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OBIIAS XAPAKTEPUCTHUKA PABOTEI

AKTYaJIbHOCTH MPO00JIeMBbI

[Ipouecchl, NPOUCXOASIIME BO MHOTHX BBITYCKAEMBIX NPOMBIIIJIEHHO-
CTBIO TIOJIYIIPOBOJJHUKOBBIX MPUOOpaX, B TOM YKCJIE aKTUBHO MCIOJIb3YIOIINXCS
B COBpEeMEHHOU TBepaoTelbHON CBY-31eKTpOHUKE, CYUTAIOTCS W3BECTHBIMHU U
XOpoIIO M3y4eHHbIMH. OHAKO, AJeKO HE BCE IKCIIEPUMEHTAJbHBIE JTaHHBIE,
coOpaHHbBIE B MPOIECCE MCCIENOBAHUS PabOThl PA3TUYHBIX MOIYHPOBOJIHUKO-
BBIX CTPYKTYp, ObUIM MOJy4eHBI Ha 0OOPYJOBaHHH, COOTBETCTBYIOLIEM COBpE-
MEHHOMY YPOBHIO. XapaKTEPUCTUKH ITUX CTPYKTYp JAJEKO HE BCErJa UCCIEN0-
BaJIUCh C UCIIOJIb30BAHUEM MOSBIISIIOLIMXCSI HOBBIX BBICOKOTOYHBIX METOJIOB H3-
MEpPEHHM.

HapaBHe ¢ skcnepyuMEHTanbHBIMA COBEPUIEHCTBYIOTCA U TEOPETUYECKUE
METO/Ibl UCCJIe/IOBAaHMUs, 0J1aroiapsi yBEJIMUYECHUIO BIYMCIUTEIbHBIX MOLIHOCTEH
coBpeMeHHbIX DOBM, 3HaUNTENbHO YMEHBIIMIICA BPEMEHHOM IMAIa3oH, 3aTpa-
YUBAEMbII JI pEeLIeHUsl 3JIEKTPOJMHAMUYECKUX 3a7ad, HEOOXOAMMBIX JUIs
aJIeKBaTHOT'O OMUCaHUs padoThl TBepAOTENbHBIX MpruOopoB CBY. CoBpemeHHbIE
OBM 103BOJISIOT peliaTh CUCTEMbl HETMHEHHBIX AU depeHInanbHbIX ypaBHE-
HUW C HUCTOJIb30BAHUEM YHCIEHHBIX METOJIOB.

[IpuMeHeHne CIOUCTBIX CTPYKTYpP Ha OCHOBE HAaHOMETPOBBIX MOJIYIPO-
BOJHHUKOBBIX M METAJLUIOAUAIEKTPUUECKUX CTPYKTYP B MUKpPO-, akycTo-, CBU- u
OMTORJIEKTPOHUKE YaCTO OMPEIEISIETCS CIIOCOOHOCTHIO OTPaXkaTh U IMOTJIONMIATh
IIEKTPOMArHUTHOE H3JIyYEHUE Ha Ppa3JIMYHbIX YacToTax. UyBCTBUTEIBHOCTH
VU3MEHEHUS XapaKTEPUCTUK U3IYyUYEHUS K BapHALIMK IAPaMETPOB CTPYKTYP PE3KO
NOBBIIIAETCA, €CJIM YaCTOTHBIE XapAKTEPUCTHKU U3MEPUTEIBHBIX CUCTEM HOCST
PE30HAHCHBIN XapaKTep.

OnHYMM W3 BaXKHEWIMX 3TAllOB B TEXHOJOTIMU MPOU3BOACTBA COBPEMEH-
HBIX YCTPONCTB MUKPO- U HAHOAJIEKTPOHUKH SIBIISIETCS OCYILIECTBIEHUE MHOTO-
apaMeTPOBOrO KOHTPOJISI 3JEKTPOPUZUUECKUX XaPAKTEPUCTHK CIOEB pealib-
HbIX HAHOMETPOBBIX MOJIYIIPOBOAHUKOBBIX U METAJUIOAUAIEKTPUUECKUX CTPYK-
TYyP.

Hcnonb30BaHne COBPEMEHHBIX AKCHEPUMEHTAIBHBIX METOJIOB HCCIIENO-
BaHUSl U TEOPETUYECKOE ONHCaHuE 0€3 MPUMEHEHHs YIPOLIAIOUINX MPEAnoo-
KEHUN OTKPBIBAET BO3MOXKHOCTh PAaCIIMPHUTh (PYHKIMOHAIBHBIE BO3MOXHOCTHU
pe3oHaHCHbIX CBY-MeTO10B KOHTPOJIS NapaMeTPOB SMUTAKCHAIBHBIX MOJIYIIPO-
BOJHUKOBBIX METAJUIOAUIIEKTPUUECKUX CTPYKTYP C HAHOMETPOBBIMU CIOSMH.

Cpenn MeTOOB, MO3BOJSIOUIMX KOHTPOJIUPOBATH 3IEKTPOPUIUUECKHE
napameTpbl CTPYKTYP, COAECPHKAIIMX MMOTYIPOBOJIHUKOBBIE I HAHOMETPOBBIE Me-
TaJUIMYECKHUE CIIOM, BakHOE MecTO 3aHuMaroT CBY-mMeronsl, OCHOBaHHbBIE Ha
UCCIICJOBAHUH XapPaKTEPUCTUK PACIPOCTPAHEHUS AJIEKTPOMArHUTHOIO M3JIyYe-
HUS B BOJHOBEAYLIMX CHCTEMAaxX MPU BBEACHUU B HUX METAJUIMYECKUX, TUIIICK-
TPUYECKUX U MOJYNPOBOAHUKOBBIX JIEMEHTOB. JTH METOJbI SIBJISIOTCS HauOo-
Jiee MPEANOYTUTENBHBIMU JJIsl ONPEEICHNS NapaMeETPOB MAaTEPUAJIOB U CTPYK-
Typ, UCTIOJB3YEMBIX MpHU co3nanuu npubdopoB CBU-31eKTpOHUKH, TaK KaK WH-



dbopmarys, MoayyeHHas ¢ MOMOIIbI0 HU3KOYACTOTHBIX METOJIOB, MPU MEPEXOe
B CBY-mmama3zoH MOXET OKa3aTbCsl HEIOCTATOYHOW sl KOHCTPYHMPOBAHUS
CBY-yCTpoOiCTB C 3aJaHHBIMU XapaKTEPUCTUKAMMU.

C uenbro MoBbIIEHUS 4yBCTBUTENIbHOCTH CBY-METON0B HMCNONB3YIOTCSA
ANEKTPOJUHAMUYECKUE CUCTEMBI, B KOTOPBIX YAaCTOTHAsl 3aBUCUMOCTb KO3 Pu-
LMEHTOB OTPAXEHUS W NPOXOXKICHUS Uil U3MEPSAEMBIX CIIOMCTBIX CTPYKTYp
PE3KO U3MEHAETCS IPU BapHallMi apaMETPOB BXOISALIMX B UX COCTAB METaJIN-
YECKUX U MOJyNPOBOJHUKOBBIX CIIOEB.

K Takoro poga cucreMaMm OTHOCATCS OJHOMEpHbIE BOJIHOBOAHbIe CBY
¢dotonnble Kpuctawiel. [Ipu Hanmuuu gedexra B TaKOW CTPYKType, HapylIaro-
IETO MEePUOINYHOCTD, B (DOTOHHOM 3aIpeleHHOM 30HE MOXKET MPOSIBISITHCS pe-
30HaHCHAas 0COOEHHOCTH [1], Ha3pIBaeMass MPUMECHOM MOJON KojebaHui [2] u
oOJazaroniasi BEICOKOM 4yBCTBUTEILHOCTHIO K MapaMeTpaM AedeKra.

K nactosmemy BpeMeHu pa3paboTaH psl METOAOB OIpEAesieHUs MHapa-
METPOB METAJUIOAUDIICKTPUUECKHUX U MOJyIPOBOJHUKOBBIX CTPYKTYpP, OCHOBAH-
HbIX Ha ucnoiab3oBaHu CBY (hOTOHHBIX KPUCTAIOB C HapyIlIEHUEM MEepUO-
JUYHOCTH. /[aHHBIE METOABI TO3BOJIAIOT ONPEAEIATh KOMIUIEKCHYIO AUIJIEKTPHU-
YECKYI0 IPOHUILIAEMOCTh TBEPABIX M JKUJKUX JHUAJIEKTPUKOB, TOJIIMHY WIH
YAEIBHYIO 3JEKTPONPOBOAHOCTh HAHOMETPOBBIX METAIUNIMYECKUX TUIEHOK.

N3BectHO, uTO OmHOMEpHBbIE BOJaHOBOAHBIE CBY (oToHHBIE KpHCTAIbI
UCITIOJIB3YIOTCS ISl peaju3alid METO/I0B OJTHOBPEMEHHOTO OIPEAEIIEHUS OJIHO-
ro WX JBYX NapaMeTPOB MOIYIPOBOJIHUKOBBIX CTPYKTYp, HAIPUMED, TOJIILIUHBI
U YIEIbHOM 3JEKTPONPOBOJHOCTH BBICOKOJIETHPOBAHHOTO MOJIYIPOBOJHUKOBO-
ro CJIOSl, HAHECEHHOT'0 Ha IMOJIYHU30JUPYIOIIYI0 MOJJIOXKKY [3], WM TONIIMHBI
METAJJIMYECKOTO CJI0Sl, HAHECEHHOTO Ha IMOJYNPOBOJHUKOBYIO MOMJIOKKY, H
YAENBHOM 3JIEKTPONPOBOJHOCTH MOJIOKKH.

B T0 k€ BpeMs 3Th METOBI MPEAIONATratOT UCIIOJIb30BAHNE HE3aBUCUMBIX
CrOCOOOB JUIsl  OMPENENCHHUs] OCTAJIbHBIX MapamMeTpOB MOJIYIPOBOJIHUKOBOM
CTPYKTYpPBI KPOME U3MEPSIEMBIX.

B cBs3u ¢ 3TUM sABISETCS aKTyalbHBIM pa3padOTKa U peain3anus METO-
JIOB MHOTONApaMETPOBBIX HM3MEPEHUN JIIEKTPOYU3UYECKUX XAPAKTEPUCTUK
AMUTAKCHAIIBHBIX MOJYIPOBOJHUKOBBIX CTPYKTYP C UCIIOJIb30BAHUEM OJHOMEp-
HeIXx CBY (OTOHHBIX KPHUCTAIUIOB, B YaCTHOCTHU, OJHOBPEMEHHOE HU3MEpPEHHE
Tpex u 06oJiee mapamMeTpoB MOJTYIPOBOJAHUKOBBIX CIOUCTBIX CTPYKTYP, BKIIIOUAst
napaMeTphsl MOTYIPOBOAHUKOBON MOIIOKKH. B TOM uuncnie ans pa3paboTku mo-
JTYTPOBOAHUKOBBIX MPUOOPOB HECOMHEHHBIH WHTEPEC MPEICTaBISIET YCOBEP-
[ICHCTBOBAHWE METOJIOB OTMPECNICHUSI MOABIKHOCTH CBOOOJHBIX HOCHTENEH
3apsiia B TOHKHUX CJIOSIX MOJYIIPOBOJIHUKOBBIX 3MUTAKCUATIBHBIX CTPYKTYD.

[Ipu peanuzanyi METONOB U3MEPEHHUS, B OCHOBE KOTOPBIX JIEKHUT B3au-
MOJICICTBUE 3JEKTPOMATHUTHOTO H3Iy4YeHUsI C (OTOHHBIMU KpHCTAILJIAMHU,
HEOOXOAUMO COOJIIOJIEHUE IMOCTOSHCTBA 3JEKTPOPU3NUECKUX U TeOMETpUye-
CKHUX MMapaMeTPOB JIEMEHTOB NMEPUOANYECKON CTPYKTYphl. JlocTHxKeHue nocra-
TOYHO OOJIBIIMX MPOAOJBHBIX Pa3MEPOB OAHOMEPHOTO (POTOHHOTO KpHUCTAIIa B



CBY-guana3zoHe Ipy yBEIMYEHHH YHCIIA NEPUOJUYECKH MOBTOPSIOIIUXCS dJIe-
MEHTOB MOKET NIPUBOJUTH K OTPAaHUYEHHUIO JOOPOTHOCTU IPUMECHON MOABI KO-
ne0aHuil U, CIIEOBATEIbHO, YYBCTBUTEIBHOCTH CHEKTPOB 3JEKTPOMArHUTHOIO
U3JIy4EeHHs] K BapUally NapaMeTPOB METALIOAMDIEKTPUYECKUX WIN TOJYNpO-
BOJHUKOBBIX CTPYKTYP, BBIIOJHSAIOMMX POJIb HAPYLIEHUI IEPUOJUIHOCTH.

ITosToMy npeacTaBiaseT 3HAYMTEIbHBIA HAYYHBIM M NMPAKTUYECKUM WHTE-
peC MOMCK HOBBIX PEUIEHUH, MO3BOJSAIOIMIMX PEATU30BATh METOIUKN U3MEPEHUN
apaMeTpPOB METAUIOAMDIIEKTPUYECKUX CTPYKTYp C ucrnosb3zoBaHueM CBU-
CXEM, COJep)KAIUX MHUHUMAJIBLHOE YUCIIO 3JIEMEHTOB M O0ECHEeUMBAIOIINX pea-
JU3AIUI0 PE30HAHCHBIX OCOOEHHOCTEH aMITUTYJHO-4YaCTOTHBIX XapaKTEPUCTHK
(AUX), obnamaronux BBICOKON YYBCTBUTEIBHOCTHIO K BapHalld MapaMeTpOB
CBEPXTOHKHMX ITPOBOJAIIMX IUICHOK C TOJIIMHAMH, COCTaBISAIOIIMMH €IUHULBI
HAaHOMETPOB.

OpaHMM M3 TakMX peleHUH MOXET OBbITh pealn3alus BOJIHOBOAHO-
JTUAJIEKTPUYECKOT0 PE30HAHCA C MCIOJIb30BAHUEM OJUHOYHBIX AJIEMEHTOB, I103-
BOJISIFOLIETO PEAIM30BaTh METOJbI ONPEIEICHUS NapaMeTpOB MaTEPHUAIIOB U
CTPYKTYp NpHU BO30Y>KJIEHUU B AIEKTPOJMHAMUYECKOW CUCTEME BOJIH BBICIIMX
TUIIOB, KOTOPbIE 00€CIIEYNBAaOT BOZHUKHOBEHUE BBICOKOJOOPOTHBIX PE30HAHC-
HBIX 0coOeHHOCTEH [4].

Heab nuccepranMoHHOM padoThI:

Teopetnueckoe u skciepuMeHTaIbHOE 000CHOBaHKE pe3oHaHCHbIX CBY-
METOJI0OB, OCHOBAHHBIX Ha MPUMEHEHUU (OTOHHBIX KPHUCTAJUIOB C HAPYIICHUEM
NEPUOAUYHOCTH, M  CXEM,  pEaNM3yIOUIMX  SBICHHE  BOJIHOBOJHO-
JOUJIEKTPUYECKOTO PE30HAHCA, I MHOTOIAPAMETPOBBIX U3MEPEHHUM 3JIEKTPO-
(u3NYECKUX XapaKTEPUCTUK MOJYNPOBOJHUKOBBIX U METAJUIOAUIIEKTPUYECKUX
CTPYKTYP C HAHOMETPOBBIMH CJIOSIMH.

JUis  NOCTHMXKEHMsI IOCTaBICHHOM 1€ ObUIM pEIIeHbl CIEAYOLue
3a/1a4u:

Pa3paboTka METO0B MHOIONIapaMETPOBOrO OINPEAEICHUS XapaKTEPUCTUK
HOJIyTIPOBOJITHUKOBBIX CIOUCTBIX CTPYKTYp Ha OCHOBE pellIeHUs1 OOpaTHBIX 3a1a4
II0 CHEKTpaM OTPAKEHUS M NPOXOXKIACHUSA 3BJICKTPOMArHUTHOIO H3JIy4YCHMS,
B3aMMOJCHCTBYIOIIETO C OJTHOMEPHBIM BOJTHOBOJHBIM (DOTOHHBIM KPUCTAILIOM C
HapyLIEHUEM NTEPUOJUIHOCTH B BUJIE UCCIIENYEMBIX CTPYKTYP.

DKCnepuMeHTAJIbHAS peanu3alus METOJI0OB OJJHOBPEMEHHOTO U3MEPEHUS
TOJNILUMHBI W YAEIBbHOM JJIEKTPONPOBOJHOCTH CJIOEB B IOJIYIIPOBOAHUKOBBIX
CTPYKTYypax € IOJYW3OJUPYIOIIEN TOMJIOKKOW, BBINOIHAIOIIMX  POJIb
HapyLIeHUs MNEPUOANMYHOCTH B OJHOMEPHOM BoiHOBOAHOM CBY doronHOM
KpUCTaJUIe, MO CHEKTpaM OTPAXKEHUS M IPOXOKICHUS DIIEKTPOMAarHUTHOTO
U3IIy4YCHHUS.

Pa3paboTka M 3KcCHepuMEHTalbHasg peaau3auus MoIu(PUIUPOBAHHOTO
Merona  CBYU-MarHUTOCONPOTUBIECHUS I W3MEPEHHsS  INOJABUKHOCTH
CBOOOIHBIX HOCUTENIEH 3apsja B CHIIBHOJIETMPOBAHHOM 3IUTAKCUAJIBLHOM CJIOE,
OCHOBAaHHOTO Ha PEIIEHUU OOPATHOM 3aJauu C MCIOJIb30BAaHMEM YaCTOTHBIX



3aBUCUMOCTEN KOA(D(OUIIMEHTOB MPOXOKACHUS U OTPAKEHUS, U3BMEPEHHBIX MPHU
BO3/ICMICTBUM MarHMTHOTO TIOJISI U B €0 OTCYTCTBHUH.

KomneroTepHoe MoeIMpOBaHUE aMILTUTYAHO-YaCTOTHBIX XapPAKTEPUCTUK
U pa3pabOTKa BBICOKOUYBCTBUTEIBLHOTO METOJAa W3MEPEHHUs IMapaMeTpoB
HAaHOMETPOBOTO0 METAJUIMYECKOTO CJIOSl, HAHECEHHOrO0 Ha AUDJIEKTPUYECKYIO
MOJJIOKKY, MpPU  BO3HUKHOBEHHMM B  DJJIEKTPOAUHAMUYECKOM  CUCTEME
BOJIHOBOJHO-IMDJIEKTPUYECKOIO PE30HAHCA.

OKCnepUMEHTaIbHAs ~pealu3alys METoJa HW3MEPEHHsS] MapaMeTpoB
HAaHOMETPOBBIX METAUIMYECKUX CJIOEB, HAHECEHHBIX HA JAUIEKTPUYECKYIO
IIOUIOXKKY, C UCIIOJIb30BAHNEM BOJIHOBOJIHO-IUAIEKTPUYECKOTO PE30HAHCA.

HoBu3Ha uccienoBanmii, mpoBeIECHHBIX B X0/ TUCCEPTAIIMOHHON pado-
TbI, COCTOUT B CJIEIYIOLLEM:

Pa3paborano Teoperuueckoe 0OOCHOBAaHME METO/Ia OJHOBPEMEHHOTO
U3MEPEHUS YAEIBHOW SJIEKTPONPOBOAHOCTH MOJJIOKKU MOJIYIPOBOIHUKOBOM
CTPYKTYPBI, TOJILIAHBI u yAEIbHOU AIEKTPONPOBOJHOCTH
CHJILHOJIETHPOBAHHOTO JIHMTAKCHAIBHOTO CJIOS B TOJYPOBOJHUKOBBIX 71°—71-
CTPYKTYpaxX, BBINOJHSIOIUX POJIb HAPYLIEHUS MEPUOJUYHOCTH B OJHOMEPHOM
BotHOBOJHOM CBY  (doToHHOM KpucTamie, N0 CHEKTpaM OTpPaXeHUs Hu
IIPOXO0XKJAEHUS dJIEKTPOMATHUTHOTO U3JTy4YECHUS.

Pa3paborano TeopeTueckoe OOOCHOBAaHHME METO/AAa OJHOBPEMEHHOTO
MU3MEPEHUS TOJIIUHBI TTOAJIOKKH MOTYIPOBOJIHUKOBON CTPYKTYPbI, TOJIIUHBI U
YAEIBHOMN 3JIEKTPOIPOBOJHOCTH CUIIBHOJIETUPOBAHHOTO AMUTAKCUATIBHOTO CIIOS
B MIOJYIIPOBOJHUKOBBIX 7' —1-CTPYKTYpax U B CTPYKTYpax € MOTYH30IUPYIOIICH
MOJJI0>KKOW, BBITIOJHAIOIIUX POJIb HAPYIIEHUS MMEPUOJIUYHOCTH B OJJHOMEPHOM
BotHOBOJHOM CBY  (doToHHOM KpucTamie, TO CHEKTpaM OTpPaXeHUs Hu
MIPOXOKIAEHUS dJIEKTPOMATHUTHOTO U3TyYECHUS.

Pazpaboran monuduinupoBanueii MeTos i CBY-MarHMTOCONPOTHBIICHUS
JUISL  U3MEpPEHUs  TMOJBMXKHOCTHM  CBOOOJHBIX  HOCHTENEW  3apsiga B
CUJIBHOJIETMPOBAHHOM 3MUTAKCUAJIBHOM CJIO€ MOJIYNPOBOJHUKOBON CTPYKTYPHI,
npu e€ pa3MelleHUuu nociie (OTOHHOTO KpHUCTalia B ILIEHTPE IOMEePEeYyHOro
CEUYEHHUs TMPSIMOYIOJBHOTO BOJHOBOAQA, C HCMOJb30BAHUEM YaCTOTHBIX
3aBUCUMOCTEHN KOIPDUIIMEHTOB MPOXOXKIACHUS M OTPAKECHHS, H3MEPEHHBIX TIPH
BO3/ICMICTBUA MarHUTHOTO IIOJISI U B €r0 OTCYTCTBHH.

Teopernuecku  oOocHOBaH d3(PdeKT PEe30HAHCHOTO  IMOTJIOMICHUS
MomHoctd  CBY-m3nydyeHuss B HAaHOMETPOBOM  CJIO€  MeETayla  IpH
BO3HUKHOBEHUH B ANEKTPOANHAMUYECKON CUCTEME BOJIHOBOJHO-
JIUBJIEKTPUYECKOTO PE30HAHCA B CIy4Yae pasMELECHNs METAJUIOANIIEKTPUIECKON
CTPYKTYpbl B BOJIHOBOJIE€ IOJ YIJIOM K €r0 y3KUM CT€HKaM CHUMMETPUYHO
OTHOCHUTEIBHO MPOJ0JIBHON OCH BOJIHOBO/IA.

OOOCHOBaHO MPUMEHEHHE SIBJIICHUS BO3HUKHOBEHUS BOJHOBOJHO-
JUBJIEKTPUYECKOTO PE30HaHCa I HM3MEpPEHHs NapaMeTpOB HAHOMETPOBBIX
METAJUIMYECKUX CJIOEB, HAHECEHHBIX Ha AUAIEKTPUYECKYIO MOJIOKKY, MpPH
pa3MeIIeHUH METaJUI0IUDIIEKTPUIECKON CTPYKTYpBbI B BOJIHOBOJE



ACUMMETPUYHO OTHOCUTEIIBHO €r0 CEPEANHBI, TOJTHOCTHIO 3AMOJHAIONIECH €ro 1o
BBICOTE M YACTUYHO IO IUPUHE.

OO6GOCHOBAaHO TPUMEHEHHE SIBJICHUS BO3HUKHOBEHHUS BOJIHOBOIHO-
JIADJICKTPUUECKOTO0 PE30HAHCA 11 M3MEPEHUs] TMapaMeTpoOB HAHOMETPOBBIX
METAJUIMYECKUX CJIOEB, HAHECEHHBIX Ha JUAJICKTPUUECKYIO MOJJOKKY, MPHU
pa3sMelIeHUU METAIUTIOAUDIICKTPUIECKON CTPYKTYPBbI B BOJIHOBOJIE
MEPIEHAVKYIISIPHO IIUPOKUM U TIOJ YIJIOM K €r0 Y3KMM CTEHKAM CUMMETPUYHO
OTHOCHUTEJIBHO MTPOAOJIBHOM OCH BOJIHOBOJA.

JI0CTOBEPHOCTH PE3yIbTAaTOB JUCCEPTAIMHM 00ECTICUNBACTCS Ka4eCTBEH-
HBIM Y KOJIMYECTBEHHBIM COOTBETCTBHEM BBIBOJOB TEOPUU OCHOBHBIM PE3YJib-
TaraMm, MOJYYECHHBIM 3KCHEPUMEHTAJIBHO, CTPOTOCTHI0 UCIOJIB3YEMbIX MAaTEMa-
TUYECKUX MOJIEJICH, KOPPEKTHOCTHIO YIPOINAOMIMNX JTOMYIIEHUH, CXOAUMOCTBIO
BBIUHUCJIMUTEIBHBIX IPOLECCOB K MCKOMBIM PEIICHUSIM, BBIIOJIHUMOCTBIO TIpe-
JICJIbHBIX TEPEXO0J0B K M3BECTHBIM pPeHICHUSM. [[0CTOBEPHOCTH SKCIEPUMEH-
TaJIbHBIX PE3YyJIbTAaTOB o0OecreueHa MPUMEHEHUEM CTaHIapTHON N3MEPUTEIbLHOM
anmaparypbl, 00pabOTKON SKCIEPUMEHTAJIbHBIX JaHHBIX C HCIOJb30BaHUEM
CTaHJAAPTHBIX METOOB.

IIpakTHYecKkasi 3HAYUMOCTD TIOJYYEHHBIX PE3yJIbTATOB 3aKJIIOYAETCS B
CIEIYIOLIEM:

Peanu3zoBanbl METOABI OJHOBPEMEHHOIO M3MEPEHHS TOJIIUHBI U
yIETbHON  3JEKTPONPOBOAHOCTH CIIOEB B  IOJYMPOBOAHUKOBBIX 7' —7i-
CTPYKTYpax U B CTPYKTypax C MOJYU30JUPYIOUIEH MOJITOAKKOU, BBITOTHSIIOIINUX
pOJIb HAPYIIECHUS TEPHOTUYHOCTA B OJHOMEPHOM BOJHOBOIHOM (HOTOHHOM
KPUCTAJJIE, MO CIEKTPAM OTPAXKEHUS W NPOXOKICHUS HIEKTPOMArHUTHOIO
W3JTyYCHUS.

PeanmzoBan mMoaudunmpoBanueiii MeTon CBY-MarHUTOCONPOTUBIICHUS
JUIE  U3MEpPEHMs]  TIOJABWIXKHOCTU  CBOOOJIHBIX  HOCUTENIeH  3apsjga B
CUJIBHOJIETUPOBAHHOM 3MUTAKCUAIIBHOM CJIO€ MOJYNPOBOJAHUKOBON CTPYKTYPHI,
npu e€ pasMelleHun Mnocie (OTOHHOTO KpUCTAIa B IIEHTPE MOMEPEYHOrO
CEUCHMSI TMPSIMOYTOJBbHOTO BOJIHOBOJA, C HCHOJIb30BAaHWEM  YaCTOTHBIX
3aBUCUMOCTEN KOI(PPUIIMEHTOB MPOXOKACHUS U OTPAXKEHHUSI, U3MEPECHHBIX TIPU
BO3JEHCTBUHA MAarHUTHOTO TOJISL U B €r0 OTCYTCTBHM.

Peanu3oBan METO/I W3MEpPEHUS IapameTpoB HaHOMETPOBBIX
METAJUIMYECKUX CJIOEB, HAHECEHHBIX HA KEPAMHUYECKYI0 MOMJIOKKY, C
VCMOJIb30BaHMEM BOJHOBOIHO-IUSJICKTPUUECKOTO PE30HAHCA.

OcCHOBHBIE M10J10KeHH S, BBIHOCUMbIE HA 3ALIUTY:

[To u3mMepeHHBIM YaCTOTHBIM 3aBUCUMOCTSIM KOA(P(UIIMEHTOB OTPAXKEHUS
u MPOXO0XKACHUSA AJIEKTPOMArHUTHOTO W3JTy4EeHUA CBY-nunana3ona,
B3aMMOJICHCTBYIOIIETO C OJJTHOMEPHBIM BOJIHOBOJHBIM (DOTOHHBIM KPHUCTAILIIOM,
NPy HAJIMYMKM B HEM HAPYLICHUS MEPUOJAUYHOCTH B BUIE U3MEHEHHOMW IJIMHBI
LEHTPAJIBHOIO CJOSl U BBEJCHHOW B HApPYIIEHHBIM CIIOM MOJIyIPOBOJIHUKOBOM
CTPYKTYpbl, B pe3yjibTaTe pelieHrus oOpaTHOW 3aJaud TMpPH H3BECTHBIX
napamMeTpax MNEPUOAMYECKH UYEPEAYIOUIUXCS CIIOEB BO3MOXKHO OIPEICICHUE



TpeX MapaMeTpoB MOJYNPOBOAHUKOBON CTPYKTYpbl OJHOBPEMEHHO: YyIEIbHOMN
AIIEKTPONPOBOIHOCTHU MOJIYITPOBOIHUKOBOM MOJITIOKKH, TOJILIUAHBI
AMUTAKCUATILHOTO CJIOSI M €ro YAEJIbHON 3JEKTPONPOBOJAHOCTU WU TOJIIUHBI
MOJIyIIPOBOJJHUKOBOM TMOJIONKKH, TOJIIMHBI SIUTAKCHAIBHOIO CJIOS U €ro
yAEJIbHOM AJIEKTPOIPOBOIHOCTH.

C MCIIOJIb30BaHUEM MOIU(DULIIIPOBAHHOTO MeToaa CBY-
MarHUTOCOIIPOTUBIICHUSI B PE3yJIbTaTe pEIICHUs OOpaTHOW 3aJayd BO3MOXKHO
U3MEpEHUE MOJIBMOKHOCTH CBOOOIHBIX HOCHUTEJEH 3apsna B

CHJIBHOJIETUPOBAHHOM 3MUTAKCUAIBHOM CJIO€ MOJIYNPOBOJIHUKOBOM CTPYKTYPHI,

npu e€ pasMenieHuu mociie (OTOHHOTO KpHUCTaIa B IIEHTPE IOMEPEYHOTO

CeYeHUs1 IMPSAMOYTOJIBHOIO BOJHOBOJA, C HCIIOJIB30BAHUEM  YaCTOTHBIX

3aBUCUMOCTEN KOI(PPUIIMEHTOB MPOXOKACHUS U OTPAXKEHUSI, U3MEPECHHBIX TIPU

BO3/ICICTBMHA MAarHUTHOTO TOJISI U B €10 OTCYTCTBHUH.

[Ipu peammzanuu B DBIEKTPOJAMHAMUYECKOM CHUCTEME BOJIHOBOJIHO-
JTIUBJIEKTPUUYECKOTO PE30HAHCA B CIIyYae Pa3MEIICHUS METAJUIOANDIIEKTPUYECKOU
CTPYKTYPbl B BOJHOBOJIE IOJ VYIJIOM K €ro y3KUM CT€HKamM CUMMETPUYHO
OTHOCHUTEILHO MPOJIOJIBHON OCH BOJIHOBOJIa BO3HUKAET 3P(EKT pe30HaHCHOTO
noryioieHus MmoHoctd CBY-u31ydeHns B HAHOMETPOBOM CJIOE METajlia.

[To u3mMepeHHBIM YaCTOTHBIM 3aBUCUMOCTSIM KOA(P(UIIMEHTOB OTPAXKEHUS
U TPOXOXKACHUS 3JIEKTpOMarHuTHOro uznyudenuss CBY-nuama3zoHa B ycClOBUSIX
BO3HUKHOBEHHSA BOJIHOBOIHO-AMDJIEKTPUYECKOIO PE30HAHCA IIPU pa3MEIEHUU
METAJUIOIUDIICKTPUYECKOM  CTPYKTYpbl B BOJHOBOJE  ACUMMETPUYHO
OTHOCUTEJIBHO €T0 CEPEAHHbI, MOJHOCTHIO 3aMOJIHSIONIEM €ro IO BBICOTE U
YaCTUYHO II0 M[IHWPHWHE, WIH MPU PA3MEUIEHUH METAJUIOUDIICKTPUIECKON
CTPYKTYPHI B BOJIHOBOAE NEPNEHAUKYIAPHO MIUPOKUM U MO YIIIOM K €r0 Y3KUM
CTEHKaM CUMMETPUYHO OTHOCHUTEJILHO MPOJIOJIbHOM OCH BOJHOBOJA, BO3MOMXKHO
OIpEAECIICHUE NTAPAMETPOB HAHOMETPOBOTO METAIUIMUYECKOTO CJI051, HAHECEHHOT'O
HA JUDJIEKTPUUYECKYIO MOAT0XKKY.

Anpobauusi padboThI:

OCHOBHBIE PE3yJIbTAThl JUCCEPTALIMOHHON PAOOTHI JOJIOKEHBI Ha!

. Bcepoccuiickorh HaydyHOM 1IKOJe-CeMUHape «B3anmonencTBue CBEpXBBICOKOYA-
CTOTHOTO, TEpPareploBOr0 U ONTHYECKOTO H3JIYYEHHUS C MOJIYIPOBOAHUKOBBIMU
MHUKpPO- M HAHOCTPYKypamMu, MeTamaTepuaiaMu U OuooObekTamu», r. CapaTos,
14—-15 masa 2014 r.;

° 44th European Microwave Conference. Rome, Italy, 6-9 October 2014;

° 20th International Conference on Microwaves, Radar and Wireless Communica-
tions “MIKON-2014". Gdansk, Poland, June 16-18 2014;

. 24-oit Mexnaynaponuoit Kpeimckoi koHdepenimn «CBY-TexHUKa U TEIEKOM-
MyHUKarmoHHble TexHonorun» (KpeiMuKo'2014). Ceacromnonb, 7—13 ceHTs0Ops
2014 r;

° Microwave Symposium (IMS), Phoenix, AZ, USA, 17-22 May 2015;

e  MexayHapoJHOW Hay4YHO-TEXHUYECKOM KOoHGepeHIHH «DnekTpoHuka 2015».
3enenorpan, 19-20 HosiO6ps 2015 1.;



. Bceepoccuiickorh HaydyHOUM 1IKOJe-CeMUHape «B3anmonencTBue CBEpXBBICOKOYA-
CTOTHOTO, TEparepuoBOr0 M ONTHYECKOTO M3IYYEHHS] C MOJIYHPOBOIHHUKOBBIMU
MHUKpPO- M HAHOCTPYKypamMu, MeTamaTepuaiaMu U OuooObekTamu», r. Capatos,
14—-15 mas 2015 r.;

. V Bcepoccuiickoit Hay9HO-TEXHUYECKONW KOH(PEPEHIUU «IIEKTPOHUKA U MHK-
poanektponuka CBY» Cankr-IlerepOypr, 30 mas—2 utonst 2016 r.;

e  BcepoccuiCKoM HaydyHOU IIKOJEe-CeMHUHape «B3anmmonencTBue cBepXBBICOKOYA-
CTOTHOT'O, TEpParepLoBOr0 M ONTHYECKOTO M3JIYYEHHs] C IOJIYIPOBOJHUKOBBIMHU
MUKpPO- M HAHOCTPYKypamu, MeTamaTepuaiamMu u OumooObekTamu», r. CapaTos,
19-20 mas 2016 r.;

° 21th International Conference on Microwaves, Radar, and Wireless Communica-
tions MIKON-2016, Krakow, Poland, May 9-11, 2016.

HccienoBanus BbINOJHAJIUCH B paMKax MPOCKTHOW YacTH TOCYAapCTBEH-
HOTO 33/1aHusl B cpepe HAy4dyHOU JesTenbHOCTH MUHUCTEPCTBA 00pa30BaHMs U HAYKU
Poccuiickoit @enepanuu no teme «lccnenoanue 3¢p(HEeKTOB pe30HAHCHOTO B3aUMO-
NEHCTBUS 3JIEKTPOMArHUTHOTO M3JIYYEHUS! CBEPXBBICOKOUYACTOTHOIO U TEPArepLioBOrO
Mana3oHOB C HEOJHOPOAHBIMU MHUKPO- M HAHOCTPYKTYpaMU W KOMIIO3UTAMM»
Nel6.1575.2014/K, mmudp: «HaHockom-2»; TocyaapcTBEHHOTO 3adaHus MUHHCTEp-
ctBa oOpa3oBanus U Hayku PO HUP «Pa3zpaboTka Ha ocHOBE (DOTOHHBIX KPHUCTAIIIOB
CBY-mMeTo10B KOHTPOJISI BHICOKOTO pa3pelleHusl apaMeTpPOB HAHOCTPYKTYp U HAHO-
koMmo3uToBy Ha 2012-2014 roxpl, mudp «Hanokommieke»; HUP «Pa3paboTka MHO-
rornapamMeTpoBOIro METO/1a KOHTPOJIS AMUTAKCUAIBHBIX ITOTYIIPOBOIHUKOBBIX CTPYKTYP
C UCTIOJIb30BAHNEM OJTHOMEPHBIX CBEPXBBICOKOYACTOTHBIX (DOTOHHBIX KPHUCTAIIIIOB) MO
nporpaMMme «Y4YacTHUK MOJIOJIEKHOTO HAy4YHO-MHHOBAIIMOHHOTO KOHKYypca» («YM-
HUK») 2015 Horosop Ne 9011I'V/2015 (xox 0018459).

Myonaukauuu. [lo matepuanam auccepranuu omyoaukoBano 14 pabor, B
TOM 4ucie 4 cratbu B XKypHanax, pekomenaoBanueix BAK; 10 pabot omy6mnu-
KOBaHbI B COOpHUKAX KOH(PEPEHLIUH.

JInuHbIi BKJIaJ aBTOPaA BHIPA3UJICS B MPOBEACHUH BCEr0 00beMa JKCIie-
pPUMEHTAJIBHBIX PabOT, B CO3JaHUU TEOPETUYECKUX MOJIETICH, OMUCHIBAIOIINX
pE3yJIbTAaThl dKCIIEPUMEHTOB, IIPOBEICHUN KOMIIBIOTEPHOIO MOACIUPOBAHUSA U
AHAJIN3€ MOJYYECHHBIX PE3YIbTATOB.

Crtpykrypa u 00beM auccepranuu. /(uccepraiusi COCTOUT U3 BBEICHUS,
YEThIPEX pPa3/esioB, 3aKIIOYEHUS U CIHUCKa JUTepaTypbl. PaboTta u3noxxkeHa Ha
127 ctpanunax, coaepkut 38 pUCYHKOB M CHHCOK JUTEepaTypbl U3 184 Hanme-
HOBaHUU.

COAEP/KAHUE PABOTHI
Bo 66edenuu 000CHOBaHA aKTyaJbHOCTb BHIOPAHHOW TEMBI AUCCEPTAIIHH,
chopMynpoBaHa 1eiab paboThl, MPUBEACHBI OCHOBHBIC MOJIOKEHUS, BBIHOCHU-
MBI€ Ha 3alIUTY, OMMCaHa CTPYKTypa U 00beM pabOoThI.
B nepsom pazdene npoBesieH KpUTHUECKUI aHAJIN3 COBPEMEHHOT'O COCTO-
saaust CBY-mMeToI0B MCCleI0BaHUN XapaKTEPUCTUK MaTepUajoB U CTPYKTYP,
ucrosbzyembix B CBY-31eKTpoHHUKE.



Bo emopom paszdene npencTaBieHa TEOPETHUUECKAsT MOJIENb, OIMCHIBAIO-
11asi B3aUMOJCHCTBUE 2JIEKTPOMaraiuTHOro usnydenus CBY-nuanaszona ¢ onHo-
MEPHBIMU BOJHOBOJHBIMU (DOTOHHBIMHM KpPUCTAJJIaMH, COACPKAIMUMU JUIIIEK-
TPUUYECKHUE U TIOJYNPOBOIHUKOBBIE CJIOHM, U MTO3BOJISIIOIIAS PACCUUTHIBATH KO3(-
(GuueHTsl oTpaXkeHus U npoxoxaeHuss CBY-uznydyenus.

[IpennoxkeHo TeopeTuyeckoe OOOCHOBAaHHME METOJ0B MHOTONapaMeTpo-
BbIX HM3MEPEHUN NapameTpoB IMOJIYNPOBOJHUKOBBIX CJIOHUCTBIX CTPYKTYp Ha
CBUY 1o ciekTpam OTpa)xXeHUs! ¥ IPOXOKIAEHUS FIEKTPOMATHUTHOTO U3ITy4YEHHS],
B3aMMOJCHCTBYIOIETO C OJJHOMEPHBIMUA BOJTHOBOAHBIMU (POTOHHBIMHU KpPHUCTAJ-
JaMHu.

Jna pacueta KO3(h(UUMEHTOB OTPAXEHUS U MPOXOXKACHUS 3IIEKTpOMAar-
HUTHOU BOJIHBI IIpY €€ HOPMAaJIbHOM IaJCHUM HA MHOI'OCIONHYIO CTPYKTYpPY C
IUIOCKOCTSIMU  CJIOEB, IEPHEHIUKYJSIPHBIMUA HAIPABICHUIO PAaCIPOCTPAHCHHUS
U3JIIy4YECHHs] U TIOJHOCTBIO 3aIIOJIHSIOIIMMU BOJIHOBOJ IIO IIOIIEPEYHOMY Ceue-
HUIO0, UCIIOJIb3YETCSl MaTpuLla Mepelayl BOJIHBI MEXAY 00JIacTMU C Pa3IUYHbI-
MH 3HaYEHUSIMH [TOCTOSHHOM PacIpOCTPAHEHHs SJIEKTPOMArHUTHON BOJIHBI 7, U

7j+1‘

N

_(TN[I’I] TN[1,2]j 0

] 1))~ T = TChw) TCrn) TG TG, (1)

j=N
rae N — 4ucCIo CIOEB.

Koadournmentsl otpaxkenuss u npoxoxaeHuss CBY-uznydenus, B3aumo-
JIEUCTBYIOIIETO C MHOTOCIIOWHOM CTPYKTYPOHM, BBIPAXKAKOTCS YEPE3 BJIEMEHTHI
MaTpuLpl nepenadu T, :

R=— T, [2a1] D= T, [1,1]- T, [2’2]_TN [152]' T, [Zal] (2)

T, [2,2] T, [2.2]
[TocTosiHHBIE pPACIIPOCTPAHEHUS! DJIEKTPOMATHUTHOU BOJHBL 70,7,y wox

COOTBCTCTBCHHO B ITyCTOM BOJIHOBOAC, B AUIJICKTPUUYCCKUX KU ITOJYIIPOBOJHHU-
KOBBIX CJIOAX, IIOJHOCTBIO 3AIIOJIHAIOMIMX BOJIHOBO/ IO ITOIICPCUYHOMY CCUCHMHIO,
PACCUUTBIBAIOTCA C UCIIOJIb30BAHUEM BBIpa}KeHHﬁI

2 2 2
_ VA _ 2 _ T 2 _ T _ 2k (3)
7/0 - a2 @ EOIUO 9 7/11 - az - gago,uo 9 711,110;[ - 612 @ gn,nongoﬂo ’

TH€ &) ox = Ennon — JEnnn — KOMIUIEKCHBIE HMAIEKTPUYECKHE ITPOHHIAEMOCTH

I, IO 1, TTOJT

CHJIBHOJICTHPOBAHHOTO MOJIYIPOBOJHUKOBOTO 71'-CJIOSI U MOJIYIPOBOHUKOBOI
HNOJJIOXKKH; o = 2nf - KPYrOBasl 4acTOTa 3JEKTPOMArHUTHOW BOJIHBI; &, U 4, —

AUDJICKTPHUUICCKAsA U MAarHUTHAA IIPOHUIIACMOCTHU BAKyyMa, SH— OTHOCHUTCIIbHAasA

JTUBJIEKTPUYECKas MPOHUIIAEMOCTh AUAJIEKTPUUECKOTO CIIOS.

[Ipy KOMOBIOTEPHOM MOJEIMPOBAHUM MPOLETYPhl U3MEPEHUS MapameT-
POB MOJIYIIPOBOAHUKOBBIX CIOUCTHIX CTpYKTYyp Ha CBY paccmarpuBaiicst 0JJHO-
MEpHBI BOJTHOBOJIHBIN (POTOHHBIN KpHCTAJI, COCTaBICHHBIM M3 OAUHHAALATH
CJI0€B, KOTOpbIE 00Pa3yIOT CTPYKTYPY W3 MEPUOIUUYECKU MOBTOPAIOIINXCS dJie-
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MEHTOB, KaXKJbI1 13 KOTOPHIX BKIItOUaeT B ceOs /iBa ciiosi. HeueTHbie crou ObLIM
BBITIOJTHEHBI U3 nosinkopa (Al,Os, & =9.6), yeTHbIE BBINOJIHEHBI U3 (TOpOILIacTa
(£=2.0). Jnuna HedyeTHBIX OTpe3koB — 1.0 MM, yeTHbIX — 9.0 MM. Hapymienue
NEPUOJIMYHOCTH CO3/AaBajOCh MOCPEACTBOM W3MEHEHUS JUIMHBI LIEHTPAJIbHOTO
ciosi. JlnMHAa LEHTpalbHOTO HapylIeHHOro ((PpToporiact) ciosi BeIOMpaiach
pasHoii 4.0 MM. U3MepsieMasi cTpyKTypa, moMeIriaeMas Ha TpaHHile HapyIIeHHO-
ro HEHTPAJBHOTO cosi (PToporuiacTa M CIEAYIOIIEro 3a HUM CJOs MOJUKOpA,
OpHEHTHPOBAIACh JBYMs CIIOCOOAMU OTHOCUTENILHO HANpaBICHHs pacIpoCTpa-
HEHUS DJIEKTPOMAarHUTHOM BOJIHBI. Pacmonioskenune oOpasiia BHYTPH HapyIlIeH-
HOTO CJIOSl 1 €r0 OPHEHTALMsl OTHOCUTEIHHO 3TOrO clios (KoHpurypamus 1 u 2)
B ()OTOHHOM KpHUCTaJie MpeACTaBIeHbI Ha pHC. 1.

Hccnegyembie oOpasiibl NpeaCTaBIsIN COOO0M dMUTAKCHATbHbIE apCEHH -
rajUIMeBbIe CTPYKTYPBI TOJIMHOMN fs=f; 110y, COCTOSIINE M3 CHIBHOJIETHPOBAH-
HOTO 3MUTAKCUAIBHOTO 71 -CJI0S TOJIIMHOW ¢, C 3JEKTPONPOBOIHOCTBIO G, U

HOJIYIIPOBOHUKOBOM TOJUIOKKH TOJIIUHOMN 7, C IEKTPOIPOBOIHOCTBIO G, .

4 3 1 2 3
QU ¢ .
Pluu. P
I:: (i [ 6{
Pmp
] koH(purypaums 1 koHpurypauus 2

(WY 0
Puc. 1 Pacnosoxenne nosynpoBOJHUKOBON CTPYKTYPbl OTHOCUTEIBHO HAPYLIEHHOTO

ciost B BoaHoBogHOM CBY ¢oToHHOM KpucTamie:] — CHIIbHOJIETMPOBaHHbBIN MOJTY-
IIPOBOJHUKOBBIN CJIOHM, 2 — MOJYNPOBOJHUKOBAS MOMJIOKKA, 3 — HAPYIICHHBIN LIEH-
TpaJIbHBIN CI0H, 4 U 5 — NEepUOJNYECKU YEePEAYIOINECS CIIOU C PA3JIMYHBIMHU 3HaYe-
HUSMU JTUDJIEKTPUYECKON IPOHNULIAEMOCTH

IIpoBeneHo TeopeTHueckoe OOOCHOBAHME METOAAa OJHOBPEMEHHOIO
U3MEPEHHUs YIEJIBbHON DSJIEKTPONPOBOJHOCTH IOJIOKKHU ITOJYHNPOBOIHUKOBOU
CTPYKTYDBHI, TOJILLHBI " yIEIBHON IIEKTPOIIPOBOIHOCTH
CHJIBHOJICTHPOBAHHOTO SIMUTAKCHAIBHOTO CJIOSI B IMOJYMPOBOIHUKOBBIX 71'—N-
CTPYKTYpPaxX, BBIIOJHSIOIIUX POJIb HAPYLIEHUS NEPUOJNYHOCTH B OJHOMEPHOM
BosiHOBogHOM CBY  (QoToHHOM KpucTamie, MO CHEKTpaM OTPaXEHHs U
IIPOXO0XKIAEHUS dJIEKTPOMATHUTHOTO U3JTy4YECHUS.

JlI1 OTHOBPEMEHHOI'O HAXOXKAEHHS DJIEKTPOIPOBOAHOCTH G, IOIyIPO-

BOJTHUKOBOM IOJJIOKKH, TOJIIUHBI ¢, U 3JEKTPONPOBOAHOCTU o, CUJIbHOJIEIU-
POBAHHOIO HOIYIPOBOAHUKOBOIO 71 -CJI05 110 YaCTOTHBIM 3aBHCHMOCTAM D(0) U
R(®) OBbLI UCHIONB30BaH METOJ] HAMMEHBIIMX KBAIPATOB, IPH PEATU3ALMHI KOTO-

pPOTO HAXOJIUTCA TAKOE 3HaYEHUE MapaMeTpoB o, , f, 1 o, , TP KOTOPOM CymMMa

non 2

S(6 10n+2,-6,) KBAIPATOB PasHOCTEil PaCUCTHBIX |D(w,5,,,.7,,6, )" H [R(®,6,,.1,.0,)

mon ®"m? i mox ® “m

* 3HaYEHHUH KBaJIPaTOB MOMY-

SKCIT

M DKCIIEPUMEHTANIBHBIX (MCXOAHBIX) [D, | 1 |R .,
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Jeit ko3(hPUIIMEHTOB MPOXOKICHUS U OTPAKEHUsS, U3MEPEHHBIX MPHU JBYX pa3-
JUYHBIX KOHGUTyparusax (puc. 1) HapyleHHOro (OTOHHOTO KpUCTaslia

K QDl(a)I,,c tn,cn]2—|D. 2)2+QRl(a)i,0m,tn,Gn]2—|Ri13KCH2)Z+ (4)

S(G s )= 1 1oken
nox? > ' n ; + Dz(a),-,cs t anz_|D 2)2+QR2(a)i90nou’tn’0ﬂxz_|Ri23K°“2)2

mox’ “m?

nox °

i 29ken

CTAaHOBUTCS MUHUMAJbHOU. 31ech K — YUCIIO U3MEPEHHbIX 3HA4eHUN K03 u-

IIUCHTOB HpOXO)K,[[CHI/Iﬂ nu OTpa)KCHI/IH.
S(6,0 twr G,)

15

o M |
g Omm

noat

7
0

0.5 :
[, MKM 8 10 f, MKM
(@) ©
a, OM M
T S(O'J'IIG,J.' 'tr[’ 0;1) . " 80 - \
-0 Y ] \
L1 7 4
. 70 -
g, OMm'M'
P 60 -1
8
T T 1
Iy MKM 85 925 0 1075 £, MKM
(6) &)
a, Om'm’
S((Ino,\‘ r[|‘ O;I 90
M
-1
70
-0
12 g, OM'M' 50 |
0.5 I G OM '™
(0) (e)

Puc. 2 Buj GyHKIMM HEBA30K B NPOCTPAHCTBE U KOHTYPHBIE KAPThI B IJIOCKOCTSAX HC-
KOMBIX MAPAMETPOB @), 6) — (04,01 )5 6), @) — (04.2,); 0), €) = (0,»0, ) 21 OGpasa
apCEeHU]l TaJUIMEBOIl CTPYKTYPHI C MUTAKCHAIBHBIM CJIOEM TOJNIMHON ¢ =10.0MxM H
3JIEKTPONIPOBOIHOCTBIO ¢ =70.0 Om™' M, BBIPAIIEHHBIM HA TIOJYIIPOBOJHUKOBOMN TIOI-
JIOXKKE C JIEKTPOIPOBOIHOCTBIO o, =1.00OM™'M" H TONILHHOI 7, , = 480 MKy
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Hckombie 3HaUCHUS napamMeTpoOB HUCCICAYEMOI'O 06pa3ua OIIPCACIIAIOTCSA
YUCJIICHHBIM MCTOAOM B PE3YJILTATC PCIICHUSA CUCTCMbI ypaBHeHHﬁl

8S(0H0H,tn,csn) 0o 8S(0H0H,tn,csn) 0o 8S(0H0H,tn,csn) o (5)
’ oty ’ doy '

DyHKIMs HeBA30K S(o,,,,1,,0, ), ONpeeseMas BhpaKeHueM (4) U mpes-
CTaBJIEHHAsl HA PUC. 2, 4, 2, 6, 2, 0, IUIAl Clly4asi, KOTAa 3JIEKTPOIPOBOAHOCTD G,
HOJTYTIPOBOTHUKOBOW TIOJIOKKH COCTaBisia 1.0 Om™'m™, a TONIUHA U 3JEKTPO-

IPOBOJHOCTh CHIIbHOJIETHPOBAHHOTO TOJYIPOBOAHUKOBOTO #n'-cioss  GaAs
t =10.0MkM M o, =70.0 Om™'M™', KaK CIEAYyeT U3 pe3yIbTaTOB pacuera, 00jamaaet

r106a1bHBIM MUHUMYMOM B IPOCTPAHCTBE KOOPAMHAT (5,,.7,,6,,5(0,,..4,,0, ), a

KOHTYPHBIE KapThl (pHC. 2, 6, 2, 2, 2, €) XapaKTEPU3YIOTCs HATUYUEM 3aMKHYThIX
TpaeKkTOpuil BOJIM3M MUHUMYMA, YTO MOATBEPKIAET BO3MOXKHOCTH OJHO3HAYHO
ONPENEIATh SIEKTPOIPOBOIHOCTD IIOIYIPOBOIHUKOBOMN OI0KKH, TOJNIIUHY U
5JIEKTPOIIPOBOJHOCTE TOJYIPOBOAHUKOBOIO CIOS M3 PELIEHHs CHCTEMBI ypaB-
HeHui (5).

3HayeHus yAEAbHON 3JIEKTPONPOBOJHOCTH IOJIYIIPOBOJAHMKOBOM IMOM-
JIOKKH, CHJIBHOJIETMPOBAHHOIO MMTAKCUAIBHOIO CIOS M €ro TOJILIMHBI, OIpe-
JIE€JIEHHBIE U3 PEeLIeHHs OOPaTHOM 3a[a4M C MCIOJIL30BAHUEM CHUCTEMEI yPaBHE-
auit (5), cocraBunu o, =0.950m'm™, 7, =10.32mMKkM U o, =70.1 Om'M", COOT-

BETCTBEHHO.

Pa3paborano Teoperuueckoe 0OOCHOBAaHME METO/Ia OJHOBPEMEHHOTO
W3MEPEHHUsI TOJIIUHBI MOAJIOKKH MOJIYIPOBOJHUKOBON CTPYKTYPbI, TOJIIUHBI U
yAEIbHON 3JIEKTPOMPOBOJHOCTH CUIIbHOJIETUPOBAHHOTO SMUTAKCUATIBHOTO CIIOS
B MIOJIYIIPOBOAHUKOBBIX 7' —1-CTPYKTYpax U B CTPYKTYpax C MOTYH30IUPYIOIIEi
MO/IJIOXKKOM, BBIMOJHSIOIIMX POJIb HAPYIICHUS MEPUOJUYHOCTA B OJTHOMEPHOM
BotHOBOJHOM CBY  (doToHHOM KpucTamie, TO CHEKTpaM OTpPaXEHUs M
MPOXOKJEHHUS SJIEKTPOMATHUTHOTO U3TyYECHUSI.

JI71s1 OTHOBPEMEHHOTO HAXOKJICHHS TOJIIUHBI MOJYIPOBOAHUKOBOM MO/I-
JIOXKKHU ¢, , TOJIIMHBI ¢, W DJIEKTPONPOBOJHOCTU G, CHUIBHOJIETHPOBAHHOTO

nojx ?

CI0S IO YacTOTHBIM 3aBUCHMOCTAM D(®) ¥ R(®) OBLI HCIONB30BAH METO.

HaMMEHBIIMX KBAJpaToB. B 3TOM ciydae BUI (DYHKIMH HEBA30K S(r,,.f,.0,),
UCITIOJI3yEMOM MPU PELIEHNH 00paTHOM 3a]a4l UMEET BU:

2) ’ +QR1(CUI-, tnoﬂﬁtn70nxz _‘R“BKCH 2) 2 +
= +QD2(601" tnon,tnaanlz _‘Di231<cn 2) 2 +QR2(a)i’tnon’ tﬂ’o-ﬂlz _‘Ri“"c“ 2) 2
(6)

Hckombie 3HaUEHUS napamMeTpoOB HUCCICAYEMOI'O 06pa3ua OIIPCACIIAIOTCSA
YUCJIICHHBIM MCTOAOM B PE3YJILTATC PCIICHUSA CHUCTCMbI ypaBHeHHﬁl

5S(tn0z[atnao'n) 5S(fn0z[afna0'n) 8S(tnoﬂ,tn,an)

=0, =0, =0

e[ (D@ tutyoo, ) |

S(tnou’tn ’O-n ) = Z

i 1oken
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Pemena 3anaua u3mepeHus: NOJBUKHOCTH CBOOOJHBIX HOCHUTENEH 3apsia
C  HUCIOJB30BaHHEM  pa3pabOTaHHOIO  MOAU(PUIMPOBAHHOIO  METOJa
CBUY-MarauToconpoTuBiieHUs: ¢ yueTom oTpaxeHuss CBU-BoaHBI OT nepeaHero
TOPLIA IJIACTUHBI.

HcenenyeMast sniMTakCHAIbHAS MTOJYIIPOBOJHUKOBAs CTPYKTypa IOMEIa-
eTCcsl B E-IJIOCKOCTH B LIEHTPE NONEPEYHOro CEYEHUS IIPSMOYTOJIBHOIO BOJIHO-
BOJIa TOCJIE€ BOJHOBOJHOTO (DOTOHHOTO KpHUCTaJlja, BEKTOP MarHUTHOM MHIYK-
MM B MarHUTHOTO MOJIS HAlPaBJIEH TEPIEHANKYIISIPHO Y3KMM CTEHKaM BOJIHO-
Boja (puc. 3).

Takas xoHurypamus obecreynBaeT BOSHUKHOBEHHE SIPKO BBIPAXKEHHOM
pe3oHaHCHON ocobeHHOcTH Ha AUX, uTo yBenuuuBaeT mpossieHue r¢dekra
CBY-MarHuToCONpPOTHUBIICHHUS.

Jlns onrcaHus B3aMMOJEUCTBUS AJEKTPOMAarHUTHON BOJIHBI CO CTPYKTY-
pOIi, IPEACTABICHHON Ha pHC. 3, HCMOJIb30BAIACH MATpHIlA NEepeJadm, dJIEMEH-
Thl KOTOPOW ONPENEIIAIOTCSA Yepe3 MOCTOSIHHBIE PACIIPOCTPAHEHUS DJIEKTPOMAr-
HUTHOM BOJIHBI HA KA)KJIOM M3 YYaCTKOB BOJTHOBOJAHOU CTPYKTYpBI.

-

Puc. 3 Pacnionoxxenne pOTOHHOTO KpUCTA/IA U SIUTAKCHAIBLHON TOIYIIPOBO/I-
HUKOBOW CTPYKTYpbl B BOJHOBOAE. l—cioil mosnukopa, 2—cioil ¢ropomacra, 3—
HapyILeHHbIN ciI0M (Topormacta, 4-u3MepsiemMasl CTPYKTypa apceHM]ia rajuius, B Co-
CTaB KOTOPOW BXOJAT: 5—BBICOKOOMHAs MOJJIOKKA, 6—CHIIBHOJIETUPOBAHHBIN IOTY-
MPOBOIHUKOBBIN CJIOU. IV 1§ — IoJIt0ca JIEKTPOMarHuTa

[TocTosHHas pacnupoCTpaHCHH BOJIHBI HA YYaCTKE C HOHprOBOI[HI/IKOBOﬁ
CprKTypOﬁ, B cClIy4dac, €ClIu eé nmapamMeTpol YAOBJICTBOPAKOT COOTHOIICHUAM
tn <<t§, Oy >>Opnons CnonlS << Oonfp, 1§ <<a, MMECT BUI!

Koty 1 [ Kou, t1-#B) k(e

y=if, + . +i| S, +
’ poweqa 1+ u°B? ' Boéoa (l-i—,usz)z Bya

: (8)

riae ko — ¢a3oBasi MOCTOSIHHAS PACIPOCTPAHEHUS SJIEKTPOMArHuTHOM BoJiHbI Hij
B CBOOOJIHOM TIPOCTPAHCTBE, tg— OTHOCUTENbHAS AUAJIEKTPUUYECKAs MPOHUIIae-

MOCTb PEHIETKUA MOJIYNPOBOJHUKOBOTO CJOS, T— BPEMS PEaKCallMi UMITYJIbCca
CBOOOJHBIX HOCUTEJICH 3apsia.
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JIsl HaXOKIEHHS TOJBUKHOCTH CBOOOIHBIX HOCHTENEH 3apsia Mo ya-
CTOTHBIM 3aBUCHMOCTAM D(0) ¥ R(®) GBbUI MCIIOJIL30BaH METOJ HAUMEHBILHUX

KBaJIpaToB, MIPHU peanu3alii KOTOPOro HaXOAMUTCS TaKOe 3HAaYCHHUE MOABUKHO-
CTH 4 TIPU KOTOPOM CyMMa S(u) KBampaTOB PasHOCTeil pacdeTHBIX|D(v,u) M

[R(o, 4)° ¥ SKCTIEPUMEHTANBHEIX |D, ., | 3HAYEHUM KBaJIpaTOB MOIYJEH

n |R3KCH |2

JKCIT

KOA(PPUITUSHTOB MPOXOKICHHUS W OTPAKEHUS, H3MEPEHHBIX MPH BO3JICHCTBUU
MArHATHOTO MOJIA ¥ 0€3 HETO

2)Z+QDB(60N/“]2_‘D"B3KC“2)Z+ 5 (9)

2)2 +{R, (a)n ,UXZ _‘RiBakcn 2)Z
2 , |D

2

BEJIMUYMHBI KBAJPAaTOB MOAYJIEH KOAXPPUUMEHTOB MPOXOXKIECHUS U OTPAKEHUS
AJIEKTPOMArHUTHOM BOJIHBI B OTCYTCTBMM BHEIIHETO MAarHWTHOIO MOJIA U IPH
BO3/IEMICTBUHA MarHUTHOTO IOJISI C UHAYKIHEW B, COOTBETCTBEHHO.

[TorpemHocTs METO A U3MEPEHUS MOABMKHOCTH CBOOOJIHBIX HOCUTENEH
OLICHMBAJIACH C HMCIOJIb30BAHUEM YHCIIEHHOTO KCIIEPUMEHTA, BEIMYMHA KOTO-
pPOM ISl CTPYKTYP € TOJIIMHOM SMUTAKCHAIBHOTO CHOS 7, =2.17MKM COCTaBUJIA
+ 5.0%, ¢ TonmmHOM ¢, =13.14 mxm cocTaBuia £ 0.7%.

B mpemvem pazdene TpUBEACHBl pE3yNbTaThl SKCIEPUMEHTAIBLHOTO
ONpENEICHUS MApaMETPOB JIUTAKCUAIBHBIX ITOJIYNPOBOJIHUKOBBIX CTPYKTYD:
TOJILLIMHBI TTOJIyIIPOBOJHUKOBOM ITOJJIOKKH, TOJIIIHMHBI U YIAEIBHON 3JIEKTPOIPO-
BOJHOCTH CWJIBHOJIETUPOBAHHOTO SIIUTAKCHAJIBHOIO IOJIYIIPOBOJHUKOBOTO CIIOS
U TOABMKHOCTH CBOOOIHBIX HOCHUTENEH 3apsiia B HEM B Pe3yJbTaTe PELICHUS
oOpaTHBIX 3374 C UCIOJIB30BAaHUEM YACTOTHBIX 3aBUCUMOCTEN KO3()PHUIIMEHTOB
IIPOXOKJICHUS U OTPAXKEHUS AIEKTpOMarHuTHOM BosHbl CBU-nnana3ona, B3au-
MOJICUCTBYIOIIEH C OJHOMEPHBIM BOJTHOBOAHBIM (DOTOHHBIM KPHCTAJUIOM, CO-
JepKaluM B KAa4eCTBE HEOJAHOPOAHOCTH MCCIEAYEMBIE IOIYIPOBOJHUKOBBIE
CTPYKTYPBI.

B xauectBe ucciegyemoro oOpasua Oblia BEIOpaHa SMUTAKCUANIbHAS ap-
CEHUJ-TAJUIMEBasl CTPYKTYpa, COCTOAIIAs M3 BBICOKOOMHOM IMOJJIOKKH TOJIILH-
HOW ¢, =480.3 MkM U CHJIBHOJIETUPOBAHHOI'O SIUTAKCUAIBHOIO CJIOS, TOJILIUHA

K QD Lu) =|p,
stu)= 3| i) P
7 4R, f R,

CTQHOBMTCS MHUHUMAJILHOM. 311€Ch |D

2
— U3MCPCHHBIC

SKCT Boken | 2 |R

t, KOTOPOTO COCTaBIsiIa 13.14MKM , DIIEKTPOIIPOBOIHOCTh 6, = 71.73 Om'm™.
DyHKIUS HEBA30K S(t,,,,t,,0, ), TOCTPOEHHAS C MCIIONb30BAHUEM PE3YIlb-

TaTOB 3KCIEPUMEHTAILHBIX M3MEPEHHI COTJIACHO BBIpaKeHHIO (6), oOiamaer

r06aabHBIM MUHMMYMOM B HPOCTPAHCTBE KOOpAMHAT (1,..1,,0,.5(t,..1,.0,)), a

KOHTYpHBIE KapThl (pHC.4) XapaKTepU3ylOTCSd HAJIUYUEM 3aMKHYTBIX TPAeKTO-
puii BOIM3H MUHUMYMa, YTO MOATBEPKAAET BO3MOXKHOCTh OJHO3HAYHO OIpE/Ie-
JSATh TOJIIIMHY TOJYIPOBOJHUKOBOM IMOMJIOXKKHU, TOJIIUHY M 3JIEKTPOIPOBOI-
HOCTb MOJYIIPOBOAHUKOBOTO CJIOS.
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Puc. 4 Bun ¢pyHKIME HEBS30K B MPOCTPAHCTBE U KOHTYPHBIE KAPThI B INIOCKOCTSIX HC-
KOMBIX TTAPaMeTpoB a), 6) — (1,,,,0, ):6), 2) — (t,., ); 0), €) — (.o, ) st oGpasma ap-
CEHHUJl TAJUIMEBOM CTPYKTYPBI C SIHUTAKCHAJIBHBIM CIOEM TOJIIIMHOU ¢, =13.14mkM U
DJIEKTPOIPOBOAHOCTLIO ¢, =71.73 Om™'m™, BBIPAILICHHBIM Ha BBICOKOOMHOM IOJIOKKE
TOJIIUHON ¢, = 480.3 MM

Ha puc. 5 npeacraBieHsl 3KCIIEpUMEHTAIIBHBIE U PACCUMTAHHBIE YaCTOT-
HbI€ 3aBUCUMOCTH KBaJPaTOB MOJYyJIeH KO3(PHUIIMEHTOB OTPAKEHUS U TTPOXOXK-
JeHUsl JUIsl 1BYX KoHUrypauil (OTOHHOM CTPYKTYphI (CM. BCTaBKY K puc. 1)
IPU 3HAYEHUSAX TOJILIHWHBI BBICOKOOMHOHW IOMJIOKKHU ton =480.3MKM, TOJIILIMHBI
IIOJIYIIPOBOAHUKOBOrO cjioAg ¢t =13.14MkM H €ro DJIEKTPOIPOBOSHOCTHU
o, =71.73 Om™'M™', onipenenE€HHBIX U3 perieHus: 0OpaTHOM 3a1a4u.
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HOHY‘ICHHBIC SHAYCHHUA TOJMHWH IMOAJIOKKH W SIINTAKCHUAJIbHOI'O CJIOA ap-
CCHHUA TraJlyidsgd XOpOoHI0 COOTHOCATCA CO 3HAYCHUAMH, U3MCPCHHBIMHU HC3aBU-
CHMBIMHU MCTOAAMMU.

~10 |

-20

875 9 925 95 075 fITu (=403

Jlnis ornpeneneHus MOABMKHOCTH CBOOOIHBIX HOCUTENEH 3apsiia u TMOy-
MIPOBOJTHUKOBBIX CHJIbHOJIETUPOBAHHBIX CJIOEB SIMTAaKCHAIbHAs MOJIYIIPOBOIHH-
KOBas CTPYKTypa pa3Mellalach B E-IUNIOCKOCTHU B LIEHTPE IONEPEUYHOrO CEYEHHUs
IPSIMOYTOJIBHOTO BOJIHOBO/IA ITOCJIE BOJIHOBOAHOI'O (DOTOHHOTO KpucTailia. Bek-
TOp MarHUTHOM MHAYKIMM B MAarHUTHOTO IOJIs ObUT HATPABJIEH MEPIECHINKY-
JSIPHO Y3KUM CTE€HKaM BOJIHOBOJA (pHuc. 3).

Hckomble 3HaYEHUS MOABWKHOCTH I CTPYKTYP € TOJIIMHAMM CUJIBHO-
JISTUPOBAHHBIX MOJIYNPOBOAHUKOBBIX CI0€B f =2.17MxM M ¢, =13.14 MM OIIpE-

JEJSUTUCH YUCIICHHBIM METOJIOM B pe3yJibTaTe pemieHruss 0OpaTHOM 3a/1auu C UC-
nonb30BanueM (QyHkiuu HeBs3kH  (9) ®  coctaBmwim  0.591m’/(B-c)
0.72m?/(B-c), COOTBETCTBEHHO.

B uemeepmom pazoene npencTaBiieHbl Pe3ysbTaThl KOMIIBIOTEPHOTO MO-
NEIUPOBAHUS  B3aUMOJACHCTBUSL  DJIEKTpOMarHuTHoro  u3nydeHuss CBY-
JMana3oHa ¢ METaUIOJUAIEKTPUUECKON CTPYKTYpPOH B YCIOBHUSIX BO3HUKHOBE-
HUS BOJIHOBOJIHO-AMRJIEKTPUYECKOTO PE30HAHCA MPU YAaCTUYHOM 3aMOJHEHHUH
UCCIIEyeMON CTPYKTYpPOH MOMEPEUYHOr0 CEUEHHs] BOJIHOBOJIA U MPHU pa3Mmelle-
HUU UCCJIEAYEMOHN CTPYKTYpPBHl MEPICHANKYISIPHO MUPOKUM U TIOJT YTIIOM K y3-
KUM CTE€HKaM BOJHOBOJA CUMMETPUYHO OTHOCUTEIBHO €T0 MPOJI0JIBLHON OCH.

HccenenoBanochk B3aMMOAECUCTBHE JIEKTPOMArHUTHOIO M3IyYEHUS TPEX-
CAaHTUMETPOBOTr'O JIMANa30Ha JIJIMH BOJIH C ABYXCIOWHOM CTPYKTYpOH, COCTOS-
el U3 MIACTUHBI MOJUKOpPA C HAHECEHHBIM HAHOMETPOBBIM METAUTMYECKUM
cj10eM (TOJIIMHOM ¢ U 3IEKTPONPOBOIHOCTHIO G), MPU €€ pa3MEIIeHUH B BOJIHO-
BoJe ceueHueM 23x10 MM nByMsl crmocobamMu: aCUMMETPUYHO OTHOCHUTEIBHO
CepeIMHbI BOJHOBO/IA, TOJHOCTHIO 3aIOJIHSIS €0 M0 BBICOTE U YaCTUYHO IO IIH-
puHe (cM. puc.6 a); NepneHANKYISIPHO IUPOKUM U MOJ] YIJIOM K Y3KUM CTEHKaM
BOJTHOBOJIa CHMMETPUYHO OTHOCUTEIHHO €T0 MPOJ0JIbHOM ocH (M. puc.6 0).

KomneroTepHoe MoieTMpOBaHNE aMITUTYAHO-YaCTOTHBIX XapaKTEPUCTUK
B CUCTEME C HAHOMETPOBBIM METAJUIMUYECKUM CIIOEM Ha AUAIEKTPUUYECKOU MOJI-
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R, |D|’, nb Puc. 5 DkcnepumenTtanbhbie (000, 000, XXX,

" +++) m paccunTaHHbIe (JTMHUH) YacCTOTHBIC
3aBUCUMOCTH |D|* (kpuBble 1) u |R|" (KpuBbIE
2) miist 1ByX KoHpurypaiuii GOTOHHOU CTPYK-
Typbl  (CM. BCTaBKy K puc. |: KOHQUTYpanus
1-000 m o000; koHPUrypamus 2 — XXX U
+++ ), comepikaieid oOpasel] apceHu/| rauim-
€BOM CTPYKTYPHI C JMUTAKCHAIBHBIM CIIOEM
TOJIIIMHOM ¢ =13.14MkM U DJIEKTPOIPOBOIHO-

CTBIO 6, =71.73 Om'm"', BBIpAIlICHHBIM Ha BBI-
COKOOMHOU HOJUIOXKKE TOJIIUHOMN



JIOXKKE TPH BO3HUKHOBEHUHU BOJIHOBOJHO-IUAJICKTPUIECKOTO pe30HaHCa OBLIO
BBITIOJTHEHO TPH TIOMOIIH CUCTEMBI JICKTPOAMHAMHYECKOTO MOJCITUPOBAHUS U
npoektupoBanus HFSS (High Frequency Structure Simulator).

T A T

P E C l Pllil_!l E A Ci f' b ]
oA (E‘ i ] Pnpom 7 — 'E E Tpom 7z

L > - - *

-z 0 2 LN 0 X
S D = W D‘; \B
X X
(a) (6)

Puc. 6 Pacionoxenne uccieayeMoil cTpykrypsl B BodHOBozEe: 1 — TaAlN,
2 — Al Os. Puag—T1aaromiasi MOIIHOCTb, Prpow—TIPOIIEAIIAs MOITHOCTD,
Porp—0TpaxkeHHast MOIIIHOCTh

Pesynbrathl pacdera 4aCTOTHBIX 3aBUCUMOCTEW KBAJAPaTOB MOAYJIEH KO-

3G GULIHEHTOB MPOXOKIEHUS 3IEKTPOMArHUTHOTO U3Iy4YeHHUs |D|” B CIlydae ya-

CTUYHOTO 3alOJHEHUS BOJHOBOJA METAJUIONUAIEKTPUUYECKON CTPYKTYpOit
(cM. puc.6 a) u mpu pasMENIeHUH MOJ YIJIOM K Y3KUM CTEHKAaM BOJIHOBOJA
(cM. puc.6 6) npu pa3NUYHBIX 3HAYEHUSIX TOJIIUHBI ¢ HAHOMETPOBOW METaJlJIH-

YEeCKOM MJICHKHU MPEeJICTABIEHbI Ha pUC. 7 a ¥ pUc. 7 6, COOTBETCTBEHHO.
\DI’, nb |DJ, nb

-10%

SO y#‘\

|
f —20 i
—7
5
-30 —60 6
11 1125 115 1175 fITn 8 9 10 11 £ITu
(a) (6)

Puc. 7. PacuerHble 4acTOTHBIE 3aBUCHMOCTH KBAJpaToOB MOIyJied KO3 UIIMEHTOB
MPOXOXKACHUS IJIEKTPOMArHUTHOTO M3TyUYEHHsI, B3aMMOJICHCTBYIOIIETO ¢ METaJIOH-
ANEKTPUIECKON CTPYKTYPOU @) MPU YACTUYHOM 3aMOJHEHUU TMOMEPEYHOTO CEUCHUS
BOJIHOBOZAA: | - macTuHa moymkopa 0e3 MeTauIMYecKod IeHku, 2 - t=1 HM,
3-t=38m,4-t=48M,5-t=7 oM, 6 -t=13.5 am, 7 - t =40 HM; 6) Ipu pa3Merie-
HUU T0J] YTJIOM K Y3KUM CTE€HKaM BOJIHOBOJA: 2 - t=1 HM, 3 - t=2 HM, 4 - t =3 HM, 5
-t=7HM,6-t=10 HM, 7 -t =13.5 HM, 8 - 1 =40 HM, 9 - £ =80 HM, Yy=39°.

Teopetnuecku yctaHoBieH S((EKT PEIOHAHCHOTO  MOTJIOUICHHS
MomHoctd  CBY-m3nydyeHuss B = HAaHOMETPOBOM  CJIO€  MeTayla  IpH
BO3HHUKHOBEHUU B BJIEKTPOIUHAMUYECKOU CUCTEME BOJIHOBOJHO-
JTIUBJIEKTPUUYECKOTO PE30HAHCA B CIIyYae Pa3MEIICHUS METAJUIOAUDIICKTPUYECKOU
CTPYKTYPbl B BOJHOBOJIE IOJ VYIJIOM K €ro y3KUM CT€HKamM CUMMETPUYHO
OTHOCHUTEJIBHO MPOJI0JIbHON OCH BOJIHOBOJA.

o 2
M3MepeHHs YaCTOTHBIX 3aBUCHMOCTEH |D| (f) 3IEKTPOMarHUTHOTO U3ITy-

YEHUS, B3aUMOJICHCTBYIOLIETO C METAUIOAUAICKTPUUECKON CTPYKTYPOH, IMPO-
BOJIMJIUCH C TIOMOIIBI0 BEKTOPHOTO aHam3aTopa mnenei Agilent PNA N5230A.
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Tonuuael Metammueckux ciioeB (TaAlN), HaHECEHHBIX Ha MOJIUKOPOBbHIE
NOJIOKKH, ObUIM H3MEPEHBbl C TMOMOIIBI0 ATOMHO-CHJIOBOTO MHUKPOCKOMA
Agilent 5600LS AFM, a ux yaenbHasl 3JEKTPOINPOBOAHOCTh OIpEesIach C
ucronb3oBanueM 30010801 ctanimu JANDEL RMS-EL-Z.

Pe3ynbpTaThl u3MepeHuil KBaapaToB MoAyJel KodpuiueHTa npoxoxmie-
HUs Ha (uKcupoBaHHOW yactoTe f=11.6 [T npu YacTUYHOM 3aMOJHEHUU MO-
MIEPEYHOTO CEYEHUSI BOJIHOBOAA CTPYKTYPOM MpencTaBieHbl Ha puc. 8. Ha aTom
YK€ PUCYHKE NMPUBEIEHBI PACUECTHBIC TAHHBIC.

IDf, 1B \DP’, nb
[ \-.L__-_
//”’- \.‘\\ 7 e
/ — faal //II
-10 20 e =
2%
[\
-20 ~40 \¥;
|
230 f
0 10 20 30 1, HM -60 |
8 9 10 11 f£1ITu

Puc. 8 Pacuernas (nmuHus) m skcmepu- Puc. 9 DxcniepuMeHTanbHbIe (CIUTONTHBIC TUHUN)
MEHTaJgbHass  (TOYKH)  3aBUCUMOCTH U pacyeTHbie (IITPUXOBBIE JIMHUHM) YacCTOTHBIE

2 o 2
|D| (f) OT TONMHBI MeTAIMYECKOH 3aBHCHMOCTH |D| (f): 1- mmactusa monmxopa

IUICHKM Ha (UKCUPOBAHHOM dacToTe O0€3 MeTauimyeckoro cios; 2 — t=13.5 HwM,
f~11.6 I'Tu 0=138-10° Om'm!; 3 — =226 nmM,
o=1.4-10° Om'm'; 4 — =300 =M,
0=1.658-10° Om'm'; 5 — =40.0 =M,

06=2.638-10° Om'm".
2
M3MepeHHbBIe M pacyeTHbIC YaCTOTHBIC 3aBUCHMOCTH |D| () smeKTpomar-

HUTHOTO M3JIy4€HUS, B3aMMOJCHCTBYIOIIETO C METaJUIOAUIIEKTPUUECKOM
CTPYKTYpPOM, pacroyioKEHHON MEPHNEHIUKYJIIPHO IUPOKUM U MO YIioM K y3-
KUM CTEHKAaM BOJIHOBOJIa MPHU Pa3IUYHBIX 3HAUYCHUSAX TOJIIUHBI U YACIbHOU
AIEKTPOIPOBOIHOCTH HAHOMETPOBOTO METAIUIMUECKOTO CJIOSI MPEACTABIEHbBI HA
puc. 9. PacueTHass 4yBCTBUTEJIbHOCTD d(|D|2)/dt B nuana3zoHe toiamuH 0—1 HMm

nocrturaet 36.8 nb/aMm.
B 3axniouenuu mpuBeneHBI OCHOBHBIC PE3yJbTAThI M CHOPMYIUPOBAHBI
BBIBOJIBI IUCCEPTAIMOHHON PaOOTHL.

OCHOBHBIE BbIBO/JIbI 1 PE3VYJIbTATHI

1 TIlpencraBieHo TeopeTHYECKOe OOOCHOBAaHHWE METOJIOB OJHOBPEMEHHOTO
OTpe/ieNieHUs] YACIbHOM 3JIEKTPONPOBOTHOCTH MOAJIOKKH MOTYTPOBOIHUKO-
BOU CTPYKTYpHbI, TOJIIMHBI U yAEIBbHON 31EKTPONPOBOAHOCTH CUIIbHOIETUPO-
BAHHOTO S3IMUTAKCHAILHOTO CJIOS B IMOJYIPOBOAHUKOBBIX 71 —n-CTPYKTypax,
BBITIOJIHAIOIIMX POJIb HAPYIICHUS IEPUOJIUYHOCTH B OJHOMEPHOM BOJHOBO/I-
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HoM CBY ¢oroHHOM KpucTamie, o CHEKTpaM OTPaKEHUS U MPOXOKICHUS
3JIEKTPOMArHUTHOTO U3JTyYEHUsI HA OCHOBE pELIEHHsI 0OpaTHOW 3aJauH.

[TpencraBiaeHo TeopeTHUUECKOE OOOCHOBAaHME METOJIOB OJHOBPEMEHHOTO
OIpeAENICHUs] TOJIIMHBI TOJUI0KKU MOJYIPOBOJHUKOBON CTPYKTYpPBI, TOJI-
IIMHBI U YAEJIBHOM 3JEKTPONPOBOAHOCTH CHJIBHOJIETUPOBAHHOTO SIUTAKCHU-
aJIbHOTO CJIOSL B MOJYIPOBOJHHUKOBBIX 7 —N-CTPYKTypaxX U B CTPYKTypax C
MOJIyU30JUPYIOLIEH MOJI0KKOM, BBINOJHSIOUIMX POJb HApPYIICHUS MEPHO-
JUYHOCTH B OJHOMEpHOM BoiHOBOAHOM CBY ¢doToHHOM KpucTamie, Mo
CHEKTpaM OTPaXECHHUSI U MPOXOXKACHUS SIEKTPOMATHUTHOTO H3JIyYEHHUs Ha
OCHOBE pelIeHUs] 00paTHOI 3a1auu.

OKCIEpUMEHTAILHO PEeaIn30BaHbl METOJbI OJHOBPEMEHHOTO W3MEpPEHUs
TOJILIMHBI U YAEJIBHON 3JEKTPOIPOBOAHOCTH CJIOEB B MOJYIPOBOJHUKOBBIX
n"—n-CTPyKTypax M B CTPYKTypax ¢ MOJYH30JIUPYIOLICH MMOI0KKOU, BBIIOJI-
HSIOLUX POJIb HApYLICHHUsS MEPUOJUYHOCTH B OJHOMEPHOM BOJHOBOJIHOM
CBY ¢oroHHOM KpHUCTaUIE, IO CHEKTPaM OTPAXKEHUSI U MPOXOKACHUS IJIEK-
TPOMAarHUTHOTO U3IyUYEHHUSL.

Pa3paboTaH M SKCIEPUMEHTAIBHO PEATn30BaH MOAU(PHUIIMPOBAHHBIN METOJ
CBY-MarHuToCONpOTUBIIEHUS AJI1 U3MEPEHUS TIOJBUKHOCTU CBOOOIHBIX HO-
cUTeNel 3apsiia B CHUJIBHOJETMPOBAHHOM JMHUTAKCHAILHOM CJIO€ IMOJIYyIpo-
BOJHUKOBOM CTPYKTYPBI, pU €€ pa3MelleHnu nocie (JOTOHHOTO KPUCTallia B
LEHTPE MOIMEPEYHOTO CEYEHUs! MPSAMOYTOJLHOTO BOJHOBOJA, C MCIOJIb30Ba-
HUEM YaCTOTHBIX 3aBUCHUMOCTEH KOA(P(OUIIMEHTOB MPOXOXKICHHUSI M OTpaXke-
HUS, UI3MEPEHHBIX MTPHU BO3JIEHCTBUU MAarHUTHOTO TOJISI U B €0 OTCYTCTBHH.

[IpencraBieHo teopeTnuyeckoe OOOCHOBAHHME BBICOKOYYBCTBUTEIBHBIX MeE-
TOJIOB U3MEPEHUS NIapaMETPOB HAHOMETPOBOTO METATIMYECKOIO CJIOs, HaHe-
CEHHOI'0 Ha JUAIEKTPUYECKYIO MOJIOKKY, IPU BO3HUKHOBEHUHU B JJIEKTPO-
JUHAMHYECKON CUCTEME BOJHOBOJHO-IUAIEKTPUUECKOIO PE3OHAHCA B CIIyyae
pa3MeIIEHUs] METAJUIOAUDIEKTPUUECKON CTPYKTYphl B BOJHOBOJE aCHUMMET-
PUYHO OTHOCHUTENIBHO €r0 CEPEIUHBbI, OJHOCTHIO 3aIIOJIHAIOIIEH €ro Mo BbI-
COT€ M YAaCTUYHO IO IIMPUHE, WIN MPHU PA3MEIIEHUH METaUI0OAUdJIEKTpUYe-
CKOH CTPYKTYpbl B BOJHOBOJE NEPNEHIUKYJISAPHO HIMPOKUM U IOJ YIJIOM K
€ro y3KMM CTEHKaM CUMMETPHUYHO OTHOCHUTENBHO MPOJIOJIBHON OCH BOJTHOBO-
na.

Teopetnuecku 000CHOBaH 3(PPEKT PE30HAHCHOTO MOTJIOMICHUS MOITHOCTH
CBY-u3nydyeHuss B HAHOMETPOBOM CJIO€ METailla TONIIMHONM MeHee 7.0 HM
Opu BO3HUKHOBEHHMH B JJIEKTPOAMHAMUYECKOM CHUCTEME BOJIHOBOIHO-
TUBJIEKTPUYECKOT0 PEe30HaHCa B CIy4yae pa3MeEIIeHHUs] METAJUIOAUAICKTpHYe-
CKOH CTPYKTYpBI B BOJHOBOJE IOJl YIVIOM K €0 y3KUM CTEHKaM CHUMMETpHY-
HO OTHOCHUTEJIBHO MPO/I0JIBHON OCH BOJIHOBO/IA.

OKCHEepUMEHTAIbHO OOOCHOBAaHbI METOJbl M3MEPEHHUs MapaMETPOB HAHO-
METPOBBIX METAUIMYECKUX CJIOEB, HAHECEHHBIX Ha JTUAIEKTPUYECKYIO MOJI-
JIOXKKY, C UCIIOJIb30BAHUEM BOJIHOBOJIHO-IUIIEKTPUYECKOTO pE30HAHCA.
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Ha ocHOBaHMM MOJy4YEHHBIX pPE3yJbTATOB IOJaHA 3asiBKa Ha IMAaTEHT Ha
uzooperenue: «Crnocod wu3MepeHus MapamMeTpoB MOTYNPOBOAHUKOBBIX

CTPYKTYpPY.
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