BCIly4MBaHUs’ MaTepHalia 3a CUeT OOJIBLION SHEPTUH U TITyOMHBI IPOHUKHOBEHHS JIEKTPOHHOTO
obmyuenus. [losydyeHo Xopoliee COBMNAJCHHE PACCUUTAHHBIX U HKCIEPUMEHTAIBHO
Ha0II0JaeMbIX TU(GPAKIIMOHHBIX KapTHH.

4.  Haiinen u yucnerHo onpeaenéH 3G dext popmdakrTopa mpu 3aMruch rayCCOBBIMU MMyYKaMH
roJorpamm, onuchiBaeMbIX nudpakuueii Pamana-Hara. Jlns rayCCOBBIX TOJ0rpamMM C IIUPUHOM,
orpenenéHHOW 1o ypoBHIO l/e, 3Hauenue ¢Qopmadaktopa cocrasuser 0.69. 3HaueHus
paccuuTaHHBIX (GOpM(AKTOPOB VIS TOJICTHIX M TOHKHUX TrayCCOBBIX TOJIOIPaMM JaeT OCHOBaHHE
cuntath dPdekt mposiiaeHus popMdparTopa MPUMEHUMBIM U OJU3KUM TI0 3HAYCHUSIM IS IBYX
BU0B audpakuun, audpakiuu bparra u audpaxnun Pamana-Hara.

5. DKCHepuMEHTaJIbHO MOATBEPXKIEHO TMposBicHHEe (opMmpakTopa mpu OmpeaeTeHUH
JUHAMHYECKOro Jauara3oHa (OTOOTKIMKA MpPU H3YUYEHUU PEruCcTPUPYIOUINX Cpell Ha OCHOBE
MHOTOCHONMHON CTpYKTypbl XC W B a30mojiMMepax, 3HAYEHUS KOTOPOro MOATBEPAMIIOCH C

MMOMOIIBIO APYTUX METOJ0B UCCIICAOBaHNA, @ UMCHHO aTOMHO-CHJIOBOM MHKPOCKOIIHH.

116



6. [Ipemoxen crnocod M3MepeHus BEIMYHHBI (OTOOTKIMKA TOJorpaduuecKoro MaTepuaa
M0 CTPYKTYPUPOBaHHOW nudpaknroHHONW KapTuHe. I[loka3aHo, dYTO 3amuCh TOJOTpamMM
HEOJHOPOAHBIMU 10 WHTCHCHMBHOCTH MyYKaMH, OOBIYHO TayCCOBBIMH, TPUBOAWT K
CTPYKTYpUPOBAaHHOMY (OPMUPOBAHUIO JU(PPAKIMOHHOW KAPTUHBI, a HMMEHHO MOSIBICHUIO
YepeayIolnXcsl TEMHBIX U CBETJIBIX KoJiell. bplia onpeieneHa 3aBUCUMOCTb KOJTMYECTBA KOJIell B
UCCIIEyeMbIX TOpsAAKax Aupakuuu oT (a3zoBOW MOIYJISALUUU PEIIETKH, YTO TO3BOJISET
BBIYHCIUTH 3Ha4YeHHE (POTOOTKIMKA TOJIOTPAdUIECKON Cpelbl M0 H3MEPCHHOMY KOJIUYECTBY
KOJIEI.

7.  YBenuueHuE KOJIMYECTBA pacCMaTpUBAeMbIX AU(PPAKIUOHHBIX MOPSAKOB Ui aHalM3a
($ha30Boro GOTOOTKIMKA MO3BOJISET YBEIMYUTh TOYHOCTh U3MEPEHUS B K pa3, rie k — komudecTBo
TUGPAKIIMOHHBIX TOPSAKOB (0T A/2 (T pamuaH) Juisi OMHOTO NU(PaKIMOHHOTO TopsaKa 10 A/20
(/10 pamuan) mist 10 TOPSAKOB), YTO CPABHUMO WM TMPEBOCXOAUT TOYHOCTH KIACCHUYECKUX
UHTEP(PEPEHITUOHHBIX METOJIOB.

8.  Kak mokazaHo, A TayCCOBBIX T'OJIOTPAMM MAaKCHUMAIIbHO JOCTIKUMAs TUQPAKIIMOHHAS
3¢ deKTUBHOCTL OrpaHuyuBaeTcs 3pQekTom GopmakTopa, KOTOPBIA MPUCYI] KaK JUIsI TOHKHX
pelmerok, Tak M Uil TOJCThIX. llomyueHHBIH KOX(PQGUIUEHT YyBEIHYEHUS ONTUMAaIbHOU
HKCIIO3UIIUY MTO3BOJIAET JOOUTHCS PETUCTPALIUY TOJIOTPAMM C MAaKCUMAIIbHBIM 3HaueHueM /[, uto

OIpeieNIeT KaueCTBO PadOoThI rojorpaduueckux npruoopos.

4. BEKTOPHBIE OOTOCTUMYJIUPOBAHHBIE MMPOLECCHI B
XAJIBKOT'EHU/IHBIX CTEKJIOOBPA3HbBIX MNOJYITPOBOAHUKOBBIX
HAHOCTPYKTYPAX U B TOHKHUX IIVIEHKAX U3 KAPBA3OJI-COAEPXAIINX
INOJIMUMEPOB

4.1 Hoasipu3anmoHHasi roJiorpaguyeckasi 3anmucb W HccCIeA0BaHHe TUPPAKIMUOHHBIX
CTPYKTYP.

Ucnonp3oBanue penbedHO-)a30BbIX AUPPAKIMOHHBIX CTPYKTYp Ha ocHoBe XC,
MO3BOJISIFOIINE JOOUTHCS BBICOKOH J[D [171], M3roTaBMMBAarOT 3aMUCBHIO0 AJIEKTPOHHBIMU WIIH
WOHHBIMH TIy4YKaMd, (OTO- WM PEHTICHOBCKOW muTorpadueld, uHTEpDHEPEHIIMOHHON
dbotonmurorpadueit, MHKpPO- WIM HAHOUMIPUHTUHTOM [172-174]. DT TpaauliOHHBIC

JTUTOTrpagrUECcKUe TEXHOIOTHH UCTIONB3YIOT KUAKOCTHOE TpaBlieHHE WK 00Jiee 3aTpaTHOE CyX0e
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AaHW30TPOITHOE  TpaBJICHHWE, JOOABIAIONIEC HECKOJIBKO JOMOJHUTEIBHBIX ONEpanuid ¢
YCIOXKHSIOIIEe TeEXHOJIOrnyeckui npouecc [173-176].

[Tpupona npsimoro GpopMupoBaHus penbeda B mporecce MoIpu3alHoHHON rojJorpaduyeckoit
3aIlMCH ellle He0CTaTouHOo u3ydeHa. [lpu obmyuenun cnoeB XC akTHHHYHBIM CBETOM B 00JIACTH
MIMPHUHBI 3alpPEIICHHON 30HBI BO3MOXHBI Pa3JIMYHBIC TPOIECCHl - OPUEHTAIMSI CBETOM YiKe
MMEIOIINXCS MOJEKYJSPHBIX CTPYKTYPHBIX €AMHHII, 00pa30BaHHE MOJSPHBIX (QaHM30TPOITHBIX)
MOJICKYJISIPHBIX CTPYKTYpHBIX enuHull B MaTpuie XC ¢ OJHOBPEMEHHBIM 3HAYUTEIHHBIM
pasMsAryeHMeM MaTepuana, T.H. HaBEJCHHOH (OTOIIACTUYHOCTBIO ((POTOTEKyUecThIO),
nmoMMepu3anuonHbeie mporecckl 1 T.a. [177]. Cozmanme moBepxHOCTHOrO penbeda B XC
00YCIIOBIICHO IBIKEHUEM 00pPa30BaHHBIX aHU30TPOITHBIX CTPYKTYPHBIX €IMHHUI] B HEOAHOPOTHOM
AJIEKTPUUYECKOM T0JIe, T.H. 3PPEKT POTO-CTUMYIHPOBAHHOTO MACCOMEPEHOCA, MPUBOIIEIO K
TMTaHTCKON MOAYJISIIMY penbeda.

JIBe B3aMMHO KOTE€PEHTHBIE MOHOXPOMAaTHYECKHE CBETOBBIC BOJHBI, IIE€PECEKasCh B
MIPOCTPAHCTBE MO HEKOTOPHIM YIJIOM, (OPMHPYIOT HMHTEp(EpeHIIMOHHYI0 KapTtuny [178]. B
cllyyae B3aMMHO OPTOTOHAJBHBIX MOJSPU3ALUil BOJIH (HampUMep, B3aUMHO MEPIEeHIUKYIISpPHbIC
JMHEWHBIC TOJIAPU3AlMK, WIM TpaBas W JieBas KPYroBbI€) MPOCTPAHCTBEHHO-TIEPUOANYECKOM
MOYJISLIUY HHTEHCUBHOCTH HE TIPOUCXO/IHT.

Ha nene ke mHTEpdEpeHIUsl MPOUCXOIUT, TOIBKO B OTJIMYME OT CIIydasl COBIIAJArOIINX
NOJISIPU3ALUN TPOCTPAHCTBEHHO-NIEPUOIUUECKON MOAYISLMU TOJBEp)KEHA HE MHTEHCHBHOCTD
U3IYy4YEHHUs, & €r0 COCTOSHUE MOJSpU3auuu. J{Js OLEHKH CTeTIeHH MOIYJISIIMY UHTEHCUBHOCTH B

MHTEPPEPEHITMOHHON KapTUHE HCIOJIb3YETCsl mapaMeTp UHTephEepeHIIMOHHOTO0 KOHTpacTa (MWiH

. I -1
BugHocTu mojoc) K, ompenemsiembrit mo dopmyne K = w*loo%, A€ Imax ¥ Imin
+

max min
MaKCHMaJbHble U MUHUMaJbHbIe 3HaYCHHs] NHTEHCUBHOCTU B MHTEp(hEpeHIIMOHHON KapTuHe. B
Cllyyae OpTOTOHAJIBHBIX NOJSAPU3ALUI (JIMHEHHBIX WM KPYTOBbIX) HHTEP(EPEHIIMOHHAS KapTHHA
NpeACTaBisieT co00i MPOCTPAHCTBEHHYIO MOAYJIALHMIO MOJSPU3ALMU CBETa, IPU ITOM B psle
CJIy4aeB BO3SHUKAET M MOIYJISALMSA HHTEHCUBHOCTU cBeTa. Hamu Obu1M pacCMOTpPEHBI ClleyoIne
CKaJIIpHBIC TOJSIpU3alMOHHBIe KoHpurypamwu: S:S wu P:P - mapamnensHbie nTuHEHHBIC
nonsipuzanuu (S:S — coHampapiieHbl K UHTEp(EpEeHIMOHHBIM To0caM, P:P — oproronanbHble
KUHTEp()EPEHIMOHHBIM MoJIocaM); S:P — opToroHaigbHble JHHEHHBIE BOJHOBBIC MOJSPU3ALNH

(monsipu3anus S coHampaBiieHa K MHTep(EpEeHIIMOHHBIM TojiocaMm, P — opToroHaipHa K HHM);,
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+45°:-45° - opTOrOHAJIbHBIC JTMHEUHBIE TOJISIPU3ALNU, OPUEHTUPOBAHHBIE TTOA yIriioM +45° u -45°
K HampasieHuto uHTepdpepeHnoHHbIx mnojoc, 1 RCP:LCP — oproronansubie (IpaBo- U JEBO-
Bpalamoliyue) Kpyrobble moispuszauuu. M3o0pakeHHe HCCIeIyeMbIX MOISPU3AUOHHBIX

koHurypamwuii S:S, P:P, S:P, +45°:-45°, u RCP:LCP npexacrasieno Ha puc. 4.1.

T\l

P+45 -45RCP

AP AY

Puc. 4.1. CxemaTu4eckoe n300paskeHne NOJAAPU3ALHOHHBIX KOHurypanuii S:S, P:P, S:P,
+45°:-45°, 1 RCP:LCP. Ocpb X cooTBeTCTBYeT HanpaBJjeHnio P nonsipusanum, ocb y —
HANPaBJIEHUIO S MOJIAPHU3ALUH, OCh Z — HANIPABJIEHHUIO IBHKEHUS MYYKOB.
HpOCTpaHCTBGHHO-HepI/IO,Z[I/I‘-IGCKaﬂ MOAYJIAIUsA HUHTCHCUBHOCTHU CBCTa B
MHTEP(HEPEHIIMOHHON KapTHHE 3aBUCUT HE TOJIBKO OT MOJIAPU3ALMOHHON KOHQUTypaluy JIyudel,

HO TaKXe OT yrJja nepeceyeHus iyuen 0.

100
90
1 K.86%

80
70

60

K, %
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40_- A=1pm
30 —S:S
204 P:P
10 i —S:P
] 7% +45°-45°, RCP:LCP

0

0 '2I0 ' 4IO ' 6IO ' BIO '160'150'1:10'1é0'1é0
©®, degree
Puc. 4.2. 3aBucumocts kKoHTpacTa K 0T yria cxoxaeHus Jrydel 1J1s1 MOJSIPU3alMOHHBIX
koHpurypaumii S:S, P:P, S:P, +45°:-45°, u RCP:LCP. BepTukanbHasi BKJIaJKa 1
3Be310YKH NMOKA3BIBAIOT 3HAYECHHUS KOHTPACTA VI Pa3IHYHbIX MOJSIPU3ANMOHHbBIX

KOHUrypauuii npu nepuojae uHTepepeHIMOHHON KAPTUHBI 1 MKM ISl IJIMHBI BOJIHbBI

532 um.
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Ha puc. 4.2 nokazana 3aBUCUMOCTh HHTEP()EPEHIIMOHHOTO KOHTPACTA OT yIJIa MepeceueHus
nydei ® (ot 0° mo 180°) w1t Bcex paccMaTpUBaeMbIX MOJISPU3ANMOHHBIX KOH(PUTYpAITUH.

Kak BugHO u3 puc. 4.2 uHTephEepEHIIMOHHBIA KOHTPACT HE 3aBUCUT OT YIJIa TIEPECEUCHUS
nmydeit 1yt koHpurypauuit S:S u S:P, npudeM sBisieTcss MaKCUMaIbHBIM I S:S KOH(UTYpaluu
(K=100%) n muHuManbHbIM A1 oproroHanbHoi S:P nomspuszanuun (K=0%). Ognako g P:P
KOH(MUTYpaIy MOAYJISIUS HMHTEHCUBHOCTH CHayalla yMEHbBIIIAETCsl C MAKCUMAaJIbHOTO KOHTpacTa
100% no 0% (mpu yrmax ® ot 0° go 90°), a 3atem pacrer A0 MakcuMmanbHoro 3HadeHus 100%

(mpu yrimax © ot 90° mo 180°). 3aBucuMOCTh KOHTpacTa OT yria ® mis P:P xondurypanum

ompeaensercs popmynon K = |cos(®)| *100%. 3nauenue konTpacra ans P:P kondurypamum npu

nepuo/ie MHTepPEepeHIIMOHHON KapTUHBI 1 MKM 715t ATTMHBI BOJHBI 532 HM coctaBisieT 86%. [l
OpPTOTOHANBHBIX JUHEHHONW +45°:-45° u kpyroBoil mnonspusanuun RCP:LCP wmonynsanus
MHTEeHCUBHOCTHU pacteT oT 0% no makcuManbHoro 3HaueHus 100% npu nzmenenuu yrina ® ot 0°

no 180° wm ompenensercs 3aBucumocthio K =(1-cos(®))/2*100%. 3uauenue i STHX

KoH(uUryparuii npu nepuonel MKM s ATUHBI BOJIHBI 532 HM cocTaBiseT 7%.

Jliig viccneayeMbIX MOJIIPU3ALMOHHBIX KOH(MUTYpaLMi CXOASIIUXCS BOJIH OBLIO paCCYUTAHO
HampalieHHe U popma OSPU3AINH B IIPEAeTIaX OJHOTO epro1a HHTepPEPEHIIMOHHON KapTHHBI
A=1 MKM, 4YTO COOTBETCTBYET YIJIy CXOXAcHHS Jydyed O=30.85° mid UIMHBI BOJIHBI
3aMMCBIBAEMOTO U3ITydeHHsI A=532 HM.

TeopeTnyeckuil pacy€T MOIYISIIMN HHTEHCUBHOCTH U MOJApU3ald B 0JJHOM nepuonae A=1
MKM (B TIJIOCKOCTH Xx-y Ha puc.4.l), a TakKeKOHTpacTa NPUUHTEPPEPEHIINU Jydeld C
nosgpuzanusaMu S:S, P:P, S:P, +45°:-45° u RCP:LCP npencrasnen Ha puc. 4.3. Hanpasienue u
dbopMa mossipU3aK pe3yIbTHPYIONIETO Mo Obllla paccuMTaHa B Mpeleiax OJHOrO Mepruoaa
nHTephepeHITMOHHON KapTHHBI A 1y mo3uruit y = 0; A/8; A/4; 3A/8; A/2; SA/8; 3A/4; TA/S; A.

B cnydae S:S u P:P, uarepdepennus nydeit npuBOAUT K MaKCUMAJIbHOW aMILIUTYIHON
MOJYJSIUM WHTEHCUBHOCTH HHTepdepeHIMoHHONH kaptuHbel (K=100% B cayuae S:S
nossipuzanuu U K=86% B cinyuae P:P monsipuzanuu), B To *e BpeMsi pe3yJIbTUPYIOLIUNA BEKTOP
ANEKTPUYECKOTO MOJII MHTeP(EPEHIIMOHHON KapTHUHBI COXPAHSET CBOIO JUHEHHYI0 (opmy H
Hanpasienue. [ns S:P wu  +45°-45° w™Moaynsuusi MHTEHCUBHOCTHUHE MPOMCXOJUT, a
PE3YJIbTUPYIOLIMI BEKTOP JIEKTPUUYECKOTO MOJISI MEPUOAUYECKA U3MEHSIETCA MEKY JTUHEUHOM,

uMnTUYeckoil u  kpyroBoi ¢opmamu. [ns cinyuasRCP:LCP mbl umMeeM HeOOJIbIIYIO
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MOJYJISIIMI0 MHTEHCUBHOCTU (Topsiaka 7%), W pe3ydbTUpYyIOLas MOJSpU3alus CTaHOBUTCS

JIMHETHOM MOJISIpU3alMEN ¢ TEPUOJUYECKN U3MEHSAEMbIM HAIIPABICHUEM.

2] ——s:S
—P:P
—S:P
+45°:-45°
RCP:LCP

Interference intensity distribution

;]
inc —_— ————
0 T T T T
0 A 3A A SA 3 TA
8 4 8 2 8 2 8
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\/S:S.IIIIIII.mo

}v,( PP | .|~

\7( S:P /
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% NSO
\/ +45°:-45°| > 2 I O
v RCP:LCP— ",/ /| | W

Puc. 4.3. Teopernyecknii pacyeT HHTEHCUBHOCTH BEKTOPA JIEKTPUYECKOT0 MOJIsl B
npeaeaax oqHoro nepuoaa A=1 Mxm uHTeppepeHIHOHHOI KapTHHbI. K —

UHTep(epeHIIMOHHBIN KOHTPACT.
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Takum o0pa3zoM BUIHO, YTO HMHTEPPEPEHLHNOHHAS] KapTHHA 3aBUCUT OT MOJISIPU3ALMOHHON
KOH(UTyparuu HUHTEpHEPUPYIOMINX JIydel W MPEACTaBIseT CO0OM MPOCTPAHCTBEHHO-
NEPUOINYECKYIO0 MOIYJISIMIO TMO0 MHTEHCUBHOCTH, JINOO HampaBiieHUs U (HOPMBI MOJISIPU3ALINY,
00 ¥ TOTO U IPYTrOro BMECTE.

Jlnst OomleHKH BO3MOXXHOCTH TOJIOTpaUYecKoi 3amucu s (GpopMUpPOBaHUS peiabeHBIX
CTPYKTYP HCCIEA0BAIKCH MTpoLecchl 3anucH JIP ¢ MOMOIIbIO KITACCHYECKON CXEMbI B CXOSIINXCS
mydkax, npeanoxkennoit Jleiitom u Ynatauexkcom [104] (puc. 3.2). [yis moBopoTa IUIOCKOCTH
JUHEWHOW TOJSIPU3aMM UCIIONb30BATH (a30BYIO TUIACTMHKY A/2, Ui TIOJy4EHHUS KpPYroBOM
MOJIIPU3AIUH - A/4.

OnHOI U3 OCHOBHBIX 33J]a4 CTABUTCS MMOMCK ONITUMAIIbHON CXEMBI 3aIUCH JJIs1 00ecrieueHus
HEOOXOUMOW  HMHTEPPEPEHIMOHHONH KapTHHBI € TpeOyeMbIMM XapaKTepUCTUKAMU H
UCCJIEIOBAaHNE COOTBETCTBYIOIIMX DPETUCTPUPYIOUIUX Cpel AJ MpeoOpa3oBaHUs 3allMCaHHOTO
M300pakeHUs B TIOBEPXHOCTHBIN penbed.

HoBrle uccnenoBanus mo (GpoTo-CTUMYIUPOBAHHBIM IPOLIECCAM MAaCCONEPEHOCa U OITO-
MeXaHU4eCKUM 3¢ pexTam, 0OHApYKEHHBIM B CJIOSIX a30noiaumepoB 1 XC, MOKa3aan 3aBUCMOCTb
B3aMMOJICHCTBUS TAaK)KE€ OT HAINPaBJICHUS MOJSPHU3ALUHN CBETA, T.€. BEKTOPHOE B3aUMO/JICHCTBUE.
OnmauM u3 Hambosiee BaXKHBIX OOHAPY)KEHHBIX Y(DQPEKTOB SBIACTCS MPAMOE, OTHOCTAJAMITHOE
¢dbopMHpOBaHHE TOBEPXHOCTHOTO MuUKpopenbeda. Takoe ¢(opMUpOBaHHE MOBEPXHOCTHOTO
penseda B crosx azomonumepoB M XC, B OTIMYMU OT KIACCHYECKHX (OTOPE3UCTOB,
YyBCTBUTEJbHBIX K MHTEHCHUBHOCTH M3JIy4YEHHUs, OOYCIaBIMBAECTCA MOIYJSALMENH HAalpaBICHUS

MOJIAPU3aluU B MHTEP(EPEHIIMOHHOM KapTUHE.

4.2 ®opmupoBaHue peabe@HbIX IMPPAKIHOHHBIX CTPYKTYP, C(OPMHPOBAHHBIX B
Kapoa3os-coaep:kamem azonoaumepe IIK: 0.

JIBUKyIIMM ~ MEXaHU3MOM  O0pa30BaHMS  TOBEPXHOCTHOTO  peibeda B IUIEHKAX
a306€H3OHCOI[ep)KaH_II/IX (bOTO‘-IYBCTBI/ITG.HBHBIX TMMOJIMMCPOBSBIIACTCA MUKJIN4YECKas
dboTonzomMepu3ais MOJIEKYT a300eH30ja, KOTOPhIE MPETEepPHEeBAIOT OOpATUMBINA TMEpexoi U3
TpaHc- B nuc-koHpopmanuio [179,180]. SBiaeHue macconepeHoca mo3BOJISIET CO3/1aBaTh pesbed
MMOBEPXHOCTH HEIOCPEICTBEHHO I107] BO3JCHCTBHMEM CBeTa, 0e3 mociemyromeid o0paboTKu
XMMHAYECKHM TpaBieHueM. [lomumepHass Macca mepeMeliaercss W3 pasInYHbIX o0sacTei

UHTEpPEPEHIIMOHHONW KapTUHBL, B 3aBUCUMOCTH OT IEPUOAMYECKOTO  PACHpEeNCHHS
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MHTEHCUBHOCTU U TOJSPHU3AIMU CBETA, U TPAaHC-IUC-(POTOCENEKTUBHAS HW30MEpHU3aIUs UTPACT
BaYKHYIO pOJIb B IIpoliecce edopMalnu.

B nannoii pabote B kauecTBe (POTOUYBCTBUTEIHLHONU PETHCTPUPYIOLIEH Cpelie NCCIIeA0BaIH
kapbazon-conepxanmii momumep I[I9IIK ¢ azokpacutenem Jucnepcubiii OpamxeBblii 3. B
3aBHCHUMOCTH OT MOJISPU3ALMOHHON KOH(UIypaluy 3amuChIBAIOMIMX Jy4dedl ObUIM MOJTy4YEHBI
penbeduble pemeTku ¢ riyounoit okono 100 um u /1D okono 3.5% [181,182]. B nmocnenyromux
pabotax [183-190] B pe3ynbTaTe morcka ONTUMAIbHBIX yciaoBuid comonumepusanuu [13I1K-a ¢
a3oKpacuTeneM ObUIM TMOA00paHbl ONTHMANIbHBIE KOHLIEHTPAIMM A30KPACHTENs] W TOJIIMHBI
ciioeB. bbutn U3yueHbl CIEKTPhI ONTUYECKOTO POy CKaHU/IOTIIOIeHHS, POTOMHTyIUpOBaHHbBIE
U rosiorpaduyecKkue perucTpupyronme CBoMCTBA MICHOK.

Bce wucnonb3oBaHHBIE PACTBOPUTENM M peEareHTHl MPUMEHSUIUCh 0e3 JONOJHHUTEIbHOM
ouucTtku. Azokpacutens [lucnepcHwiii OpamxeBbiii 3 (4-[(4'-Hurpodennn)azo]anunmn) ObLT
npuodbpereH Obutn mpuoOpeTeH B Sigma-Aldrich [191]. Asoxpacutens [1O3 - HenmuHeEWHO-
ONTHUYECKUN a30KpaCHUTENh, KOTOPBIH HW3BECTEH CBOEH TpaHC«>IUC-(HOTOM3OMEPHU3AUCH H
CIIOCOOHOCTBIO MEHSTh CBOIO OPHEHTAIMIO B AJIEKTPUUYECKOM II0JIE, BBI3BIBAs MAacCCOIEPEHOC
noJimMepa 1pu Bo30y>KACHUH MOISIPU30BaHHBIM cBeToM [192,193]. Cxema cuHTe3a a3onoaumepa

u (ororpadusi MOTYyUYSHHON TOHKOM IMUICHKH Ha CTEKJITHHOM TOJIJIOKKE MOKa3aHbl Ha puc. 4.4.

ptitute of Applied Physics ASI|
NH, O~ CH-CH,——N——

Mz
- i
Toluene
N-CH, CH-CH, + _— N
O hes N reflux N

n

z

poly N-(2,3-epoxypropyl)carbazole - —n
(PEPC) NO, NO,

Disperse Orange 3 (DO) poly(PEPC-co-DO)

zopolymer N=N Azopolyn

Puc. 4.4. Cxema cunresa azonoaumepa (PEPC-co-DO) u nzo6paskenne noay4eHHOH
TOHKOIi IIJIEHKH HA CTEeKJISTHHOH moaioxkke [183].

A3ormonMep ¢ BECOBBIMHU KOHLIEHTpauusaMu azokpacurens ot 10% no 60% ObL1 mostydeH B
BU/JIE TJICHOK, HAHECEHHBIX HA CTEKJIIHHbIE MOAJIOKKH METOJIOM ‘spin-coating’. J{s momydeHus
IUIGHOK pa3IMYHON TOJIIIMHBI PacTBOP a30IojuMepa pa30aBisuid pa3IUYHBIMUA KOJUYECTBAMH
Tonyona. TOHKHME a30MONIMMEpHbIEC IJICHKH ObUIM MOJyYeHBI B PaBHBIX YCIOBHSX IyTEM ‘spin-

coating’ UCX0IHOTO U pazbasieHHoro pacteopa mpu 500 06/muH B TeueHue 30 CeK U BBHICYIICHBI
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NPy KOMHATHOM TeEMIIepaType B TEUEHUE CYTOK. bblin mosyueHsl ieHkH ¢ TonmuHamu 250, 400,
800, 1600 u 2160 HM.

[Monspusannonnas ronorpaduyeckas 3anuck JP mpoBoaunace Ha anuHe BOJMHBI 473 HM
(TBepmoTenbHBIN Nazep ¢ nuoaHou Hakaukod DPSS mommuoctsio 100 MBt CNILaser MBL-III-
473) B cxomsmmxcs mydkax (puc. 3.2). CocTosiHUS MOJISIPU3AIIN IBYX 3aMMCHIBAIOIINX TyYKOB
OIMHAKOBOH wMHTeHcMBHOCTH 1 BT/cM? MHIMBHIYyalbHO KOHTPOJMPOBANHCH MOIy- KU
4eTBEPTHBOJIHOBBIMU TIacTuHamu. [lepuon pemerku A, cornacuo gopmyne A = A,../(2sin (0/
2)) coctaBisn 1,25 MKM, COOTBETCTBYIOIIMK YIiy cxoxaeHus jiydeid 21.8°. 1D pemerku 7 B
pEeXHMME MPOMYCKAHUSI KOHTPOJINPOBAJIACh B PEAIbBHOM BPEMEHU 110 U3MEPEHHUIO NHTEHCUBHOCTHU
na3epHoro auojaa npu A= 650 HM (0e3 aKTHHUYHOTO CBETa M HU3KOH MOITHOCTH 5 MBT) B mepBoM
u 0 mudpakMoHHBIX opsaakax. /IP perucTpupoBaiuch B MATH pa3IUYHbIX KOH(MUTYpaIHUIX:

1) S:Sppa mnyyka JIMHEHWHO TOJAPU30BAaHBI C  BEKTOPAMH  DJICKTPUYECKOTO  ITOJIS,
NEPIEHIUKYISIPHBIMU IIJIOCKOCTH Ma/leHUs;

2) P:P nBa nmyukanmHENHO NOJISPU30BaHbl C BEKTOPAMU 3JIEKTPUUECKOIO MOJIs, NapaIe]IbHBIMU
IIJIOCKOCTH MaJICHHUS;

3) S:P nBa nayda OpTOTOHAILHO MOJSPU30BAHBI OTHOCUTEIBHO APYT JIPyra, OJWH W3 HUX S, a
npyrou P k miockoctu naneHus;

4) +45° nBa My4KAOPTOTOHAJILHO JIMHEWHO MOJIIPU30BaHbI HA +45° OTHOCUTENBHO IMIOCKOCTH
MaJICHNUs;

5) RCP:LCP,nBa nyya OpTOrOHalbHO LUPKYJISIPHO IMOJISIPU30BAHBI OTHOCUTENIBHO JIPYr Jpyra,
OIMH W3 HUX HuMeeT MpaBokpyroByto mnojsipuzamuio (RCP), a apyroi - JIEBOKpPYroBylo
nossipu3anuto (LCP).

[Tporecc popmupoBaHus pemIeTK KOHTPOIUPOBAJICS ¢ MOMOIIbI0 u3MepeHus /0. 3nauenue
JID ompenensercss CTENEeHbl0 (GOTOMHIYIUPOBAHHBIX MU3MEHEHUH B PETUCTPUPYIOIIEH cpene, a
MMEHHO MOJYJIANHe penbeda MOBEPXHOCTH, (HOPMHUPOBAHHE aMIUIUTYIHON w/miu (a3oBoit
peuIeTKH B IUIEHKE BO BpeMs 3amucH. Mcronb3ys IIMHBI BOJIH CUWTHIBAIOLIErO IydKa H3
HEaKTMHUYHON 00JacTH MPOIyCKAaHUS a30MOJUMEpa, MBI MOKEM HCCIIE0BaTh (popMUpOBaHUE
($a3oBOi pemeTKd W HE YYUTHIBATh (OPMHPOBAHUE AMIUIMTYJHOW pemeTku. JluHeiHo-
MOJISIpU30BaHHBIH J1azep (P-monspuzamnus) ¢ ;ymHON BOTHBI 650 HM HampaBIisics Ha oOpas3ert mpu

HOPMAaJIbHOM MMaACHHUU U CIIY>KHJI B KAYECTBE 30HAUPYIOIICTO ITyYKa. HOCKOJ’IBKY 9Ta AJIMHA BOJIHBI
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HaxOoJUTCS BHE 00JacTH moryionieHus (puc. 4.5.), mpu u3mepeHuu /D paccmarpuBaiach TOJIBKO
(hazoBas ronorpadguyecKas 3anuch.

CriekTpbl TPOMYCKaHUsl TOJXYYEeHHBIX azononuMmepHbIx IuieHoK Noiau(PEPC-co-DO) ¢
pazmumanbM coaeprkanueM JIO3 (ot 10 mo 60 macce.%) u tonmuHoi d=1600 HM pencTaBiIeHB HA
puc. 4.5. Ha puc. 4.6. npeacTaBieHbl CHEKTPbl MPOIMYCKaHUS MOJYYEHHBIX a30MOJMMEPHBIX
mieHoK Tonmu(PEPC-co-DO) ¢ pasnuunoit TommuuHoW twieHKH (ot 250 mo 2160 vHM) u

conepxkanuem 103 30 macc.%.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100

100 . L \ L L L L 100 100
90 J recording Joo

wavelength %
R 80

80 A=473nm
470

90

80
70

- 60 60

T,%

50

T, %

DO content, - 50
weight%
10

Film thickness
——250 nm 40

440

20 430 400 nm 30
reading — 30 ——3800 nm
wavelength —_4 12 1600 nm 20
A=650nm 50 J10 ——2160nm 10

0 0- 0
T 1 T T T T T 1 T T T T T T T T
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Puc. 4.5. CriekTpsbl NponycKaHus MJICHOK
noJu(PEPC-co-DO) (TomuHa mieHKH
d=1600 HM) ¢ pa3JIMYHbIM COIepP:KAHHEM

JH03. Cunsns (473 um) u kpacHast (650 am)

Puc. 4.6. CriekTpsbI NPONyCcKaAHNUS MJICHOK
noau(PEPC-co-DO) ¢ pazanuHoi
ToamuHoi mieHku. Conepxkanue 103

cocraBaser 30 macc.% [183]

JIMHUM 0TMEYAIOT JJINHY BOJIHbI,
HCI0JIL3yeMYIO0 1JIsl 3alICH U CYMTHIBAHUS
(¢a3oBoii pemerku, coorBercTBeHHO [183].
MakcumyM 001aCTH TIOTJIONMICHUS JIJIsi ATOTO a30IMOJIMMEpa JISKHUT MPH JITHHE BOITHBI ~450
HM, uro XxapaktepHo mns JIO3, knaccupumupyemoro kak mnceBaoctuiabben [194]. Oro
noaTBepxkaaer peakuuio azocoeauHenuss PEPC ¢ DO3. Ha puc. 4.5. nokazana JjrHa BOJIHBI,
ucrionpdyemas s 3amucu (A=473 ©HM) u cuutbiBaHus (A=650 HM) (a3oBoil pemeTkH.
[Tornmomenue Ha JyrHE BOJIHBI 473 HM OJIM3KO K MAKCUMYMY, TIO3TOMY 3Ta JJIMHA BOJHBI MOXKET
OBITh WCIOJIb30BaHA JUIsSl 3allMCH, B TO BpPEeMs KaK KPACHBIM Jiazep Ha JIMHE BOJMHBI 650 HM
HAXOJUTCS B IPO3padHoil obnactu cnekTpa. CHavana ObUTo MPOBEIECHO U3MEPEHHE TIPOITY CKaHHSI,
a 3aTeM IUICHKa OblIa IMOJBEPrHYTa BO3ACHCTBHIO PACIIMPEHHOTO Ja3epHOro jyda 473 HM

(nmametp 3,4 MM, HHTeHCHBHOCTH 740 MBT/cM%c muHeliHO#M nonsapu3amueii. Ha puc. 4.7 nokazana
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ABOJIIOIUS CIIEKTPa MPOIYCKaHUS MTPH 00TyUEHHH JIA3EPHBIM CBETOM 473 HM, U4TO IEMOHCTPUPYET
dboTouHaympoBannyto nuzomepuzaruio mieHku noidu(PEPC-co-DO) ¢ comepxkanuem /103 20
Macc. % ¥ TonmuHOM mienku d=1600 HM mocie obmydenus ¢ no3oit 4,44 xJlx/cm? (okomo 100
MuHYT). L{uc-u30Mep MOXKET TEPMUYECKH PEIaKCHPOBaTH OOpPaTHO B TPaHCHU3OMEP A ITOT

MIPOLIECC MOXKET MPOUCXOAUTH IPHU ONTHUECKOM BO30YXKACHUU.

90 -_€Xposure %.=473 nm, 740 rrl1W/|cml2

80 _- 80

i=
70 45«
non-exposed -
—— 44 J/cm? 7

177 Jiem? ]
—— 440 J/icm?®

880 Jicm® 7]
——1.33 kdlcm?
——2.22 kdlem?® |

3.11 kJicm? ]
——4.44 kJlcm® ]
—— 5.77 kdlem?

o 1 2 3 4 5
Exposure, kJ/cm

T T T T T T T T T T T |
350 400 450 500 550 600 650 700 750 800
A, NM

Puc. 4.7. ®orouHayunpoBanHoe ndMeHeHue crnekrpa mieHkn noau(PEPC-co-DO) ¢
conep:kanuem /103 20 macce.% u TommuHoi mieHku d=1600 am [183].

[luk mnornomeHus npu JUIMHE BOJIHBI OKOJIO 450 HM COOTBETCTBYET HOIJIOLIEHHUIO
TpaHc(hOpMBI H30MEpa, KOTOPbIM yBenuuuBaercss npu oOmydeHuu. llpencraBneHHas cepust
CIEKTPOB COOTBETCTBYET (POTOM3OMEpPHU3ALMU TPAaHCHU30MEpa B ILHMCHU30MEp MOJ JAEeHCTBHEM
nazepHoro usnyuyeHus 473 M. Ha BcTaBke moKa3aHO U3MEHEHHE MPOITYCKaHUS MTPU JJIMHE BOJHBI
450 M B 3aBHCHMOCTH OT oOydeHus. [losBnenne Broporo nuka mpu ~360 HM (yKa3aH CTPEJIKO)
MO>KHO OTHECTH K IOTJIOIIeHuI0 nucu3zomepa [195]. Kak BuaHO, ucnonb3yemas AJIMHA BOJTHBI A
=473 HM OIM3Ka K NMHUKOBOMY KO3()(UIMEHTY MOTJOUICHUS TPaHCHU30MEpPA; CJIEI0BATENbHO,
(bOTOMHAYLMPOBAHHBIE U3MEHEHHS OT TpaHC-IMC-U30MepH3auu OyAyT MPOUCXOAUTh ObICTpee,
9YeM Te, KOTOPhIE MOTJIM OBl MPOU30UTH TP UCTIOIB30BAHKMH OOJIbINICH JTMHBI BOJIHEL. Ha puc. 4.7
Takk€ MOXHO HaOJI0AaTh, YTO WM3MEHEHHE IOTJIOIIEHUS! YBEIMUYMBAETCS C SKCHO3UIHMEH U

2

Hacelmaercss mpu dkcno3uimu 4,44 kJx/cm®. HaceillieHue BO3HUKAeT W3-32 PaBHOBECHUS

MEXIYUHIYIUPOBAHHON TpaHC-IIUC-U30MepHU3alel MmyTeM BO30YXKACHUS B IIOJIOCE TpPaHC-
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n30Mepa, MUK KOTOPOM MPUXOAMUTCS Ha JUIMHY BOJIHBI 450 HM, W TENJIOBOM penakcanuen 1uc-
TpaHc-u3oMepuzanuu [195].

3aBucuMocTh /I3 OT BpeMeHU 3aMc U 3KCTIO3UIMH JJIS BCEX UCCIIeI0BaHHbBIX KOH(UTYpanuit
MOJISIPU3aLMKU TIOKa3aHa Ha puc. 4.8(a). 3anuce npoBoaniack Ha meHke noau(PEPC-co-DO) ¢
tonuuHor 1600 HM u KoHUeHTparmen azokpacutenst 30 macc.%. Kak BunHo u3 puc. 4.8, 110
3aBUCUT OT KOHUTypauuu mnoispuzauud. Hawnydmme mnoxa3zaTenu IOCTHraloTcs IpH
koHuryparuu P:P. Jlns Bcex koHburypamumii nmonspuzauuu, kpome S:P, mudpaxiponHas
3G (PEKTUBHOCTH B 3aBUCUMOCTH OT BPEMEHHU YBEIMYMBAJIach U B KOHEYHOM HUTOT€ JIOCTUIIIA

OTHOCHUTEJIBHO CTAOMIIBHOTO COCTOSIHHS BO BpEMs DKCITIO3UIIUH.

Exposure, J/cm? Exposure, J/cm?
0 50 100 150 200 250 300 0 50 100 150 200 250 300
35 T T T T T T T T T T 35 T T T T T T T T T
/’ TN X )‘ \ =T
30 / 30 /’
g g e ———
25 / 25 /
- RRy/as
52 20 =2 20 N
= = / DO content,
15 AT e 15 '/ Weighz"(/; |
] —PP 1 —20
10 /’/ RCP:LCP | 10 / — 30
] +45:-45 1 40
5 S:S — 5 50 R
] —SP 1 —60
O e e R e e 0= 11— T s e e e
0 2 4 6 3 10 12 14 0o 1 2 3 4 5 6 7 8 9 10
t, min t, min
a 0

Puc. 4.8. 3aBucumoctpb n1nppakuuoHHON I3(PPeKTUBHOCTH OT BPEeMEHH 3aMUCH JJIA BCeX
HCCJIeI0BAHHBIX KOHGUIypauuii moJsipu3anuu (a) 1 Npu UCHOJIb30BAHNUM
noJisipu3auMoHHoi Koupurypanuu P:P u koHuenTpauusix azokpacuress ot 10 xo 60
macce.% [183].

Jns Hawitydied Moyisipu3allMOHHON KoH(urypanmuu Oblla TpoBeleHa Tosiorpaduyeckas
3anmuck B 1mieHkax Moiu(PEPC-co-DO) ¢ pasnuvHOl KoHIEHTpamuen azokpacutesnsi DO3 ¢
onHoBpeMeHHbIM n3MepeHueM DE. 3aBucumocts /IO OT BpeMeHM 3amucu U HKCHO3WLIMHU TPHU
ucnoib3oBaHuukoHpurypanuu P:P npuzanucu B mienke nonu(PEPC-co-DO) Tonumnoit 1600 HM
U KOHLIeHTpanuen azokpacutens ot 10 no 60 macc. npencrasieHa Ha puc. 4.8(0).

Kak BugHO u3 puc. 4.8(0), onTuManbHas KOHIICHTPALMs a30KPACUTENsI B CHHTE3UPOBAHHOM
azononumepe poly(PEPC-co-DO) cocraBnser okono 30% mno wmacce, 1.e. 1:3,5 k Macce

nosimMepHoii matpuniel PEPC. JlanbHelinee yBennueHne KoHueHTpauuu 10 60 macc.% npuBOgUT
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K YMEHbIIEHUIO /D, 4To CBA3aHO C paccesHUEM B IUJICHKE, YTO TaK)Ke HAOII0JaeTcs B CIIEKTpax
MponycKaHus Ha puc. 4.5.

BnusiHue TONIIMHBI MJIGHKH HAa MakcUMallbHOE 3HadeHue /1D ObUIO MccienoBaHO B paboTe
[183]. Ha puc. 4.9 nokazana kuHetuka pocra /19 B npouecce 3anucu Ha noau(I19I1K-co-/10)
IUICHKaX  pa3IMYHOM  TONIIUHBI  (KOHLeHTpauus  azokpacutens 30 wmac%) ¢

HCIIONb30BaHnEeMKOHburyparuu P:P.

Exposure, Jicm?

0 50 100 150 200 250 300
35 T T T T T T T T T T T
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54 -
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0 —— 7
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Puc. 4.9. 3aBucumocts /1D B pexknMe NponycKaHusi OT BPeMEHHU 3aNMCH U IKCIIO3ULMH TIPI
koHurypauuu P:P B mienke noiu(PEPC-co-DO) ¢ Tonmunoi ot 250 g0 1600 am [183].
Kak BuaHo u3 puc. 4.9, cymecTByeT ONTHMalbHas TOJIIMHA IUIEHKH, KOTOpas JaeT
HauOombiree 3HaueHue /19 n=33%, 4ro GIM3K0 K TEOPETUYECKOMY Mpeaeny MakcCuManbHOU J12D
JUISl TOHKUX CHHYCOUJANIbHBIX (Da30BbIX pelIeToK, paBHOMY 33,8% [159].

1D B maHHO# cXeMe CUUTHIBAHUS MOKET OBITh Pe3yJbTaTOM KaK aHW30TPOITHON pEIIETKH,
c(OPMHPOBAHHON B 00BEME CIIOsI, TAK U PEUIETKH OBEPXHOCTHOTO penbeda, NHAYIHUPOBAHHOM
Ha MOBEPXHOCTH TUIeHKU. [IP co3maroTcs myTeM ABYXJIy4eBOW MHTEPPEPEHIINH, YTO MPUBOIUT K
CHUHYCOMIAJIbHOMY MPOQIII0 HHTEHCUBHOCTH/(Da3bl B IJIEHKE, YTO MPUBOJUT K MEPHOIUUECKON
MOJYJISILIMM TTOKAa3aTesl IPEeTOMIICHUS, a TAK)KE K EPUOIUYECKON MOTYIISIIIMY TOIIIHUHBI [ICHKH.

Benuunna (a3oBoit MOy SN AJI TAKOTO THITA PEIIETOK MOXET OBITh 3aMrcaHa Kak

21

Ap = (h-(n—1)+d-An) (4.1),

A cosa
rac i - IJIMHA BOJIHBI CUUTBLIBAKOLICTO nyqa, h - aMH.HI/ITYI[a MO,Z[y.H}IL[I/II/I HOBerHOCTI/I, n -
ITIOKa3aTcClib HpGHOMHeHI/I}I aBOHOJII/IMepa, d - TOJIIIHNHA I1JICHKH, Al’l - MAKCUMAJIbHOC N3MCHCHUC

MoKasaressl TpeJoMJIeHUs, o - yroa Iudpakiuu A CUHUTHIBaoLero Jjyda. Mcmonb3ys
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HOpPMaJIbHOE MAJIEHUE CYMTHIBAIOUIETO JIyya, /[ nepBoro nopsjaka TOHKOW cuHycouaaabHou [P

umeet Buj [159],
— j2 (A¢
n=Jz () (42)
rne J; ¢ynkuus beccens mepBoro poma, Ag mnpencraBiseT coOoi aMIuMTyny (a3oBoit
3aJIep>KKH B peIIeTKe OT muka Ao nuka. CormacHo ypaBHeHHIO (2), Hanbobias Bo3MoxkHas /(D B

OJTHOM W3 MOPSAAKOB qudpakiuu +1 u -1 ©MeeT MaKCUMalTbHOE 3HAUYCHUE ]12 1 paBHO 33,8%.

B cootBercTBUU ¢ ypaBHeHUsIME (4.1 11 4.2), JID MOXHO nepenucarh, UCHIONb3Ys A@:
n=ﬁ(

XOopoI1110 U3BECTHO, YTO LIUC-MOJIEKYJIbI HE CTaOUIIbHBI TP KOMHATHOW TemIepaType, a IHc-

21

(h-(n—1)+ d-An)) 4.3)

A cosa

TpaHC-M30MEpU3alMs NPOMCXOOUT OueHb ObicTpo [196]. B Hamem 5skcrnepuMeHTe
PETUCTPUPYIOIINE PEIIETKU ObLIN CTA0OMIIBHBI M U3MEpeHHOe 3HaueHue /1D nmocie popmMupoBaHus
penieTky ObUIO MPAaKTHYECKU MOCTOSHHBIM B TEUEHHE JUIMTEIBLHOTO XpaHEeHUs (HEe MEHEee OJTHOTO
MecsIla) Ipu KOMHATHOU Temneparype. OOaydeHrne pemeTK CBETOM JIMHCHHOW TMOJIsIpr3aIiiu
MPUBOAUT K HE3HAYUTEILHOMY U3MEHEHHIO /ID. MOXKHO MpeAnonoXuTh, 4TO OCHOBHOM BKJIaj B
yBenuueHue /1D BHOCUT MOBEPXHOCTHBIN penbed) pelIeTKH.

PaccmoTtpum 3aBucuMOCTh /1D TOMBKO OT MOAYJISALIUU pelibeda MoBepXHOCTH. Takum 006pazoM,

ypaBHeHue (4.3) MOXKHO TpaHCPOPMUPOBATH B (hopmyiry

1=R G (e -D)) @,

A cosa

rae h - aMIUIUTYJJa MOAYJISAIIMA TOBEPXHOCTH, 71 - ITIOKA3ATCIIb IIPCIIOMJICHHA a30I10JIMMEpPA.
Ha puc. 4.10 npencraBieHa KUHETHKA SKCIIEPUMEHTAIBHO U3MEPEHHOH [[D mepBoro mopsiaka
st wieHkn 1oiau(PEPC-co-DO) u cMopenupoBaHHas KHHETHKa TiepBoro mopsaka /JI9,

paccurTaHHas COTJIacHO YpaBHEHUIO (4.4).
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theoretical DE
/ experimental DE

0 I 1 I 2 I 3 I 4 5
t, min
Puc. 4.10. KuHeTnka 3KCIIepUMEHTAJIBLHO U3MepeHHoi /[ nepBoro nopsiaka (CUHAA
KpHMBasi) H CMO/IeJIMPOBAHHAsI KHHETHKA NMepBoro nopsinka /[J, paccuutanHasi corjiacHo
ypaBHeHuI0 (4.4) (cunsis kpuBas) [183]

CoBrnazieHne HSKCIEPUMEHTATIBHBIX M TEOPETHYECKMX KPUBBIX Ha IEPBOM YacTU KPHUBBIX
SBIIETCS I0KA3aTeIbCTBOM TOTO, UTO 3alHMCh Ha pesibe(pHOMN perieTke MPOUCXOIUT B JIMHEHHOM
pexxume, a Mmocje Toro, Kak riyouHa penbeda pemerku gocturaetr 300 HM, (OTOOTKIHMK
MaTepHuaia CTAaHOBUTCS HEJTMHEHHBIM.

MoOXHO OIICHUTh TJIYyOMHY TTOBEPXHOCTHOTO peibeda pemeTrku s u3 ypaBHeHUs (4.4),
ucnons3ys 19 neporo nmopsiaka. Kak mokaszano Ha puc. 4.10 (kpacHast KpuBasi, CHHSIS 3BE3/1a),
3Hadyenue /1D n= 30% coorBercTBYeT rinyoune penabeda h=430 um. [ moaTBepKACHUS 3TOH
OLIEHKH pemreTka Obuia 3anucana P:P nmomspuzamnueii 1o noctmxenus 30% J13 nepBoro nopsiaka
(puc. 4.10 (cuHsAs KpuBas, KpacHas 3Be€3/la) W IOBEPXHOCTh TMOJYYCHHOW penieTku ObLia
ucciaenoBana ¢ moMornsn ACM.

Ananuz ACM nokasan opMupoBaHHE YHOPSI0YEHHOTO penbeda ¢ rryOnHON mpoduiist OKOIo
440 um (puc. 4.11). Bo3MoxHOW NPUUNHONW HECUHYCOUJAILHOTO MPO(UIS PEIIeTKU SIBIISCTCS

HEJIUHEHHBIA OTKINK IMOJIMMEPAa HA HHTCHCUBHOCTD U3JTYUCHUA.
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Puc. 4.11. ACM u3oOpaxenue (a) u monepeuyHoe ceyenue (b) noBepxHoCTHOM pesibeHOM
peumieTku, 3anucaHHoi Ha miieHke NoJau(PEPC-co-DO) (Tomuna 1600 Hm, conepxxanue
asokpacutesi 30 maccoBbIX %) B KOHpuUrypauuu nojasipusanuu P:P no snauenns 19
30%, nzmepennoit npu 650 um [183].

Xopolee COBMHaJEHHUE HKCIEPUMEHTAIBHOTO U TEOPETHUYECKOrO 3HAYEHUS aMIUIUTYbI
MIOBEPXHOCTHON MOAYJISIIMM O3HA4aeT, yTo J|O aHaiM3 3amMCaHHBIX PELIETOK B MCCIENYEMOM
azononumepe nou(PEPC-co-DO) mMoxxHO mpoBoauTh, Mpeanoiaras, 4ro /ID ompenensercs B
OCHOBHOM ITOBEPXHOCTHBIM penibe()OoM, C HEOOIBITUM BIUSIHUEM CKAIAPHBIX PEIIETOK IOKA3aTes
MIPEIOMJICHUS.

B coBmectHBIX pabGorax [184,185] na 0a3e MJIEHOK CHHTE3MPOBAHHOTO a30IOJUMEpa
nosi(PEPC-co-DO) mokaszanbl pe3ynbTarthl ()OPMUPOBAHUS OJWHOYHBIX MHUKPOCTPYKTYpP, THE
0COOEHHOCTH aHMU30TPOMHOTO (OPMHUPOBAHUS OOBICHIETCS MOJSAPU3ALMOHHBIMU 3P deKTamMu

[197-201].

4.3 ®opmupoBaHHe IHPPAKIUOHHBIX CTPYKTYpP, CPOPMHPOBAHHBIX B MHOIOCJIOMHBIX
HAHOCTPYKTYypax As2S3-Se.

B pab6orax [202-206] uccienoBaauch pa3iudHble KOMOMHAIIMA MHOTOCJIOMHBIX CTPYKTYD B
KauyeCcTBE PETUCTPUPYIONICH cpenpl, rae B KadecTBe XC OBUIM MCIIONB30BaHBI COCTaBHI: As>Ss,
As2S3:Mn, As»S;3:Yb, GesAs37Sss. Tak, B pabore [141,168] Oblma uccieqoBaHa 3aBUCHMOCTD
¢dopmupoBanus JIP Ha MHOTOCIOWHBIX HAHOCTPYKTypax As2S3-Se OT MoJspU3alrOHHOM
KOH(UTYpaIuu 3anuchiBalomuXx jgyded. 3amuck JIP mpoBoauiack Ha JJIMHE BOJHBI 532 HM
(TBepmoTenbHBIN Jazep ¢ auonHoi Hakaukod DPSS mommuocteio 100 MBT CNILaser MSL-FN-

532-100mW) B cxoasmuxcs my4kax 1o cxeme, nokazaHHo Ha puc. 3.2. CocTosHus NOJsIpU3aluu
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JBYX 3alHCHIBAIONINX MYYKOB OJMHAKOBOH MHTeHcMBHOCTH 100 MBT/cM? KOHTPOJMPOBAIHCH
MOJy- WM YETBEPTHBOJHOBBIMU TiacThHamu. [lepuon pemerku A, cocramsn 1,0 Mxm. JID
PELIETKU 1 B PEKUME MPOIMYCKaHUsI KOHTPOJIMPOBAJIACh B PEAIbHOM BPEMEHU ITyTEM W3MEPEHUS
WHTEHCUBHOCTHU Ja3epHOro amoja mpu A= 650 HM (MomIHOCTH 5 MBT) B mepBOM U HYJIEBOM
mudpakoHHBIX Topsakax. JIP 6sutm 3apeructpupoBansl Ha MHC As»S3-Se TonmuHoit 2500 HM
B IISITH Pa3IMYHBIX KOHGUTrypanusax noispusanuu: S:S, P:P, S:P, £45°, LCP:RCP. 3aBucumocts
JID OT 3KCHO3UIMH Ui BCEX HCCIIEeIOBAaHHBIX KOH(MUTypanuil mojspu3alyy MoKa3aHa Ha pUC.
4.12. JIns Bcex koHpuryparnuit nonspusanuu, kpome S:P, /D B 3aBUCHUMOCTH OT 3KCHO3HIIHH
yBEIUYMBAIACh U JOCTHrajla CTallMOHAPHOTO 3HavyeHus. st kondurypauuu S:P /1D ocraBanach

PaBHOI HYJIIO.

30 r r r r
28 1] 1—0O—S:Srecording ‘ .,:.ﬂ
E 2 —0O— P:P recording
26 1| 3 —e— LCP:RCP recording
24 T 4" +45":-45" recroding
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2
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Puc. 4.12. 3aBucumocts /IJ pemerok, 3anucanabix Ha MHC As2S3-Se, 0T 3xcno3uunuu ajst
BCeX UCCJIeI0BAHHBIX KOHGUrypauuii noasipuzanuu [168].

JIBe nuHelHbIe ToJIsipU3aiioHHbie KoHpurypauu S:S u P:P npuBoasT x ¢popmupoBanuto
aMIUTUTYAHON MHTEp(EPEeHIIMOHHON KapTUHBI, U TaKas CKaJsipHas 3alKCh MPUBOJUT K CXOXKEH
kuHeTHKe /19, JocTUraroield MakCuManbHOTo 3HadeHust okoio 10-12%. MccnenoBanue mpodust
MOBEPXHOCTH 3alMCaHHOM pemeTku ¢ nomoiibio ACM mokazano Haluyue CUHYCOMAATbHOTO
penbeda, rmyounoit okono 100 am (puc. 4.13). Jlannas riyOuHa ompexaenser 3HadeHue [10,
paBHoe 10%. [Ipu 3TOM MOIYJALUS TONIIMHBI CTPYKTYpPhl COCTaBISAET OKOJIO 4% K MCXOAHON
TOJIIIUHE CTPYKTYPhI, YTO COOTBETCTBYET MAHHBIM, MOJYyYEHHBIM B PabOTax APYTUX aBTOPOB
[31,207]. DOto eme pa3 [0Ka3blBAaCT CKAJSIPHBIM XapakTep B3aMMOJACHCTBHS JaHHOU

MOJIAPU3ALMOHHON KOH(PUTYPALIUU C MAaTEPUAIIOM.
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e Height Range: 113.4nm

g

Puc. 4.13. Tonorpagus nosepxHoctu (a) u npopuisb (0) tnppakumoOHHOMH pemeTKH,
3anucanHoi Ha MHC As2S3-Se npu noJisipu3anuoHHON KOH(GUIypanuu 3anucbIBalOIIAX

ayqeii S:S [168].

U3 puc. 4.12 BugHO, 4YTO HE TOJBKO MakcumaibHasg /IO 1, HO U KMHETHUKA Mpoliecca 3aucu
pEIIETKH 3aBHCUT OT COCTOSIHMSI IOJIIpU3alMU 3anMchbiBarolux nyukoB. [[ms S:S u P:P
MOJISIPU3ALIMH MPOLIECC 3alMCH HAYMHACTCS Cpasy IOCe Hayajao OOIydeHHUs! M MPU SKCIIO3UIUH
700 JIx/cm? 1D mocturaer HachlmeHus. HanGomnpimee 3Hauenue J1D (mo 30%) mocTturaercst mpu
+45° monspu3anMOHHOW KOH(HUTypamuy, dYTO ONpEAeseTcs HauOOJbIIeH MOIYJISIUeH
MMOBEPXHOCTHOTO pelibeda.

Takxke B pabore [168] OBLIO MpoBEIEHO cpaBHEHHE (OPMUPOBAHUS MOBEPXHOCTHOTO
penbeda pemerok Ha MHC As>S3-Se u MHOTOCTIONHHON CTPYKTYpe As2S3, MOITYYEHHON B TOM K€
TEXHOJIOTHYECKOM IuKJe HanbuieHus. Ha puc. 4.14 npuBegena 3aBucumocth D pemieTox,

3amMCcaHHbIX Ha AS>S3 OT KCMO3UIINH VIS TEX YK€ KOH(DUTYpAIHiA TOJISIPU3alIiHN.
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Puc. 4.14. 3aBucumocts /1[I, pemieTok 3anMcaHHBIX HA cJ10e AS2S3, OT IKCNO3MINH JJI BCeX

HCCJIeJOBAHHBIX KOHGuUrypauuii nonsipusanuu [168].

Jst cpensl As»S3 HaOmrogaeTcsi oOpaTHash KapTHHA, aMIUIUTYIHBIC TOJSIPU3AIMOHHBIC
koHpuryparuu S:S u P:P npuBoast k 6onee Beicokum 3HadeHus M J[D (1o 12%), B TO Bpems Kak
st £45° u LCP:RCP nonsipuzauuii /12 He nocturaer u 2%. Ilpu 3T70M CKOPOCTh JOCTHXKEHHS
MakcumyMma JID HamHOro BbIIE As cIoeB AsS3, 4To TpeOyeT MeHblIel skcrno3uimu. Kak
nmokaszano B pabore [138] JID pemieTok, 3amucaHHbIX Ha CIOSX AS>S3 OnpenensieTcss MOy ISIuei
MOKa3aTelsl MPeIOMIICHHsI, COITpoBOXKaaromniee GoTocTpyKTypHbIe nipeBpamienus. Jus MHC 1D
orpenensercss GOPpMHUPOBAHUEM MOBEPXHOCTHOTO pelibeda BCIEACTBHE (POTOMHAYHPOBAHHOTO
MaccornepeHoca, YTo TpedyeT HaMHOTO OO0JIbIIeH YHEPTUHU, U COOTBETCTBEHHO SKCIIO3UIUH.

3anuce pemetok Ha MHC As>S3-Se obOecrmeunBaeT BBICOKOE ONTHYECKOE KadeCTBO
noyyaemoro penbeda. IllepoxoBatocts, Habmogaemas Ha moBepxHoctd MHC (puc. 4.15), ¢
riyOuHol penbeda 1o 10 HM, mocine 3anucu cTaHOBUTCS MeHbIe. Kpome Toro, yBenuunBaeTcs
OTHOIICHHUE CUTHAJ/IIYM B MEPBOM NU(PPAKIMOHHOM MaKCHMyMeE, YTO TOJTBEPKIAET BBICOKHE

OINITHYECKHE CBOMCTBA IMOJIYYCHHBIX PCHICTOK.
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Puc. 4.15. Tonorpadus nosepxnoctu (a) u npoguias (6) nopepxnoctu MHC As2S3-Se 1o

o0syuenus [168].

B pabotax [177,189] 8 MHC As>S3:Mn-Se (¢ koHIIeHTparueit Maprania 2 macc.% OT MacChl
As>S3) BHepBbIe IMOKa3aHa BO3MOXHOCTh HPSMOro (OPMHPOBAHUS MArHUTHOTO penbeda
OTHOBPEMEHHO C (OPMHPOBAHUEM peibeda TMOBEPXHOCTH C TIOMOIIBIO MOJSPU3ANUOHHOM
rojiorpadguueckoi 3amucu. KOHKypeHIHS MeXay HHIyIHPOBAaHHBIM HAINPSHKEHUEM ITOTOKOM
aToMOB (B HampaBleHMM OOJYyYEHHBIX oOjacTedl mieHkH) U IUPPY3HOHHBIM IOTOKOM,
BBI3BAaHHBIM YBEJIMYCHHEM OOBEMHOW HSHEPIUM M3-3a pa3pbiBa CBs3€il (M HANpPaBICHHBIM OT
OOJTy4eHHBIX K HEOOJyYeHHBIM 00acTsIM), MOXKET TPHBECTH K IOJOXKHUTEIHBHOMY WA

OTPHUIIATEIILHOMY MacCOIepeHOCy B 00yueHHo# obmactu [208,209].
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/1 PEHIETKHU IJIA pa3/iIMYHbIX HAIIPpaABJICHUHU

Puc. 4.16. ACM usodpaxenue Tonorpadpuu nosepxnoctu 1 MCM u3o0paxenue
MATHUTHOTO pesibeda 3auCaHHO

4 TAKIKEC U3BJICYCHHbIC HpO(l)I/I.]Il/I MOBEPXHOCTHOIO

HamaraunuuBanusg MCM HaKkoHeYHHKA,

U MAarHUTHOrO peabedos [177].
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MarsuTHBIN penbed CTPYKTYPBI UCCIIEIOBATH METOAOM MAarHUTHOW CHJIOBOM MUKPOCKOITHH
(MCM) ¢ nmoMotipio CKaHUPYIOMIETO 30H0BOor0 Mukpockora NanoScope I1la Dimension 3000 ¢
MCIOJIb30BAHUEM JIBYXCKAaHOBOTO MeTo1a. OJJTHOBPEMEHHO C MarHUTHBIM PeIbe)OM HCCIIEJOBAITH
u Toniorpadudeckuii penbed B ToM ke nukie namepennii. ACM u MCM pe3ynbTaThl H3MEpeHHi
pewetku ¢ nepuoaom 1,1 MM, 3anucanHoit Ha MHC As>S3:Mn-Se, noka3ansl Ha puc. 4.16.

Kaxk Bumno, MCM-u300pakeHus TOKa3bIBAIOT, YTO PACIIPECIICHUE U BETMYNHA MAaTHUTHOTO
MOJIST KOPPENUpPyeT C IOBEPXHOCTHBIM pelibe()OM 3alucaHHOW pemeTkd (CHHGpa3HO WM
mpoTUBO(A3HO, B 3aBUCUMOCTH OT HAIPABJICHUS HAMATHUYCHHOCTH HaKoHeuHuKa). [lokasanHas
BO3MOKHOCTh TIPSIMOTO (OPMHPOBAHMS MAarHUTHOTO penbeda B Mpolecce royiorpadguieckoit
3allMCH Ha MHOTOCJIOMHBIX CTPYKTypax MOXET ObITh HCIOJb30BaHa JUIsl  CO3JAHMS
TUQGPAKIIMOHHBIX 3JIEMEHTOB C YHUKAIbHBIMA CBOWMCTBAMH, B TOM YHCIE UIsI TPUMCHEHUS B

00J1acTH MarHUTHON ITaMATH.

4.4 PeBepcuBHas rojiorpapuyeckasi 3anuchb 1MppakumoHHbIX CTPYKTYP, cGOPMHUPOBAHHBIX
B MHOT'OCJIOMHBIX HAHOCTPYKTYpax As2S3-Se.

PeBepcuBHOCTBIO (DOTO-CTUMYJIMPOBAHHBIX W3MEHEHHMH CBOMCTB CUHMTACTCS BO3MOXKHOCTD
CpeAbl BOCCTAHABIMBATBCA B HAYaJIbHOE COCTOSHUE, T.€. COCTOSHHE A0 OOIy4YeHHs, IpH
TeMIepaType  HID)KE  TeMmIepaTrypbl  cTekjoBaHus.  lccienoBaHue — peBEpCHBHOCTH
peructpupytomux cBoiictB tunuuHoro XC As»S; mokaszano, 4to ckaisipHblie 3((eKThl, T.e.
HabmonaeMele (OTO-MOTEMHEHHE, (HOTO-pedpakius U POTO-paclIupeHne cios Mo ACHCTBUEM
00JTydeHHsI MOKET OBITh BOCCTAHOBIICHO TOJIHKO ¢ TOMOIIBI0 oTkura [210-212], T.€. 3T 3 HeKThI
ABIAIOTCS  MOCTOsHHBIMHM. Ilpu  3TOM  momgpuzanuonHsle  3ddekTsl  poTo-HaBeICHHOMN
aHM30TPONHH (JBYJIy4ENPETIOMIICHHUS M TUXPOU3MA) ABISIOTCS peBepCcUBHBIMU [212,213].

B Hactosmeidr pabore Oblia HcCCIeOBaHA PEBEPCHBHOCTH MPSAMOTo (POpMUPOBAHUS
pensedubix JIP B MHC As>S3-Se u B As2S3 ¢ mOMOIIBIO MONSPU3AMOHHON ToIorpaguIecKoit
3anucu [214]. Ilpouecc nanbuienuss MHC omucan B I'm.2 [215,177]. Tommuna cinos AsxS3
cocraBuia 1.0 mxm, Se 0.7 MkM u coorBercTBeHHO MHC As2S3-Se 1.7 MxkM. OO1ee KOJIMYECTBO
yepenyromuxcs cioeB MHC Opi1o 220, 4TO COOTBETCTBYET TOJIIMHE KaXI0r0 HAaHOCIOS As2S3
d1=9 am u Hanocnos Se d,=6 HM. 3anuce JIP mpoBoauiau 1Mo cxeme, Moka3aHHOW Ha puc. 3.2.
OcgemenHocTs (E) B MecTe majeHus dydeil paBHOI MHTEHCHMBHOCTH cocTaBuia 4.3 Bt/cm? npu

IMaMeTpe TISITHa 3acBETKM OKoso 1 M. HHTepdepupylomme Jydd HMETH JHHEHHYIO
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MOJIAPU3aLUIO, TEPHEHAUKYJSIPHYIO IUIOCKOCTH TaJeHUs JIiyded M TapauielbHYI0 JIHHHUIM
3amuchiBaeMoOi MHTEp(PEpeHIIMOHHON KapTuHbI (KoHpurypanus S:S). B manHo#t paborte ObLIn
MCIOJIb30BAHBINONIAPU3AIMOHHBIE KOHPHUTypamu S:S (mapajuiesbHble TUHEHHBIC MOSPU3aLNN)
u RCP:LCP (opToronanbsHble IpaBo- U JEBOBPALIAIOIINE KPYTOBBIE TOJISPU3ALIUH).

Kuneruky usmenenus /1D B mpoxonsiieM CBETE NMPU OPTOTOHAILHOM MaJleHUU U3ITyUYEHUS

KpacHoro nasepHoro guoaa (A=650 mm, E=30 MBT/cM?) OCYIIECTBISIN B PEXKHME PEanlbHOTO

Iy
21+

BpeMeHH B npouecce 3anucu JAP. /1D # paccuuThiBanack no ¢popmyine 7 = 100%. ITocne

dbopmupoBanus J[P moBepxHOCTHBIN penbed usMmepsuin ¢ momombio ACM Dimension 3100
(Veeco Digital Instruments, Bruker).

WnTepdepenHinonnas KapTuHa B 3aBUCMOCTH OT IMOJIIPU3ALMOHHON KOH(PUTypaluu Tydeit
MOXET OBITh MPOMOJIYJIMPOBAHA IO aMIUIUTY e (B Cilydyae mapajuiedbHbIX JUHEHHBIX S:S u P:P
nossipu3anuii), u mo ($ase, 6€3 aMIIUTYTHOW MOIYJISIIUY (B CIydae OPTOTOHATBHBIX JIMHEHHBIX
S:P monspuzauuit). Bo3moxHa MOIYJSAIMS COBMECTHO M IO aMIUIMTyAE U 1O (asze (B ciaydae
OPTOTOHAJIBHBIX JTUHEUHBIX +45° nubo mupkynspHsix LCP:RCP nonspuszanuit). B stom ciayqae
UHTephEpEHIIMOHHAsT KapTHHA MPEJCTaBIsAeT cO0OM MEepUOINYECKOe HM3MEHEHUE COCTOSHHS
MOJISIPU3ALINH, TIPU 3TOM COXPAHIETCS U MOIYJISIMS UHTEHCUBHOCTH (U151 JJTMHBI BOJIHBI A=532
HM KOHTPACT HMHTEP(EPEHIMOHHBIX IOJIOC C mepuoaoM 1 MKM paBeH 7%). YuuTbIBas, 4TO
HanOosbmas 3¢pGeKTUBHOCTL (GopMupoBaHusi moBepxHocTHOro penbepa B MHC AsyS;3-Se
xapaktepHa s £45° u LCP:RCP nonspuzaimonHoii 3anucu [168], MOXHO IPEeANoI0KUTh YTO B
npouecce GopMmupoBaHHs penbeda UrpaeT posib Kak MoAyisiuus (asbl, TaK U MOIYJIALHUS
WHTEHCUBHOCTHU. JIJI UCKITIOUEHUS BIMSHUS CKATSIPHBIX (DOTO-CTUMYJIUPOBAHHBIX MTPEBPAICHHI
B IIpoLiecce nosisipuzannonHoi 3anucu, cioun MHC AszS3-Se n AszSs (tonmmunaamu 1.7 mxMm u 1.0
MKM COOTBETCTBEHHO) ObUIM MpPEABApUTEILHO OOJIYy4YeHbI 3eseHbIM Ja3epoM (A=532 um, E=4.3
Br/cM?) 10 Hackimenus. CHeKTphbl MPOMyCKaHKs CJI0EB 10 M HOCIe 00IydeHHs IPeCTaBIeHbl Ha
puc. 4.17. Tam e mMoKa3aHbl TOJOKEHUS JIMH BOJIH, UCTIOJIBb3YeMbIX i 3armucu J[P: A=532 am

u s uzmepenus /1D 3anucanubix [IP: A=650 HM.
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Puc. 4.17. Cnexkrpsl nponyckanus ciioeB MHC As2S3-Se u As2S3. 3es1eHol TuHuei
MOKA3aHO MOJIOKeHH e IJIMHBI BOJIHBI 3aNIMCH 532 HM, 2 KPACHOM JIMHUEH - IVIHHbI BOJIHbI
usMmepenust /19 650 um [214].

Kak Bumno u3 puc. 4.17 nna AszS; B pesynbraTe 00iyueHHs] HaOIIOAaeTCsl CIBUT Kpas
TIOTJIOIICHUS B ITTMHHOBOJIHOBYIO 00J1acTh, T.H. 3 dekT doTo-moTemHenus. Hacrbimenue 3toro
a¢dekTa, Koraa cIBUT Kpasi MOTJIONIEHUs O0IbIlle HE MEHAETCS, MPOUCXOAUT 3a IKCIo3uuio 175
Jls/cm?. CoBeplIieHHO IPOTHBOMNONO0KHAs KapTuHa Habmogaercs aas MHC As»S3-Se, B koTopoi
MOJT IeCTBUEM CBETa MPOUCXOAUT POTO-MPOCBETICHUS. B 3TOM ciyuae HACBIIIIEHUE JOCTUTACTCS
3a Topaszo 6onee MPOJOIKATENBHYIO IKCIo3uIHio 2630 JIx/cM?. DPdekT GoTo-MpocBeTIeHNs B
MHC As>S3-Se nabmonancs Kukunemm B pabdote [207,208]. Tam aBTOpBI MPEANONOKUATN U
MOATBEPAWIN (DOTO-CTUMYITUPOBAHHYIO UHTEPAUGPDY3UI0 MOIEKYJT COCTABISIONINX HAHOCIOEB C
oOpa3oBaHHeM TBepAOro coequHeHus As-S-Se.

OnTuueckre KOHCTAHTHI CJIOEB, a TaK)Ke OINTHYecKas ILIMPUHA 3alpelieHHONW 30HBI,
BBIUHCJICHHBIE U3 CIIEKTPOB MPOITyCKaHus, MOKa3aHbl B Tabnune 4.1.

Tadauna 4.1. OnTuuyeckue koHcTaHTHI MHC As2S3-Se u ciioeB As2S3 (moka3arelib
NMpeoMJIeHHS N U TOKA3aTeJIb MOIJIOIEeHHs O IS JJIMH BOJIH 532 M u 650 Hm),
onTHYecKasi NIHPHHA 3aNpelleHHO 30HbI U ee U3MEHEHHUe Mocjie 00y deHus JJIMHOM

BOJIHBI 532 HM.

Cocras cnos A=532 um 5 A=650 M T Egopt, 3B | AEgopt, 2B
n o ,CM n 0, CM
MHC As,S3-Se --- 2.7%10* | 2.45+£0.01 | 1.0%10% | 2.00+0.01 +0.06
As2S3 2.47+0.01 | 2.3%10° | 2.35+0.01 | 0.5%10? | 2.40+0.01 -0.06

139



Kak Buano u3 Ttabmuuel 4.1, JiMHAa BOJIHBI 3allUCH HAXOAWUTCA B OOJACTH CHIIbHOTO
noryiomenus kak 11 MHC As»S3-Se, Tak u aiist Asa>S3 cios, a aiinHa BOJIHBI uamMepenus /19 650
HM HaXOAHTCA B 00JaCTH claboro moriomieHus. Maas MOITHOCTh CUUTHIBAIONIETO H3ITYYCHHUS
(o 5 MBT) 1 m3MepeHne B TEeMHOTE MUHUMHU3HPOBAIIO APYTHE (DOTO-CTUMYITUPOBAHHBIE YPPEKTHI.
N3meHeHns ONTHYECKOM IIMPHUHBI 3alpeleHHONM 30Hbl AEgopt MOJ AEWCTBHEM AKTUHUYHOMN
3acBeTku (A=532 mm, E=4.3 Br/cm?) paBubl o Benuunne mus MHC As:S;-Se u AszS3 crnos
(AEgopt=0.06 3B), HO pa3nnuyHbl IO 3HAKy U BPEMEHM IKCIO3ULMH. 15-TH KpaTHOE NPEBBILICHHUE
HKCHO3ULINH A0 JOCTHKEHHs HachleHus GpoTto-npocserienns B MHC AszS3-Se cBuaeTenscTByeT
0 Pa3JIMYHOM MEXAHU3ME CTUMYJIMPOBAHHBIX U3MEHEHUM, npoucxoasumx B MHC no cpaBHeHUIO
¢ As2S3 coem.

Jlis OleHKM BIUSHUS TpeIBApUTEIbHOW 3acBeTKM Ha 3amuch J[P Obula ucciemoBaHa
kuHeTuka usmenenus 12 8 MHC As>S3-Se npu 3anucu B LCP:RCP nonsipuzanuu. Ha puc. 4.18
nmokazana ofBomonus JOD s HeoOmydeHHoro oOpasma (kpuBas 1), W TpenBapUTETBLHO
00JTy4eHHBIX 00pa31oB B TeueHue 15 mun (4000 Tx/cm?) u 30 mun (8000 JIx/cm?) (kpuBbie 2 1 3
COOTBETCTBEHHO). Kak BuIHO, TpenBapuTeNbHOE OONlydeHHe OO0 HachlmeHus (oTo-
CTUMYJIMPOBAHHOI'O TPOCBETICHUS HE BIMSIET HA BEIWYMHY MaKCHUMaJIbHO-IOCTHXKUMOU J[D
N=35%, HO BpeMsl IKCMO3ULUU JI0 TOCTHKEHUSI MaKCUMyMa yBennuuBaeTcs ¢ 8.5 munyT (2190
Jlx/em?) 1o 10.5 (2700 JIx/cm?) u 11 munyT (2830 JIk/cM?) COOTBETCTBEHHO.

Taxum 00pa3oM MOXKHO 3aKJIIOUUTH, YTO B IPOLIECCe MOISpU3aMOHHO 3anucu JIP BiusHue
CKaJSIPHBIX (JOTO-CTUMYJIMPOBAHHBIX TpeBpalieHuid ((POTO-MPOCBETICHHS COITPOBOKIAIOIIETOCS
uHTepauddys3relr aToMOB HAHOCJIOEB) HE3HAYUTENbHO M OCHOBHYIO POJIb WUIPAET MOAYJISILIHS

MOJIApU3alliU B MHTEP(EPEHIIMOHHOM KapTUHE.

140



Oknoauums, Ox/cm?

0 2000 4000 6000 8000 10000 12000
40 T TT T T T T T T T 17 T
] 1 1 L
35 135% I
, ~—
l : /—: I
30 | 1
_ / . / | _
I 1
25 / | / |
] | . L
0\0' 20 | I
s 1/ I 2 3/ I i
I 1
15 | i
] | | L
10 | |
_ / ! I . _
I 1
5 I I
4 8.5 MuH | 10.5 MUH I 11 MUH— | L
0 e e |l — 7T
0 5 10 15 20 25 30 35 40 45 50
t, MUH

Puc. 4.18. Kuneruka usmenenusi /19 B MHC As2S3-Se npu ronorpaguyeckoii 3anucu B
LCP:RCP noasipuzanuu. 1 — HeoOryueHHbIN o0pa3sen, 2 1 3 — npeaBapuTeIbHO
06y4ueHHbIe 00pa3ubl B Tedenue 15 munyt (4000 I:x/cm?) u 30 munyT (8000 dxx/cm?) [214]

JIst uiccienoBaHus BIMSTHUSL OJHOPOJHOW 3acBeTKH Ha cdopmupoBanHyto JIP omuH u3
UHTEepEPUPYIOLINX JTydel IepeKphIBaJICs MpepbIBaTeNIeM JIyda (CXeMa 3aucy Ha puc. 3.2) mocie
JTOCTHKEHHSI MakcuManbHoro 3HaueHus /9. Ha puc. 4.19(a) noka3zana kuHeTuka uzmMenenus /2
npu skcno3unmu MHC As2S3-Se nsymst nmywamu LCP:RCP nonsipuzanmu 10 JTOCTHXKEHUS
MakcuMyMma (Ha pHucC. 4 y4acTOK ** JBa JIy4a), U JaTbHEHIIICH SKCIO3UIIUEH TOJIBKO OHUM JIY4OM
(Y4acToOK * OJIMH JIy4) IMOCJIE TIEPEKPHITHS BTOPOTO JIydJa.

Kaxk BugHO 13 puc. 4.19(a) s3Kkcno3unysi OHUM Jy4OM MPUBOJIUT K IMOJTHOMY CTHPAHHIO (710
noctuxenus /13 paBuoit 0%) 3anucanHoit 1o makcumymMa JIP. Bpemst ctupanusi mpuMepHO paBHO
BPEMEHHU 3alUCH U COCTaBJISET OKOJIO 10 MUHYT, HO MIPU 3TOM 3KCIIO3UIIMS COKpaIIeHa BABOE B
BHJly TOTO, YTO MHTEHCUBHOCTb OJIHOTO MMyYKa BJIBOE MEHbIIIE CYMMapHOW MHTEHCUBHOCTHU JIBYX
nyukoB 1;=I>=2.15 Br/cm?. T.0. 3KCIIO3MIMS A1 TIONTHOTO CTUPAHHUS PEIIETKH COCTAaBIAET OKOJIO
1300 JIx/cm? MPOTHUB 3HAYCHUs dKcro3unuu 2600 Jx/cm?, HeoOxoauMol 1 3amucu JIP 1o

MaKkcuMyMma.
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Puc. 4.19. Kuneruka usmenenus /19 npu 3xcnoznnun MHC As2S3-Se niByms jiyuamu

* OfJUH nyY

LCP:RCP noasipuzanum: () - 10 I0CTHKEHUSI MAKCUMYMa (Y4ACTOK ** JBa Jy4a), U
AajibHelel IKCno3uumel TOJIbKO OTHUM JIY4OM (YYACTOK * OJMH J1y4), (0) - npu
HuKJAn4deckoii 3anucu u crupanuu /AP (7 uukiaoB). YyacTku, 0003HAYEHHbIE *%*,
COOTBETCTBYIOT 3anucH [P npu 3KCIIOHMPOBAHMHU ABYMH JIy4aMH, * COOTBETCTBYET
cTupanuio P npu 3KCNOHUPOBAHMH OJJHUM JIy4OM, H «—» COOTBETCTBYeT XpaHeHuio /(P
NPH NepeKpbITHN 000UX JIydel npepbiBatesiem [214].

Jlanee ObuUl TPOBENEH SKCIEPHUMEHT 110 HCCICAOBAHUIO BO3MOXXHOCTU PEBEPCHUBHON
ronorpaduueckoil 3anucu JIP nva MHC As:S;3-Se. [lns aToro npepbiBaTeb dyda BHOBb ObLI
OTKPBIT U YYaCTOK C MPEABAPUTEIBHO 3alIMCAHHON 10 MakcumyMa /[P u ctepToit 10 HyJIsl OTHUM
mydoM (cornacHo puc. 4.19(a)) BHOBb ObLT TPOIKCIIOHUPOBAH JIBYMS JTyYaMH.

[Tpu nocTHMKEHUU MaKCHUMAaJIbHOTO 3Ha4YeHus J|D onuH U3 mydeil OblT BHOBb MEPEKPHIT, U
AKCIIO3UIUSL OCYIIECTBISUIACh TOJMBKO ofaHUM nydom. Ha puc. 4.19(0) moka3aHa KHHETHKA
m3meHeHus 1D npu mukiamdeckoit 3anucu u ctupannn [P (7 uuknos). Ciegyer OTMETUTH, 9TO
JID pelieTok Mpu MNEPEKPHITUM JIBYX Jy4ell M XpPaHEHHM B TEMHOTE SIBJISIETCS MOCTOSIHHOM
BEJIMYMHON M HE U3MEHSAETCS IpU KOMHATHOM Temmneparype. M3mepenune J1O pemerku,
3aMMCcaHHoM 10 MakcuMyma 35%, U OCTaBIIEHHOUW B TEMHOTE Ha CyTKH (24 "aca) mpu KOMHATHOM
TEMIIEpaType MOKa3aao0 MOCTOSIHHYIO BETUYUHY.

Takum o0pazom, Obu0 TOKazaHo, 4to Ha MHC As;S3;-Se Bo3MokHa peBepcUBHas
rojiorpaduueckasl 3anuch MpH OPTOrOHAIBHOW HMpKYJsipHoil monspuszauuu LCP:RCP. Ilpu

nmpoBeeHHBIX 10 IUKIax 3amucu-CTHpaHus (3lech HE IMOKa3aHo) KWHEeTWKa pocta /D u ee
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MaKcHUMaJbHas BeJIMYMHA HEe U3MEHWINCh. [loHOE cTHpaHue penieTKu BO3MOKHO OJHUM JTy4YOM
C JIMHEWHOW BEPTUKAIBHOUN S MO pr3aIue.

l'onorpaduueckast 3anuch Ha TMPeIBAPUTEIBHO-OOIYUYEHHBIX 10 HACHIMIEHUs oOpasmax, a
TaK)Ke PEBEPCUBHBIN XapaKTep 3allUCH CBUAETEIBCTBYET O TOM, UTO B Ipoliecce popMUPOBAHUS
pemeTki B OpTOroHanbHOW IUpKyssipHod monspuszanmuun LCP:RCP "M mnpomeccsl ¢oTo-
CTPYKTYPHBIX MIpeBpallieHu, HU (HOTO-CTUMYIHpPOBaHHAs HHTEPAUPQY3Us CIOEB HE YUaCTBYIOT.
MOXHO TpeAnonoxurs, uyto (GopmupoBanue JIP o0ycioBieHo (HOTO-CTUMYTUPOBAHHBIM
MacconepeHOCOoM, IPUBOIAIIMM K (POPMUPOBAHHIO PENbE(HOTO THIIA PELIETKH.

UccnenoBanue mosepxHocTHoro penbedha MHC  As2S3-Se  mocne  MHOTOKpaTHOM
rosorpaduueckoii 3amucu npoBoauiu Ha ACM Dimension 3100 B MOJTYKOHTaKTHOM PEXHUME.
Tonorpagus nosepxuoctu AP ¢ J13=33% nocne 7 nMKIOB 3aIMCU-CTHPAHUS, @ TaKXkKe MPO(Ub

pelIeTky, oKazansl Ha puc. 4.20.

250 T T T T

200 -

£ 150 E
c

h,

0.26 pm
100 —
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st

Puc. 4.20. U300pakeHue noBepxHOCTHOrO peabeda u npodpuas AP ¢ 1 n=33%,
MOJIy4eHHOMH nocJie 7 Huka0B 3anucu-crupanust Ha MHC As2S3-Se [214].

Kak Bunno u3 puc. 4.20, JIP, 3anucannas Ha MHC As>S3-Se, npeacraBusieT coboit penbedHyro
CTPYKTYpPy C CHHYCOMJAJIbHBIM mpoduiaeM u riyouHoi penbeda mopsaka 210 am. Croinb
3HAYUTENbHas ITyOuHa Moaysauuu peiabeda 7=210 um (~ 12% OT TONIIUHBI CII0S) U TOKA3aTeNb
npenomienns MHC As;S3-Se, paBHbIil n=2.55 (A=650 HM), onpenemnseT MoJydeHHOEe 3HAUYCHUE

J3. 1D ToHKUX (ha30BBIX CHHYCOHMJIAIBHBIX PEHIETOK ONPEAEIAeTCS U3 COOTHOIICHUS:
2
n=J>? <7- (h-(n— 1))), rae J; — ¢yskuus Beccenst mepsoro poma, A - JjMHA BOJHBI

u3Mepenus 13, h — rmyOuHa Moy siuu penbeda, 7 — moKa3aTesb IPeIOMIICHUS CPEIbl PEIIETKH.
HO,Z[CTaBJIHH N3BCCTHBIC NJAHHBIC, MOXHO JICTKO IMOKAa3aTh, YTO TCOPCTUICCKOC 3HAUYCHUC I[3 JIIsL
pemetku rayounoi 210 uM, 3anucannoit Ha MHC As»S3-Se, cocraBisier nopsaka 31.5%, uro

XOopomio cCorjaCyercsa ¢ OKCICPUMCHTAJIbHO M3MCPCHHBIM 3HAYCHUCM. N3 »sTOro MOXKHO
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3aKJIIOYUTh, YTO OCHOBHBIM (DaKTOPOM, ONpEAENSIONUM 3HadeHue /1D 3amncaHHBIX PELIETOK,

SBIIETCS MOLYTIALUA penbeda.

4.5 ®opmMupoBaHUE TONMOJOTHYECKUX AUPPAKUMOHHBIX JIEMEHTOB M CHHTE3MPOBAHHBIX
roJiorpaMM B TOHKHMX IUICHKAX a30M0JMMEPOB M  MHOIOCJIOHWHBIX  CTPYKTYp
XaJIbKOTeHUIHBIX CTEKOJI.

B paGorax [216-219] omucana TexXHOJIOTHS 3amucd W (OPMHPOBAHUS pEIbEPHBIX
TOTIOJIOTUYECKUX TU(DPAKIIMOHHBIX dJIEMEHTOB, (POPMHUPYIONINX CUHTYISPHBIE CBETOBBIC IMyYKHU
(onTHYecKue BUXPHU) C pa3IMYHBIMU TOMOJOTHYECKUMHU 3apsaMH, HA OCHOBE TOHKUX IOJIOTPAMM,
3alMCaHHBIX B CHOsSX KapOazon-comepxkamiero aszonmosmmmepa [IDOIIK-J103. [Jlns 3amucu
penbedHBIX PEHIeTOK B IMJICHKE HCCIEIyeMOTo a3oMoiMMepa MPUMEHWIN JBYXIYYEBYIO CXEMY
3alncH, TOKa3aHHyl0 Ha puc. 3.4. B mpeamerHoM mnyuyke momermancs (a3oBBIH DJIEMEHT,
peoOpa3yIouuii TayccoB My40K B ONTHUYECKUI BUXPh C TOMOJIOTHYECKUM 3apaaoM |. MomHoCTh
OTNOPHOT0 W MpeaMeTHOro mydkoB coctabisuia S0 MBt u 30 MBT, coorBercTBeHHO. CocTOosiHME
MOJISIPU3ALIMU 3AIHMCHIBAIOIINX My4KOB Obuto P:P. Yronm cxoxnmenus cocrasmsn 0 = 5,5°, uro
o0ecreynBalo yCIOBHs 3alICH TOHKON (ha30BOM roJ0rpaMMbl C IEPHOJOM A= 6 MKM, TOJIIIIHA
meHKn aszonoyimMepa coctaBisia d= 600 mm. Jlna xontpons 1D dopmupyemoit pemeTku
KCTOJIb30BAJIOCH U3JIyYEHHUE MTOTYIPOBOIHUKOBOTO Jlazepa Ha JjiuHe BoJaHbI 532 uMm. Ha puc. 4.21
(a) mpencraBieHa KWHETHUKAa M3MEHEHHUs /D HyIeBOro W mMepBOro MOPSAKOB Audpakiuud co
BPEMEHEM JKCIIOHUPOBAHUS PEIISTKH U KapTHHA AU(PaKIUKA Ha PEIIeTKEe IPU BOCCTAHOBICHHUH
CUHMTHIBAIOIINM JIazepoM. MakcumanbHas /D 3anmucanHol penbedHON TOJorpaMMbl B IIEPBOM
nopsiake cocraBuiia 16% npu BpeMeHn 3KCcnoHUpoBaHus t = 8 MuH. MccnenoBanue 3anmMcaHHOM
pemretku ¢ momomnisio ACM mnoka3ano Hanuuue NepuoAndeckoro penseda rryounoi 10 400 HM.
Tonorpacgus noBepxHocTHOTO penbeda nokazana Ha puc. 4.21 (6).

AHanu3 TOMOJOTHMYECKOro 3apsiia AudparupoBaHHBIX MYYKOB ObUI TMPOBEACH C
ucrnosib30BaHueM  uHTepdepomeTpa  Maxa-llenaepa, peanusyromero HMHTEPPEPEHLUIO

CUHTYJIIPHOTO CBETOBOT'O ITy4Ka C IUNIOCKON BOJTHOM.
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Puc. 4.21 (a) Kuneruka usmenenus /[J HyJieBoro, nepsoro 1 BTOporo nopsiikoB
audpakunum co BpeMeHeM 3KCIOHMPOBAHUSA PellleTKH ¢ KapTUHOM qudpakuuu; (0)
Tomorpadgusi nOBepXHOCTHOTO peJibeda [216,217]

JudpakmoHHas KapTWHA W KApTUHBI MHTEPPEPEHIIMU MyYKOB PA3IUYHBIX IMOPSIKOB
mudpakuun (0,+1,+2) npencrasiens! Ha puc. 4.22. BunHo, 4To HyJIeBOH NOPSAOK AU(PPAKIUH
COXpaHseT TOIOJIOTHIO OIMOPHOro mydka (Tomojoruueckuii 3apsn 1=0). B mepBom mopske
mudpaku  GOPMHUPYETCS BUXPh C TOIMOJOTHYECKHM 3apsiaoM |=1, BO BTOpOM TOpSIKE
T paKy HaOTIOAAeTCs BUXPEBOM MyUYOK C 3apsaom 1=2.

Takum  oOpa3oM, OBUIO MOKa3aHO  CO3/JaHUE  TOIOJIOTHYECKOTO  PeabeHOro
T (PaKIMOHHOTO 3JIeMeHTa (PEIIeTKH ¢ BUJIOYKOW) Ha OCHOBE CHHTE3UPOBAHHOTO a30I0IMMeEpa
st ¢gazoBoro mpeoOpazoBaHusi ['aycCOBOro CBETOBOrO Iydyka B TIy4oK ¢ (a3oBoit
CHHTYJISIPHOCTBIO (OomTHYecKuid BHXpb). [lokazaHo, YTO BeIMYMHA TOMOJOIMYECKOTO 3apsia

T parupoBaHHBIX IMyYKOB KpaTHA MOPAIKY TUPPAKLINH.
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0

+1 +2
Puc. 4.22. ®ororpaduu ceyeHuii CBeTOBbIX IMMYYKOB B -2 - +2 nopsaakax q1ugpakuuun

+2

(BepXHUii psAx) ¥ pe3yabTaThl HHTEP(epeHIIuOHHOTr0 caoxenus 0, +1 u +2 mopsAKOB ¢
IJIOCKOM BOJIHOM [216,217].

B pabore [218] B KauecTBe aszomoimMepa HCIOIB30BAICS COMOIMMEp Kapbas3ol-
conepxarmmii [II1K c azokpacutenem Solvent Yellow 3 (4'-amuno-2,3'-mumetmnazobenson). 1o
aHaJloru4yHOM cxeme 3amucH (puc. 3.4) ¢ mpumenenuem DPSS nazepa ¢ nnuHoit BosHbI 473 HM
(100 mBT) 6pu1a 3anucana JIP, rae B kauecTBe 00beKTa BHICTYNUI (Da30BBIi BUXPEBOM DIIEMEHT C
sapsaom [=1 (WPV10L, Thorlabs). Yron cxoxaeHus 3anuChIBAIONIUX TyYKOB COCTABIISLI 6=3.6°,
YTO 00ECIeYnBaJIO YCIOBUS 3alMCH TOHKOM (ha30Boii Tosorpammel ¢ iepuoaoM A= 7.3 mxm. Ha
puc. 4.23 moka3zana AudpaklMOHHAs KapTHHA, BOCCTAHOBJIEHHAas OT 3amucaHHoro /10D, rue B
TUQGPAKIIMOHHBIX MOPSIKaX HAOMI0MAI0TCs (Da30BbIE CHHTYISIPHOCTH TPOSIBISIOIINECS B BUJC
OyOnuka. Bemnumaa JID mepBoro mopsiaka, M3MEpPEeHHas C TOMOIIbI0 HHU3KOMHTCHCHBHOTO

JIa3epHOro MyyKa ¢ JJIMHOM BOJIHBI A = 473 HM, coctaBuia 24 % 3a 12 MUHYT 00ydeHHUs.
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Puc. 4.23. InppaxkuuonHasi KapTHHA 3aNIMCAHHOTO MO ABYXJy4eBoii cxeme 10 ¢
HaO0aaeMbIMU 7 opsiakavu audpakuun [218]

B pabore [219,220] Obu1 3ammcan JIOD ¢ MOMOIIBIO CHHTE3UPOBAHHOH IM(pPOBOI
roJI0rpaMMBl (pELIETKA ¢ BUJIOUKON ), COOTBETCTBYIOIIEH ONTUYECKOMY BUXPIO C TOIOJIOIMYECKUM
3apsimoM 1=2. Jlis 3TOro MCHONB30BAJICS MPOCTPaHCTBEHHBIM Monynstop cera (LC2002,
HOLOEYE), ¢ noMomipio KOTOPOTro KapTHHA CUHTE3WPOBAHHOW TOJOTPaMMBbI MPOEIIUPOBAIACH
TEJECKONMMYECKOW CHUCTEMOM Ha MOBEPXHOCTH azornonumepa (0IHOIyuYeBas cxema 3amucu). Ha
puc. 4.24 npencraBiieHbl CMOACTUPOBaHHAs (a30Bas KAPTUHA ONTHUYECKOTO BUXPS C 3apsiioM =2
(puc. 4.24(a)), cuHTE3UpOBaHHAs TOJIOTPaMMa 3TOT0 BUXps (puc. 4.24(0)) u cMoaenupoBaHHas U

peanbHO-BOCCTAHOBIIEHHAS TU(PAKIIMOHHAS KapTHHA 3TOU rojiorpaMMel (puc. 4.24(B)).

2 6

B

Puc. 4.24. a - CmogeaupoBanHas ¢a3zoBasi KApDTHHA ONITHYECKOI0 BUXPS ¢ 3apsaaoM 1=2; 6 -
CHHTE3MPOBAHHASA I0JIOrPaMMa 3TOr0 BUXPSI; B - CMO/IeJIUPOBAHHASA U PeajbHO-
BOCCTAHOBJICHHAS TU(PPAKIIMOHHAS KAPTUHA 3TOi rojiorpammsl [219].
Kak BugHOo, Ha audpakIMOHHONW KapTUHE HaOIIOAal0TCsA (Ha30BBIE CHUHTYISAPHOCTH,
NpOSIBISIIOIIMECST B BHJE OYyOJMKOB, pAacloIOKEHHBIX B OJAHY JHMHHUIO. BoccraHoBieHue
roJiorpaMMbl Ha 3€JIEHOM JIJIMHE BOJIHBI MTOKa3aHo Ha puc. 4.25. Makcumywm /I3, u3amMepeHHbIN B

nepBoM audpakuoHHoM nopsake coctaBui 0,1% nocne 180 MunyT 06s1ydeHusl.
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Puc. 4.25. IndppakumoHHasi KAPTUHA 3ANUCAHHOIO 10 OJHOJY4eBOH cXeMe ONTHYeCKOr 0o
BHXPH ¢ 3apsaoM 2 [218]

Takum oOpa3om, B JaHHBIX padoTax MOKa3aHbl KaK aHAJOTOBbIe, TaK U HU(PPOBBIE METOIBI
zamucn  J10D, GopMHPYIOIIUMX CHHTYJISIPHBIE CBETOBBIE IyYKH (ONTHYECKHE BUXPH) C
pa3IUYHBIMHU TONOJOIMUYECKUMH 3apsaMU, HA OCHOBE TOHKUX IOJIOrpaMM, 3allUCaHHBIX B CIOAX
a30I0JIUMeEDA.

B coBmecTtHO#l paGorte [221] moka3zaHO NpPUMEHEHHE pa3padOTaHHONH MHOTOCIOWHON

CTPYKTYpPBI As2S3-Se 1J1s1 3alHCH COCTAaBHBIX HAJI0KEHHBIX PEIIETOK.

4.6 BeiBoALI K I71aBe 4.

1. Bwuto mokazaHo, 4TO HOBBIM CHHTE3UpOBaHHBIN azonoymmep noau(PEPC-co-DO) moxer
ObITh HCHOJB30BAaH B KAuyeCTBE PETUCTPUPYIOIIEH Cpeapl Uisl NpsSMOro (GopMHUpOBaHUS
MOBEPXHOCTHOTO penbeda ¢ Bricokoi JID. ['onorpaduueckue pemerku ¢ Beicokoit 13 6omee 30%
3anucanbl B TOJU(PEPC-co-DO) a3zonmonuMmepHbIX MJIEHKAX METOJIOM MOJISPU3aLUOHHON
rojorpaduu. OnpeneneHsl oNTUMaibHas KOHLEHTpauus azokpacurens 30 mac. % u TonamuHa
meHku 1600 am. O6yueHne a30moJIMMEPHBIX TUICHOK OJIMHOYHBIM ITyYKOM TTpH 473 HM B 1OJI0Ce
MOTJIOLIEHUST TpaHCH30Mepa € LEHTpoM ~450 HM NPUBOIUT K CTPYKTYPHOMY IIEpPEXONy B
ucuzomep. ['onorpaduyeckas 3amuch Mpyu pa3TUIHBIX KOH(DUTYpaAIUIX MOJISIPU3ALNY TTOKa3ana,
yro P:P monspuzamus obecnieunBaer makcumyM /1D oxoino 33%. MccnenoBaHue MoTy4eHHBIX
peleToK mokasajno, 4to BenuuuHa J[OD oO0yclioBIeHA B OCHOBHOM MOAYJSIIIUCH penbeda
MMOBEPXHOCTH, YTO TMOATBEPKAAECTCA XOPOIIMM COBIIAJEHUEM OJKCIIEPUMEHTAJIbHBIX U
TEOpEeTUYECKUX 3HaueHuu J10.

2. beina uccnenoBaHa peBEPCUBHOCTH MpsIMOTO (opMmupoBaHus penbedHbIx /[P B crosx
MHC As»S3-Se ¢ momoripio moisipu3anioHHoN rosorpadudeckoit 3amucu. [lokazano, dro
3acBeTka MHC As>S3-Se akTHHUYHBIM CBETOM MPHUBOAUT K (POTO-TIPOCBETICHHUIO, B OTIUYHE OT

ciost As2S3, ¥ TpeOyeT HaMHOro OoJbineit skcno3unuu (B 15 pas). [lpu aToM mpeaBaputenbHoe
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o0JIlydeHue 10 HACBIEHUS (POTO-CTUMYJIUPOBAHHOIO MPOCBETIECHUS HE BIIMSAET HA BEIUUUHY
MakCcUMaIbHO-TOCTIRUMON  JID mM=35%, HO HeoOXoauMmasi SKCHO3WIUS JO JOCTHIKCHHS
MakcuMyma yBenauuuBaercs ¢ 2190 I[)K/CM2 1o 2830 I[)K/CMZ. Tax:xe Moka3aHo, YTO SKCITO3UIHS
OJIHMM JIy4OM IIPUBOJMUT K CTUPAHUIO 3allMCAaHHOM 10 Makcumyma [P, mpudeMm skcro3unus,
TpeOyeMas Uil CTUpaHMs B JiBa pa3a MEHbIIE dKcno3uuuu 3anucu. IIposenennsle 10 muxion
3amUCcU-CTUpaHus Tokasainu, uTo Ha MHC As>S3-Se Bo3mMoskHa peBepcuBHas Tojorpaduyeckas
3alUCh PU OPTOrOHAJIBHOM KPYroBOM nojspusauuu. lccienoBaHue MOMy4eHHBIX PELIETOK Ha
ACM 1noaTBepIWIIMBBIBOJ, YTO OCHOBHBIM (DakTopoMm, ompefenstomuM 3Hadenue [1O
3allMCaHHBIX PEUIETOK, SABISAETCA MOLYJIALMS penbeda, KoTopast cocTaBisieT A0 12% OT TONIIMHEI
CJI0S1.

3. Tloka3zaHbl Kak aHaJOTOBBIE, Tak W LU(poBele MeToAbl 3anucu 10D, popmupyrommx
CHHTYJISIPHBIE CBETOBBIC yYKH (ONITHYECKUE BUXPH) C Pa3TMYHBIMHU TOMIOJIOTHUYECKUMHU 3apsiiaMH,
Ha OCHOBE TOHKHUX I'0JIOrpaMM, 3allUCAHHBIX B CJIOAX pa3pabOTaHHOIO a30MoJIuMepa.

4. bputa npoaeMoOHCTpUpOBaHa Trojorpaduyeckas 3amuch pelbe@HBIX HaToKeHHbIX J[PTOK
Ha MHC As>S3-Se. /IP paznnuHbIX KOHGUTYpaIii MO3BOJISIOT FTeHEPHPOBATD JKeJaeMble OJTHO- U
JIBYMEpPHbIE MacCHUBbI JU(PPAKIMOHHBIX MOPSJIKOB C 33JaHHBIMU TOMOJOTHYECKUMH 3apsiiaMu.
MBI HCHOIB30BAIN CIIMPAJIbHBIE (Da30BbIE MIIACTUHKU Pa3IMYHBIX 3aps/10B IS TeHEpalluy IyYKOB
¢ (ha3oBOM AMCIOKALUEH, HHTEP()EPUPYIOIUX C FAyCCOBBIM ONMOPHBIM ITyYKOM JIJIsl U3TOTOBJICHHS
OJTHOMEPHBIX peuieTok. Kak nmoka3zaHo, JaHHBIM METOIOM MOXXHO KOHTPOJIMPOBATH HE TOJIBKO
TOTIOJIOTUYECKUHA 3apsia KaXJIoro IU(GPaKIMOHHOTO MOpsAKAa, HO M €ro pacloloXeHUuEe |

WHTCHCUBHOCTD.
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OCHOBHBIE BbIBO/JIbI U PEKOMEHJAIIUU.

B xonme mpoBenenusi gaHHOW paOOThl OBLIM PAacCMOTPEHBI CKASpPHBIE U BEKTOPHbBIE
MPOLIECCHI B MHOTOCTIOMHBIX HAHOCTPYKTYPaxX HAa OCHOBE XalIbKOTECHHUIHBIX CTEKOT M B TOHKUX
IUIEHKaxX Kap0a3oJi-CoAepKalluX MOJMMEPOB, BO3HUKAIOUIME IO/ BO3JICHCTBUEM CBETOBOTO H
ANIEKTPOHHOTO OOJyueHHsl, HA OCHOBE KOTOPBHIX BO3MOXKHO CO3/IaHWE MHOTO(YHKIIMOHATbHBIX
TG PAKIIMOHHBIX ONITUYECKUX 3JIEMEHTOB. bblin chopMyIIMPOBAHbI CIEAYIONINE BBIBOIbI:

1. Pa3paboTan MeTox KOMIBIOTEPHO-YIIPABISEMOIO IOCIEAOBATEIBHOIO TEPMHUECKOTO
WCIIApEHUS B BaKyyMe JUIsl CO3/IaHUS HOCUTEEH 3aITMCH Ha OCHOBE HAHOMHOT OCJIOMHBIX CTPYKTYP
U3 XaJIbKOTEHUJAHBIX CTEKOJ. ObLIN MOJyYEHbl B OJJHOM TEXHOJOTHYECKOM IMKJIE KaK OTAeNbHbIE
MHOTOCTIONHBIE 00pa3ibl Se, AsxS3, As37SssGes, AsaS3Mnoy,, AsaS3Cray, Tak B MHOTOCIIOWHBIE
HaHOCTPYKTYphl XC-Se ¢ BO3MOKHOCTBIO BapHAaIlMK TOJIIMHBI KKIOTO MOHOCTIOS B Mpeaenax
HECKOJIbKUX HAHOMETPOB. TE€XHOJIOTHS MO3BOJIIET HAHOCUTh TOHKHE IUICHKH C HAaHOMETPOBOM
TOJNIIMHONW MOHOCJIOS OT JIECATH HM JI0 OOIIEeH TOMIMHBI 00pa3na ~3,0 MKM.

2. Cunte3upoBaH psn kapoOazon-cogepxkanux coequnenuid (IIDI1K, T-I19T1K) na ocHoBe N-
snokcunponmikap6asona (DIIK), B KoTOpble [ TOBBIINICHUS YYBCTBUTEIHHOCTH OBUIH
no6asiensl Homohopm (o 10 macc.%) u aucnepc-opankesbiit (10 50 macc.%). Jlns momydeHus
TOHKUX IUJICHOK ONTHYECKOTO KauyecTBa U3 HCCIIENyeMbIX (DOTOMOJIMMEPOB OBLIM pa3pabOTaHbI
TEXHOJIOTHYECKHE KapThI TTOJIMBA TOHKHUX TJICHOK M3 pacTBOpPOB Ha ycTaHoBke SCS Spincoat G3P.
3. TlokazaHo, YTO mMpH CKaJsApHON ronorpaduueckoi 3amucu B TOHKHMX IuieHkax XC, JIP
SBIIAIOTCSL  aMIUTUTYJHBIMH,  OOYCIOBIEHHBIMH  (DOTOMHIYIIMPOBAHHBIMU  H3MEHEHUSMU
Kod(uimeHTa MOTIONICHUST W TIOKa3aTessl MpeJIoMJICHUsT B 0o0beMe Marepuana. B TOHKHX
IUIEHKaX HccaeayeMbix (OTOMOIMMEPOB CKaligpHas rosiorpaduueckas 3amuch MNPUBOAMUT K
oOpa3zoBaHui0 aMIUIUTYAHBIX JIP B oObeme mommmepHoil muenku. s momydeHus: penbeda
HEO0XOAMMO JIOTIOJIHUTEIHHOE TPaBJICHHUE.

4. Tloka3aHo, UTO KaK IPU pacTPOBOM, TaK U MpH rpadpuueckomM 00IyuyeHUH HIMEKTPOHHBIM JTy4OM
MHC XC-Se u TOHKHX IUIEHOK (DOTOIOJIMMEPOB, 00pa3yroTcs aMmrumuTyaHo-(pa3osbie JIP,
00ycJOBJIeHHbIE 00pa30BaHUEM 3JEKTPOHHO-IBIPOYHBIX Tap B o00beMe O00pa3loB W
“BCIyuMBaHUs MaTepHalia 3a c4eT OOJBIION YHEPTUU U TITyOUHBI POHUKHOBEHHSI DJIEKTPOHHOTO
oOnyuyenus. IlomyueHo Xopoliee COBMAJEHHE PACCYUTAHHBIX M IKCHEPUMEHTAIbHO

Ha0II0JaeMbIX TU(GPAKIIMOHHBIX KapTHH.
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5. DKCIepUMEHTaIbHO TMOATBEPXKACHO TMposiBieHue QopmbakTopa TMpu  ONpPEaeICHUU
JUHAMHYECKOro Juara3oHa (OTOOTKIMKAa MPU M3YUYEHUU PETHUCTPUPYIOLIUX CPEll Ha OCHOBE
MHOTrOCJIONHONH CcTpykTypl XC M B a3omoiumepax, 3HA4Y€HHs KOTOPOro MOATBEPAUIIOCH C
MIOMOUIBIO APYTUX METOOB UCCIIEIOBaHMS, @ UMEHHO aTOMHO-CHIIOBOM MUKPOCKOIIHH.
6. Ilpennoxxen crnoco0 M3MEpeHUs BETUYMHBI (DOTOOTKIIMKA TOJOTPaGUIECKOTO MaTepuaia 1o
CTPYKTYpUPOBaHHOW  mudpakimmoHHONW KapTuHe. Iloka3aHo, 4dYTO 3amMch TOJOTPaMM
HEOJHOPOAHBIMU 110 HMHTEHCHUBHOCTH IIy4KaMHd HPUBOJUT K CTPYKTypPUPOBAHHOMY
¢dopmupoBaHuio IUGPAKIMOHHON KapTUHBL. JlJis raycCOBBIX TOJIOTpaMM MaKCHUMAaJbHO
noctuxumas /1D orpanuunBaercs 3dpdexToM GopMakTopa, KOTOPBIM MpUCYI KaK IS TOHKUX
PELIETOK, TaK U JJI TOJICTHIX.
7. lloka3zaHo, YTO KaK aHAJIOTOBbIE, TaKk W IHUQPPOBBIE METOJIBl MOJSPU3ALUOHHOM
rojiorpagpuuecKkoil 3anucu, GOPMHUPYIOIINX CHHTYJISIPHBIE CBETOBBIC YUK (ONTHYECKUE BUXPH)
C pa3IUYHBIMU TOIMOJIOTUYECKUMHU 3apsiiaMy, TO3BOJSIOT CO3/1aBaThb MHOTO(YHKIMOHAJIbHBIE
J1OD Ha pa3zpabaThIBa€MbIX PETUCTPUPYIOIINX CPEeaax.

VY4uTHIBas BBILIEN3I0KEHHBIE BHIBO/IBI, MOXKHO CAEIATh CIEAYIONNE PEKOMEHIAINN:
o Jlna pemeHus 3amady  (GoOpMUpOBaHMS U OOpabOOTKM CBETOBBIX ITyYKOB 3aJaHHOU
MPOCTPAHCTBEHHOW CTPYKTYpPbI U ONTHYECKOW 00pabOTKM MH(POPMALUU B pPeaJbHOM BPEMEHH
HEOO0XOMMO HMMETh CPEIbl C MOBBIIMIEHHONW (POTO- M MOJISAPU3AUOHHONW YYBCTBUTEIBHOCTHIO,
CKOPOCTBIO 3alMCH M CUWThIBaHHS WH(poOpMauuu. PacmivpeHHble HcCIeI0BaHUS BIUSHUSA
HAaHOCTPYKTYPUPOBAaHUS W  aHU30TPOINUH, (OTOMHAYLUMPOBAHHBIX B  MHOTOCIOMHBIX
HAHOCTPYKTYpax M3 XaJbKOT€HHIHBIX CTEKOJ M a30MOJIMMEPOB, Ha (GOpMHpOBaHHE penbeda
MOBEPXHOCTH M HM3MEHEHUH MoKa3aTessl Ipe’aoMiIeHUsi OyIyT CIOCOOCTBOBATH JAalbHEUIIEMY
IMOHMMAaHHUIO B3aMMOJICHCTBUI CBETA U MAaTEPUH.
e brnarogaps BximodyeHuto JJOD B TpaeKkTOpHIO pacnpOCTpPaHEHHS JIA3€PHOTO My4Ka MOMKHO
ruOKO KOHTPOJIUPOBATh MPO(UIL MyYKa U NMPU HEOOXOJUMOCTH MEHATh €0 B COOTBETCTBHH C
TpeboBaHusAMU MpUMeHeHHs. HecMOTps Ha 3HAUUTENbHBIN MTpOrpecc B pa3pab0TKe U BHEAPEHUU

J1OD, pacmmpenue QyHKIIMOHATHHBIX Bo3MoxKHOCTel JIOD ocTaeTcst akTyanbHOU 3aauei.
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	Рис. 1.8 Профиль рельефа поверхности на многослойной структуре a-Se/As2S3 [31].
	Рис. 1.7 Зависимость изменения относительной толщины от времени для структуры с периодом D= 9 нм, представленной на рис. 1.8 [31].
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