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Pegepar

OO611ast XxapakTepuCTHKa JUCCEPTALIUU

AKTYaJbHOCTH TEMbI

B nocnennee Bpemsi TepareprioBeiii (TI'11) guama3oH 4acToT, 3aHUMAOIIUN B
CIIEKTPE AJIEKTPOMArHUTHOTO W3IYyYECHUS MPOMEKYTOUHOE IMOJOKEHUE MEKIY XOPOUIO
M3yYCHHBIMH MHUKPOBOJIHOBBIM W OITHYECKHM JWANA30HAMH, SBISIETCA OJHOW W3
OCHOBHBIX TEHJICHIIMH pa3BUTHS COBpPEMEHHOW (POoTOHUKHU. J[aHHBIN YacCTOTHBIM
JMara3oH MpeACTaBisieT OOJBIION HMHTEpPEC H3-3a MHOXKECTBA €ro MNPaKTHUUYECKUX
MPUMEHEHUH, BKJIIOYAIOIIUE pa3Hble 00JIaCTH, TaKUE KaK Hepa3pyIIAIOIINi KOHTPOIb,
BOCHHAs W TpaXKJIaHCKass OOOpPOHA, XUMHS, MEIUIIMHA, DKOJIOTUS M HCCIEAOBaHUE
npeaMeToB  uckycctBa.  OcoOeHHOE€  BHUMaHHME — YJIEseTCsl  TepareploBOn
CIEKTPOCKONHNH, TaK KaKk B CyOMHJIJTUMETPOBOM JWAaNa3OHE JJIMH BOJIH JIEXKAT JTUHUU
MOMJIOICHU KaK TMPOCTBIX, TaK MW CIOXHBIX MOJIEKYJ, COOTBETCTBYIOIIUE
BpallaTeIbHbIM KOJICOAHUSIM MOJIEKYJIbI, YTO MO3BOJISIET MPOBOJIUTH HEPA3PYIIAIOIIYIO
BU3yaIM3allMl0. BOJBIIMHCTBO  HCHOJB3YyEeMBbIX HMCTOYHMKOB Tl  um3imydeHus
(poTompoBOIAIIMX ~ AHTEHH M  HEIWMHEHWHBIX  KPHUCTAJUIOB,  BO30Yy>KIAa€MbIMHU
(beMTOCEeKYHIHBIMH JIa3€PHBIMU WMITYJIbCAMH) SIBISIOTCS IIMPOKOIMOJIOCHBIMU. J1jist
TaKuX HCTOYHUKOB TPEOYIOTCS (PUIBTPHI, MO3BOJSIONIME BBIJACIATh CIEKTPAIBHYIO
noJIocy BOJU3M ONpelNeseHHOW 4YacToThl. B uHBIX ciydasx TpeOyeTcss (uiIbTphl,
CriocoOHBIE "BBIpE3aTh'" OMPENENEHHYIO0 CIEKTPAIbHYIO TOJOCY BOJM3M YacTOTHI,
HaHOCHAIIEeH Bpel 6M000bekTaM. BhICOKOTEXHOJIOTUUHBIMU € TIO3UIIMU MPOU3BOJCTBA U
SKCIUTyaTalluM  SIBISAIOTCA  ynpaBisitomue  TI'm HU3IydyeHHeM  3JIEMEHTHI,
MPEACTABIAIONIME  COOOM  TOHKHME  YaCTOTHO-M30MpPATENbHBIE  MMOBEPXHOCTH,
CIIEKTPAJIbHBIC XapPaKTEPUCTUKH KOTOPBIX 3aBUCAT OT T€OMETPUH HUX CTPYKTYpHOMU
sueiiki. OCHOBHBIMH OOJIACTSMH TIPUMEHEHHUS TaKUX YCTPOUCTB sBisitoTcs TIIx
KOMMYyHHKalu, TI'1 CIEKTpOCKONUSI U JUArHOCTUKA. J[JIsi U3rOTOBJIEHUS MOJIOCOBBIX
GbuUILTPOB (MO3BOJIAIONIMX BBIAEIATh CIEKTPAIBHYIO TOJIOCY BOJM3U OMpPEaeSICHHON
YaCTOTHI) YaCTO HCIOJB3YIOT YAaCTOTHO-U30MPATENIbHYI0 TOBEPXHOCTh, KOTOpas

NPEACTaBIACT U3 Ce0s TOHKYI0 METALIMYECKYIO IUIEHKY, KOTOpYIO nepdopupyror ¢
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WCITOJIb30BAaHUEM PA3HOU TeoOMEeTpHH (KPECThI, KBAaIpaThl, KPYTH, KOJbIAa U MPOUYNE) B
JIByMEpHOM MaccuBe. OCHOBHBIM 3JIEMEHTOM PEXEKTOPHBIX (UIBTPOB (CHOCOOHBIX
"BbIpe3aTh' OMPEACIEHHYIO CIIEKTPAIbHYIO MOJIOCY) SIBIISETCS MACCUB METANIMUYECKUX
PE30HATOPOB, KOTOpBIE TAaKXKE MOTYT 00JIajaTh pa3nu4HON reomerpueil. OUIbTPHI
000MX THUIIOB MOTYT BBICTYNAaTh KaK BBICOKOYACTOTHBIC, HU3KOYACTOTHBIC, Y3KO- WJIU
IITUPOKOIIOJIOCHBIE (DUIBTPHI M, CAMOE BaXKHOE CBOWCTBO TaKWX (UIBTPOB COCTOWT B
TOM, YTO UX ONTHUYECKHE XapaKTEPUCTUKUA MOTYT ObITh U3MEHEHBI BHIOOPOM T'€OMETpPUHU
u ee pazmepamu. Kpome 3TOTro, OHM KOMITAKTHBI U HMMEIOT MPOCTON W TOCTYITHBIN
MPOIIECC M3TOTOBJICHUsI. B mocnennue roasl Bc€ 0obIle padoT MOCBSIIEHBI pa3padoTKe
nepectpauBaemMbix Tl yCTpONCTB, B TOM 4YHCJIE€ MOJYJIATOPOB U (DUIBTPOB,
NPEMIOKEHBI  pPa3IUYHBIC  METOABl  YOPABJICHHS:  XHUMHYECKH, TEPMHYCCKH,
MPWIOKEHUEM HaIPSHKEHUS, TOCPEJICTBOM AJIEKTPUUECKOTO Toig v mp. st cozmanus
nepectpauBaeMbix Tl yCTpONCTB HCIOJNB3YIOTCS MaTepuaibl € BO3MOXHOCTHIO
YIPABJICHHUS ONTHYECKUMH CBOMCTBAMU: OKCHJ BaHAIUs, )KUIKUE KPUCTAIUIBI, TpadeH,
YIIAEPOJIHbIE HAHOTPYOKH. Y CTaHOBIEHO, YTO CIIOW YTJIEPOJHBIX HAHOTPYOOK MOXKET
NPUMEHATBECS B pa3pabOTKe W TPOCKTUPOBAHWH TIEPECTPAUBAEMBIX YCTPOICTB,
MOCKOJIbKY €ro TMPOBOAUMOCTh MOXXET KOHTPOJUPOBATHCS C TMOMOIIBIO BHEITHETO
BO3JICHCTBHS: TIPUIIOKEHHOTO JIEKTPUUYECKOTO TOJIS WIM ONITUYECKOTO BO30YkneHus. B
JTAHHOW paboTe MpeIaraloTcsi KOHCTPYKIIMUA TPEX CTPYKTYpP YaCTOTHO-CEIEKTHBHBIX
GUIBTPOB, YMPaBIIEMbIX MEXaHUYECKH, MOJISIPU3AINECH MMaNalomero H3JIyYeHUs |
MOCPEACTBOM  BO30OY)KIIEHUSI ONTHYECKMM H3Iy4eHHEM (CO CJOeM YTIIEPOIHBIX
HaHOTPYOOK).

Heans padoThl: pa3paboTKa HOBBIX TUIIOB YaCTOTHO-CEJEKTHBHBIX (DHUIBTPOB,
MO3BOJISIONINX ~ YIPABJIATh  CHEKTPAIbHBIMM  XapaKTCPUCTHUKAMHU  TEpareprioBOro

U3ITydeHHs 4yacToTHOro auama3ona 0,1-2 TT'm.

3amauu padoThI:
* YHCJEHHOE MOJICJTUPOBAHUE U IKCIIEPUMEHTAIHLHOE UCCIIEIOBAHNE CIIEKTPATbHBIX
XapaKTEPUCTHK Y3KOMOJIOCHOTO YaCTOTHO-CEJIEKTUBHOIO 3epKayia (MOTJIOTUTENS)

Ha OCHOBC CABOCHHBIX QJICKTPHUICCKUX KOJIBIICBBIX PE30HATOPOB C
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BO3MOKHOCTBIO YIPABJICHHUS] YaCTOTOM PE30HAHCHBIX IMHKOB C MOMOUIBIO
M3MEHEHMS NOJIIPU3ALIAHN [TaJAIOIIEr0 U3JIyYCHUS;

YUCJIIEHHOE MOJEIIMPOBAHUE U IKCIIEPUMEHTAIBHOE UCCIIEIOBAHNE CIIEKTPAIIbHBIX
XapaKTEPUCTHK MOJI0COBOTO (UIbTPAa HA OCHOBE KPECTOOOPA3HBIX PE30HATOPOB C
BO3MO>KHOCTBIO YIPABICHUS PE30HAHCHOM YacTOTOM (UiIbTpa € IOMOIIBIO
MEXaHMYECKON NEPECTPOUKHY;

DKCIIEPUMEHTAJIBHOE HCCIEAOBAHUE BO3MOYKHOCTH YIIPABJICHUS ONTUYECKUMH
CBOMCTBaMH CJIOSl OJHOCTEHHBIX YIJIEPOJHBIX HAHOTPYOOK € IOMOUIBIO
ONTHYECKOTO  BO3OYXIEHHS  HMHPPAKPACHBIM  M3IYyYEHHUEM  Pa3IU4YHOU
UHTEHCUBHOCTH;

YUCJIIEHHOE MOJEIIMPOBAHUE U HKCIIEPUMEHTAJILHOE HCCIIEIOBAHUE CIIEKTPAJIbHBIX
XapaKTepUCTHK  PEXKEKTOPHOro  (uiIbTpa Ha  OCHOBE KpPECTOOOpa3HbIX
pE30HATOPOB U CJIOSA  HAHOTPYOOK C  BO3MOXKHOCTBIO  YIPaBICHUS
KO3 PUIIMEHTOM TMpOMYyCKaHUsT Ha PE3OHAHCHBIX YacTOTax C [OMOUIBIO
ONTUYECKOTO  BO30YXACHHUS ~ MHPPAKPACHBIM  HM3IYYEHHEM  pPa3InYHOU

HUHTCHCHUBHOCTH.

Hay4nasi HoBU3Ha padoThI

BriepBbie ¢ MOMOILIBIO YHMCIEHHOTO MOJEIUPOBAHUS U3YUYEHO BIIUSIHUE TOJIIMHBI
M pa3MEPOB CABOCHHBIX AJIEKTPUYECKUX KOJBLEBBIX PE30HATOPOB M TOJIIWHBI
JADJICKTPUUYECKOM ITPOCIOMKM Ha CHEKTPaJbHbIE XapaKTEPUCTHUKU YaCTOTHO-
CEJICKTUBHOTO 3epKaja (MOTJIOTUTENISI) Ha OCHOBE UYETHIPEXCIOMHOU CTPYKTYPHI
M3 MacCHUBa CABOCHHBIX AJIEKTPUUECKUX KOJIBIIEBBIX PE30HATOPOB, MOJUUMUIHON
JADJICKTPUUECKOM TMPOCIOWKH, OTPAXKAOIIEr0 MEIHOTO CJIOSI U KPEMHHUEBOU
MOJJIOKKH B TEPAreplioBOM JHANa30HE YacTOT.

Paspabotana  yacTOoTHO-m3OWpaTeNbHAs  METAOBEPXHOCTh  HAa  OCHOBE
YETBIPEXCIONHON CTPYKTYPhI U3 MACCHBA CIBOCHHBIX 3JIEKTPUUYECKUX KOJIBIEBBIX
pPE30HATOPOB, IOJUUMHUIHOM HUAJIEKTPUYECKOM NPOCIOMKH,  OTPAXKAIOLIETO
MEIHOTO CJIOA M KPEMHHEBOW MOMJIOKKH C MAKCUMAJIbHBIM MOTJIOIICHUEM

(99,57% na peszonancuoit yacrore 1,06 TI'n nis Y-mossipu30BaHHOW BOJIHBI U
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99,11% npu 0,4 TI'y st X-OJSIPU30BAHHOM BOJIHBI), KOTOPOE JOCTUTAETCS MPHU
CIEAYIOIINX  ONTHUMAJbHBIX  TOJNIIMHAX  CIOEB:  MACCUB  CIABOCHHBIX
ANEKTPUYECKUX KOJIBLEBBIX PE30HATOPOB — 0,5 MKM, OTpa)KaroIUN MEIHBIN CIION
— 0,5 MKM, MNOJUMMHUIHAS JUAJIEKTpUYEcKas mpociioka — 21,6 MKM; H
F€OMETPUYECKUX MapameTpax 3JIEKTPUUECKUX KOJIBLIEBBIX PE30HATOPOB: JJIMHA —
160 Mxm, mmpuHa — 80 MKM, TOJIIMHA MOJIOC — 5 MKM, IIMpUHA pa3pbiBa — 15
MKM, PacCTOSIHUE MEXKy pe30HaToOpamu — 15 MKwm.

[TokazaHo BIMSIHME JIMHBI HAHOTPYOOK Ha JHWCIEPCHUIO ONTUYECKHX CBOWCTB
CJIOSI OJHOCTEHHBIX HAHOTPYOOK B pAuanazone yactor or 0,2 mo 1 Tl
[IpoaeMOHCTPUPOBAHO YBEIMYEHUE BEIIECTBEHHOW W YMEHBIIEHUE MHHUMOI
yacTel KOMIUIEKCHON MPOBOJMMOCTU CJIOSI OJHOCTEHHBIX HAHOTPYOOK, a Takxke
pOCT BELIECTBEHHOM M MHUMOW YacTE€d KOMIUJIEKCHOM JHUAJIEKTPUUECKOU
MPOHUIIAEMOCTH TP YBEITUYCHUU JIIMHBI HAHOTPYOOK OoT 10 10 40 HM.

[Toka3aHo yBEeNMYEHHWE BEHIECTBEHHOW W YMEHBIICHWE MHHUMOM YacTen
JUAJIEKTPUUECKOM TIPOHUIIAEMOCTH CJI0SI OTHOCTEHHBIX YIJIEPOAHBIX HAHOTPYOOK
B amamna3zoHe vactor or 0,2 mo 1 TI'm mpu yBeIMYEHHM WHTEHCUBHOCTH
ONTUYECKOM HaKayK{ HA JITTMHE BOJHBI 980 HM.

PazpaGotan mosnocoBodt GuIBTp, NPENCTABISIONINN €000 JBYXCIONHYIO
CTPYKTYpPY H3 QIIOMUHHUEBOM IUIEHKM TOJIIUHON 0,5 MKM C BBIPE€3aHHBIMHU
KpeCcTOOOpa3HbIMU PE30HATOpPaMH IOBEPX TMOJUIOKKH W3 Marepuala JiaBcaH
TONIIMHON 65 MKM. OuibTp pa3nenéH Ha 4 4acTH ¢ Pa3HBIMH T€OMETPUYECKUMHU
napaMeTpaMH BBIPE3aHHBIX KPECTOOOpPA3HBIX PE30HATOPOB, MPU IMOBOPOTE
buabTpa BOKPYr OCH, MEPHEHAMKYJISAPHON IJIOCKOCTH (GUIBTpa, PE30HAHCHAs
yactoTta nepekiaovaercs B auanazone 0,1-0,4 TI'n, a npomyckanue Ha
PE30HAHCHOM YacToTe yBenuuuBaetcs ¢ 82% 10 91%.

PazpaboTan pexeKTOpHBIM (QUIBTP, MPEACTABISIIONINN COO0N TPEXCIONHYIO
CTPYKTYpy U3 MaccHuBa KpecTOOOpa3HbIX PE30HATOPOB TOMIUHONW 0,5 MKM
MOBEPX TMOJIOKKHA W3  MOJMATWICHTepedTanara TOMIMUHON 68 MKM, CHH3Y
MOJJIOKKH HAHECEH CJIOW YTJIEPOAHBIX OJIHOCTEHHBIX HAHOTPYOOK TOJIIUHON 1

MKM (mnuHa HanoTpyOok 0,3 MxMm, muamerp 1,3 HM). Pe3onaHncHas dactota
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¢unbrpa 0,15 TIm, a pgobGpoTHOCTE 16, TEoOMeTpUYECKHE MapaMETPhI
KpECTOOOpa3HbIX PE30HATOPOB: JJIUHA MOJOCH — 741 MKM, HIMpUHA TOJOCHI —
199 mxMm, nepuon crpyktypsl — 1164 mxm. Ilpm BO3neHCTBHM ONTHYECKON
HaKauku ¢ JUIMHOM BOaHBI 980 HM M IJIOTHOCTHIO MomtHocTtH 0,75 Br/cm?

ko3 puIeHT npornyckanus GUIbTpa Ha Pe30HAHCHOM YacTOTE YBEJIMUYMUBACTCS C

16% no 25%.

IIpakTH4eckas 3HAYUMOCTDH

[lomyyeHHsle B padoOTe€ 3aBUCUMOCTH CHEKTPAJIBbHBIX XapaKTEPUCTHUK OT
T€OMETPUYECKUX Pa3MEPOB METANOBEPXHOCTM HA OCHOBE YETBHIPEXCIOWHOU
CTPYKTYpPbl M3 MacCHBa CIBOCHHBIX JJIEKTPUUYECKUX KOJBLEBBIX PE30HATOPOB,
MOJIMUMUTHOM JUANIEKTPUYECKON IPOCIONKH, OTPAXaIOIIEr0 MENHOTO CJIOS U
KPEMHHUEBOW TOJIOKKH MOTYT OBITh HCIOJB30BAHBI I Pa3pabOTKH
TEpAareplUoOBBIX  HMACAJIBHBIX  YACTOTHO-CEJIEKTUMBHBIX  IIOIVIOTUTEINEH  C
BO3MOKHOCTBIO YIIPABJICHHSI YaCTOTOW PE30HAHCHBIX IHMKOB C TOMOIIBIO
VM3MEHEHUS NOJISIPU3AlMU [TaJA0IIEr0 U3TyYECHUS.

[lonyuenHsle B pabOTe€ 3aBUCUMOCTH OINTHYECKUX CBOMCTB OJIHOCTEHHBIX
YTAEPOHBIX HAaHOTPYOOK OT WX JIJIMHBI U MHTEHCUBHOCTH M3JyYEHHUS HAKAuKU
MOTYT OBITh UCIIOJIb30BaHbI Il Pa3pabOTKU KOMITAKTHBIX —YIPABISEMBIX
YCTPOMCTB AJI TEPArepuoBOro Juana3oHa 4acToT, TAKMX Kak: (pazoBpauiaTesid u
(bUIBTPHIL.

[lonyyeHnHsile B paboTe€ 3aBUCUMOCTH CIEKTPAJIbHBIX XapaKTEPUCTHUK OT
FEOMETPUYECKUX Pa3MEPOB PE30HATOPOB METANOBEPXHOCTH, IPEACTABISIOLIEH
co00# MBYXCIIOWHYIO CTPYKTYPY U3 aTIOMUHHEBOW TIEHKK TOMMMHON 0,5 MKM ¢
BBIPE3aHHBIMU  KpEeCTOOOpPa3HBIMU  pPE30HATOPAMHM  TMOBEPX MOJJIOXKKH U3
MaTepuaia JIaBCaH TOJIIUHON 65 MKM, MOTYT OBITh WCIOJIB30BAHBI IS
pa3pabOTKU  TEpareploBbIX  IOJOCOBBIX  (UIBTPOB C  BO3MOXKHOCTBIO
MEXaHUYECKOTO MEPEKII0YEHNS PE30OHAHCHON YaCTOTBHI.

[Tomyyennsie B pabOTE€ 3aBUCUMOCTH  CHEKTPAIbHBIX  XapaKTEPUCTUK

METaNOBEPXHOCTH, TMPEJCTABIISIIONIYI0O COO0ON TPEXCIOWHYIO CTPYKTYpy U3
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MaccHBa KpecTOOOpa3HbIX PE30HATOPOB TOMMMHOW (0,5 MKM TMOBEPX MOJIOKKH
U3 NOJIMATUIICHTEpedTanaTa TOMMMHON 68 MKM, CHU3Y MOJIONKKHA HAHECEH CIIOM
YIJIEPOIHBIX OJHOCTEHHBIX HAHOTPYOOK TOMIIMHOM 1 MKM (IyIMHAa HaHOTPYOOK
0,3 MM, auameTrp 1,3 HM), MOryT OBITh HCIIOJB30BaHBI JJI1 pa3pabOTKH
TEpareploBbIX PEKEKTOPHBIX  (PUIBTPOB C  BO3MOMKHOCTBIO  HAaCTPOUKH

K03 uUIMEHTa IPOITyCKAaHUs HAa PE30HAHCHON 4acTOTe.

IHon0keHus1, BLIHOCHUMbIE HA 3ALIUTY

. DOKCIEPUMEHTAIBHO ~ MPOAEMOHCTpUpPOBaHO  morjomenue  99,57%  Ha
pe3onancHoit yactore 1,06 TI'n miig y-nonsipusoBanHoi BoaHbI 1 99,11% npu 0,4
T’y nnst X-moJIsipu30BaHHOM BOJIHBI /111 Y3KOTIOJIOCHBIX CEJIEKTUBHBIX 3€pKajl Ha
OCHOBE YETBIPEXCIONHON CTPYKTYPhl M3 MacCHBA CIIBOCHHBIX JJIEKTPUYECKUX
KOJIBLIEBBIX  PE30HATOPOB, MOJUUMHIHOW  JHDJIEKTPUUYECKOM  MPOCIOUKH,
OTPAKAOUIET0 MEAHOTO CII0Sl U KPEMHUEBOU NMOMIOKKH. [lokazaHa BO3MOKHOCTb
yOpaBJIE€HUS YaCTOTOM PE30HAHCHBIX TMKOB C TIOMOIIBIO  H3MEHEHHS
NOJISIPU3ALUY TAAI0NIET0 U3TYyYEHHUS.

. DKCIIEpUMEHTAIbHO ~ MOKa3aHO  ONTHYECKOE  YIpaBlI€HUE  JAHcCHepcuei
KOMIUIEKCHOM  JUAJIEKTPUYECKOM  MPOHUIIAEMOCTH  CJOSI  OJHOCTEHHBIX
YIAEPOIHBIX HAHOTPYOOK nuamerpoM 1,3-2 HM Ha MOJUTETPadTOPITUICHOBOM
MojUIo)KKe B AuamazoHe yactor oT 0,2 mo 1 TI'u mpu Bo3OyxkaeHUU
uH(pakpaCHBIM M3Iy4YeHHEM ¢ JUIMHOW BOdHBI 980 HM  pas3mnyHOM
WHTEHCUBHOCTHU. J[J1s1 CJIOSI OJTHOCTEHHBIX YIJIEPOJIHBIX HAHOTPYOOK, TOJIIIMHON
55 M, mpopeMoHcTpupoBaHo yBennueHue Ha 4000 o.e. BEIIECTBEHHOW YacTH U
yMeHnblenue Ha 2000 0.e. MHUMOM Y4acTH AURJIEKTPUUYECKON MPOHUIIAEMOCTH, Ha
4acTOT€ C MAaKCUMalbHOW WHTEHCUBHOCThIO wu3nydenus (0,3 TI'm) mpwu
YBEJIMYEHUH HHTEHCUBHOCTH onTrdeckoi Hakadyku oT 0 10 0,7 Br/cm?.

. DKCIIEpUMEHTAIBHO MOKA3aHO YIPaBJIEHUE CIEKTPaIbHBIMU XapaKTEPUCTUKAMU
PEXKEKTOPHOTO (PUIbTPA HAa OCHOBE KpECTOOOpAa3HBIX pPE3OHATOPOB U  CJOA
HAHOTPYOOK C MOMOIIbIO BO30OYKJIEHUS M3JIyYeHHUEM C JUIMHON BOIHBI 980 HM.

[TokazaHo, 4TO cI0# TOMIMHON 1 MKM YIJIepOAHBIX HAHOTPYOOK nuamerpom 1,3
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HM yBEJIMYUBAET IMPOIYCKAHUE OCHOBHOTO U MOOOYHOTO PE30HAHCHBIX

MakcuMyMoB (uibTpa Ha yactorax 0,155 m 0,275 TI'11 COOTBETCTBEHHO MpH

VHTEHCHBHOCTH H3JyueHHs Hakauku 0,75 Br/cm’. _

AnpobGanusi padoThI

OCHOBHBIE TOJIOKEHUSI U PE3YNbTAThl PAOOTHI JOKIAABIBAIIMCHE U O00CYKIAIUCH
Ha 17 xoHpepeHmmsax: Ha [X MeXIyHapOIHOW KOH(PEPEHIIMH MOJIOABIX YYEHBIX H
cneruanuctoB «Ontuka-2015» (Cankrt-IlerepOypr, Poccusa, 12-16 oktsaops 2015);
BCEPOCCUICKON HAay4yHOH MIKoJie-cemuHape «BzaumopnericteBue CBY, TeparepnoBoro u
ONTHUYECKOr0 H3Iy4YeHUs C MOJYNPOBOAHUKOBBIMU MHUKPO- M HAHOCTPYKTYypamu,
MeTaMmarepuanamMu U OmooObekTamm» (CapatoB, Poccus, 14 mas - 17 mas 2015);
MexIyHapoaHoMm cummosnyme «Optics and its Applications» (Epesan, Apmenus, 25-28
utonss 2016); MexayHaponHslii cumno3suym «Ontuka u Ouodoronuka» (Caparos,
Poccus, 27-30 cents0ps 2016); mexayHapoaHoi koHpepeHmnn «DyHIaMeHTaIbHbIE
npobnemsl ontuku - 2016» (Cankrt-IlerepOypr, Poccus, 17-21 okts0pa 2016);
MeXTyHapoaHo# koHpepenuu «Summer School on Optics & Photonics in Oulu 2017
(Oyny, ®unnsauaus, 1-3 urons 2017); MexxayHapoaHOM ceMuHape «Science seminar
Changchun University of Science and Technology» (Yanbuyns, Kuraii, 28 oktsa6ps — 4
HostOpst 2017); mexayHapoaHo# koH(pepeHiuu «Young scientist Chinese-Russian
Optics & Photonics Symposium CROPS 2017» (Cankr-ITerepOypr, Poccust, 27 HOs0ps
— 6 nexabps 2017); mexnayHapoaHoit koHdpepenuuun «SPB OPEN 2018» (CaHkr-
[lerepbypr, Poccusi, 2-5 ampemss 2018); mexaynapoaHoit koHpepenumu «IONS
Changchun 2018» (Yanbuynb, Kwuraii, 17-20 aBrycra 2018); MexayHapOIHOM
koudepennnn «Modern Problems of Laser Physics» (HoBocubupck, Poccust, 25-31
aBrycra 2018); mexayHapoaHoi konpepenuuu «Terahertz and Microwave radiation:
Generation, Detection and Applications» (Huxuauit Hosropona, Poccust, 22-25 okTsa0ps
2018); XLVIII nayunoit u yueOHO-MeTOAM4EeCKOM KOHbepeHuu Y HuBepcuteta UTMO
(Cankr-IlerepOypr, Poccusi, 29 suBaps — 1 d¢eBpans 2019); mexayHapoaHon
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koHdpepenmmu «SPb Photonic, Optoelectronic, & Electronic Materials, SPb-POEM
2019» (Canxkrt-Ilerepoypr, Poccus, 24-27 ampens 2019), wMexayHapoaHOH
xoHpepenmuu «6th International School and Conference Saint-Petersburg OPEN 2019»
(Cankr-IlerepOypr, Poccus, 23-24 ampens 2019), MexayHapoaHOW KOH(pEpEHIIUU
«IRMMW-THz 2019» (Ilapwx, Ppanmus, 1-6 centsops 2019), XLIX nayyHoil u
yueOHO-MeTonnueckod KoH(pepeHunn YHuBepcuteta HNTMO (Canxt-IlerepOypr,

Poccust, 29 suBaps — 1 despainsa 2020).

JloCTOBEPHOCTH U HA/IEKHOCTh Pe3yJbTATOB

JIOCTOBEPHOCTh PE3yIHTATOB 00YCIOBIIEHA IOCTATOYHBIM 00bEMOM BBIOOPOK MpHU
CIEKTPAIbHOM aHAJIN3€ YaCTOTHO-CEJIEKTUBHBIX (UIBTPOB; COMVIACHEM IOJYYEHHBIX
AKCIEPUMEHTAJILHBIX PE3YJIbTaTOB C COBPEMEHHBIMU 3HAHUSMH OO0 YCTpOMCTBE
YaCTOTHO-CEJIEKTUBHBIX bUIbTPOB; COBMECTHBIM HCIIOJIb30BaHUEM
B3aMMOJIONIOJIHSIIOIIUX METOJOB YHCIEHHOTO MOJEIUPOBAaHUS U UMITyJIbcHOU Tl

CIIEKTPOCKOTIHH.

JIMYHBIN BKJIAJ aBTOPA

ABTOp JMYHO TOJYYWJI OPUTHMHAJIBHBIE OKCHEPUMEHTAIBHBIE  CIIEKTPBI
IPOIMYCKaHUs YIPaBIIEMbIX PEXKEKTOPHBIX (PMIIBTPOB U CIIEKTPBI OTPAKEHUS YaCTOTHO-
CEJICKTUBHBIX 3epKai (coBMecTHO ¢ coaBropamu MI'TY um. H. D. baymana). Ilpu
HEIMOCPEICTBEHHOM Y4YaCTUM JIUCCEpTaHTa MpOBEAEHbl 00paboTKa M aHajau3
DKCIEPUMEHTAJIBHBIX M TEOPETUYECKUX PE3YJIbTATOB  CIEKTPOB  IPOITYCKaHUsA
MOJIOCOBBIX (PUIBTPOB COBMECTHO C coaBTopamMu u3 YHuBepcutera UTMO. Astop
JUYHO TIOJYyYWJI JUCIEPCUU BEIIECTBEHHOM M MHUMOM YacTe KOMIUJIEKCHOU
TUDJIEKTPUYECKOM  MPOHUIIAEMOCTH  CJIOS  YIJIEPOAHBIX  HaHOTpyOok.  Takxke
JVCCEPTAHTOM JIMYHO MPOBEICHO YHWCIECHHOE MOJEIMPOBAHUE CIEKTPOB OTPAXKEHHUS

YaCTOTHO-CCIICKTUBHLIX 3CPKaJl U HpOBeI[éH AHaJIM3 MMOJIYYCHHBIX PC3YyJIbTATOB.
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[yonukannu

OcHOBHBIE COJIepKaHKe AuccepTaluu onyoaukoBaHo B 20 medaTHbIX padoTax, u3
HUX 12 B HAyYHBIX XKypHAJaX, HHIACKCUPYEMBIX MEKIyHAPOIHBIMHA Oa3aMH JTaHHBIX, 2
pexomenoBanHbix BAK, 4 unnekcupyembix 0a3oit nanaeix PUHIL u 2 B marepuanax

MEXIYHAPOIHBIX U POCCUUCKUX KOH(DEPEHITUH.

CTpykTypa u 00beM JuccepTalnu
HuccepranonHas paboTa COCTOUT W3 BBEIEHUA, 5 TJIaB, 3aKJIIOYECHHS, CIUCKA
muteparypsl. OOmmii 00beM nauccepTanu coctaBisieT 161 crpanwiy, Brimrodas 37

PUCYHKOB, 7 TaOJIMI U CIUCOK LUTUPYEMOM JIUTEPaTypbl U3 197 HaMMEeHOBaHU.

OcHOBHOE coaepxaHue padoThI

Bo BBe/leHMH 000CHOBaHA aKTyaJIbHOCTh MTPOBEJIEHHOTO UCCIICIOBAHUS.

B nepBoii rj1aBe npeIcTaBlIeH JUTEPATYPHBIN 0030p 10 TEME AUCCEPTAMOHHOTO

uccienosanus. llpuBeneHa kpaTkas uHPOpMaLMs O NPUMEHEHUH TEpareproBOro
U3JIy4yeHUus B cOBpeMeHHON Hayke [l1-3]. PaccmoTpeHbl mnpuMepbl MNPUMEHEHUS
YaCTOTHO-CENIEKTUBHBIX (UIbTPOB [4—8]. OOBACHEHO TOHSATHE METamMaTepHUasoB.
Takxke moapoOHO pa3o0paHbl KOHCTPYKIUMU M c(epbl NMPUMEHEHHUS TaKHX THUIIOB
YaCTOTHO-CEJIEKTUBHBIX (DUIIBTPOB, KaK: YAaCTOTHO-CEJIEKTUBHBIE METAllOBEPHOCTU U
YaCTOTHO-CEJIEKTUBHBIE (PUIIBTPBI C YIPABISIEMBIMH XapakTepucTUkaMu. [Tomumo Toro
OBLITM PACCMOTPEHBI MAaTEPHAIIbI C MEPECTPANBAEMBIMU ONTUYECKUMH TapaMeTpamMu B
TeparepLoBOM JIHAMA30HE YaCTOT U METO/bI UX YIIPABIICHUS.

Bo BTOpOii rjiaBe OIUCaH MpoOIEecC Pa3paOdOTKU HACATBHOTO CEJICKTHBHOTO

3€pKaJia Ha OCHOBE JJIEKTPUUYECKUX KOJIBIIEBBIX PE30HATOPOB.

Crpyktypa, uzydaemas B 3TOW rjiaBe, MPEJICTABISET COOOM TMOIVIOTUTENb Ha
ocHoBe MertamarepuanoB (MMII) ¢ anemeHTapHON SUEMKOI HA OCHOBE AJIEKTPUUECKUX
KOJIbLIEBBIX pe3oHaTopoB (DKP), wucnonb3dyemoil mnpu peanu3aluyd Y3KOIMOJOCHBIX
MOIJIOTUTENEH. JTa CTPYKTypa COCTOMT M3 4 cioeB: | - KpeMHHEBas MOJJIOXKKA, 2 -

oTpaxarolas MeaHas TJIeHKa, 3 - TUAJIeKTpUUecKass MPoCaoika, 4 - MaTpuIia MeIHBIX
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OKP. OKP coctouT u3 ABYyX pa30opBaHHBIX KOJEL, COCIWHEHHBIX APYT C APYIOM, H
OIIpENENAETCs CIENYIOIMM HAabOpOM MapameTpoB: § — mupuHa paspeiBa OKP; w —
IMIMPUHA TIOJIOCKL, 8, D — IIMHA ¥ MIMpUHA AJIEMEHTAPHOW SYCUKH METAIOBEPXHOCTH
COOTBETCTBEHHO; P — paccTossHue Mexay rpanuueil OKP u rpaHunei sieMeHTapHOU
sueriku. CTpyKTypa JIEMEHTAPHOM SIYEUKH METAIOBEPXHOCTH IMPOWIIIOCTPUPOBAHA Ha

Pucynke 1.

Pucynok 1 — CTpykTypa 371eMEHTapHO! SUCHKH METAIIOBEPXHOCTH. 1 — KpeMHHUEeBast
nojitoxka (20 Mmxm); 2 — MeaHbIl oTpaxkarommuid ciok (0,5 Mkm); 3 — nuanekTpuk (12

MKM); 4 — maccuB MeaabIx DKP (0,5 Mrm)

YToOBl MPOBECTH MCCIEIOBAHUE BIUAHUS reomMeTpuueckux mnapamerpoB OKP,
ObLJIO TPOBEICHO YHUCIECHHOE MOJEIMpOBaHUME S5 00pa3loB C  pa3IuYHbIMU
reomerpuueckumMu napamerpamu  OKP. 3HaueHMs TreoMeTpUYECKHX [apaMeTpoB
oOpas1oB npuBeeHbl B Tabmute 1.

Tabnuna 1 - Moaenupyembie reomeTpudeckue napamerpst MMII

Ne o6pasma a, MKM b, MKkM g, MKM P, MKM W, MKM
1 160 80 15 15 5
2 176 88 15 15 5,5
3 192 96 15 15 6
4 208 104 15 15 6,5
5 224 112 15 15 7

PesynbraThl 3TOrO0 MojaenupoBaHus (5 CTPYKTYp C TE€OMETPUYECKUMU

napaMmerpamu U3 TaOmauipl 1 U caeayronyMH TOIIMHAMY CJIOEB: MOJJI0XKKa — 20 MKM,
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oTpaxkatenpHbIN cnoit — 0,5 MKM, mpocioiika nonuumuaa — 12 mxm, maccuB OKP — 0,5
MKM) mpejcTaBieHbl Ha PucyHke 2. OHM JEMOHCTPUPYIOT OTHOCHUTEIBHO HHU3KOE

nornowenue TI' u3nyyenus, He npesbimaroniee 55%.
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Pucynox 2 — CriekTpbl oTpaxkeHus: 5 00pa3IoB C TEOMETPUUECKUMU MTapaMeTpaMu

u3 Tabnuupl 1 718 y-nonasipu30BaHHBIX (a) U X-TIOJISIPU30BaHHBIX (0) BOJIH

YtoObl MOKa3aTh BIUSHUE TOJIIMHBI MPOCIONKH Ha MOTJOIICHUE olpasia s
obpasna 1 u3 TabGaumel 1 6pUI0 IPOBEIEHO MApaMETPUUECKOE UCCIEAOBAHUE BIUSHUS

TOJIIIUHBI MPOCTIONKHU B nrana3zone ot 5 110 35 MM (Pucynoxk 3).
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Pucynok 3 — Biustnue Ttommuubl  cnoss noiuumuga SU-8 Ha TOTJIONIAIOIIYIO
CIIOCOOHOCTh Ha PE30HAHCHOM MuKe (a) u H0OpoTHOCTH (0) mys obpasma 1 c
tommuaoi cimos DKP 0,5 mxm. ©=0°, ©=90° — yriusl MeXay BEKTOPOM
HANPSOKEHHOCTHU JJIEKTPUYECKOTO TMOJIS MAJAOUIEN BOJHBI U KOPOTKOM CTOPOHOU

OKP, cooTBeTcTBYIOIME Y- U X-TIOJISIPU3ALNN COOTBETCTBEHHO



18

Y10o0bI UMETH MAaKCUMAJILHOE 3HaYEHUE HorIoleHus, Toamuaa DKP nomkaa

OBITH OOJIBIIIE, YEM TOJIIIMHA CKUH-CJIOs, BhIpaxkeHHas hopmysioi (1):

A= c ,ngimp, (1)

rame A — ToammHa CKHMH-CJIOs, ¢ — CKOPOCTb CB€TaA, &y — AUDJICKTPUUCCKAd

MIPOHUIIAEMOCTh CBOOOTHOTO TIPOCTPAHCTBA, ® — IUKIWYECKas dYacToTa, W, —
OTHOCHUTEJIbHASA MAarHUTHAsA TPOHULIAEMOCTb MEJIH, p — YAEIBHOE COPOTUBIICHUE MEU.
TonmmHa CKAUH-CI0SI MEJIA Ha PE30HAHCHOM YacTtoTe cocTaBisieT A = 0,13 Mkm.

Tak xak TommmHa DKP nomkHa OBITH OOJBIIE, YEM TOIIIWHA CKHH-CJIOS, OBLI
BBIOpaH Juama3oH TOMIMMHBI OT 0,2 MKM 110 1 MKM Uil MOJEIUPOBAHUS W OLICHKHU
BiusHUS TommuHbl OKP. PesynapTaThl pacuera MOIJIOMIEHUS W JOOPOTHOCTH Ha

PE30HAHCHOM YacTOTE METAMOBEPXHOCTH TS IBYX mosstpu3artuii: @=0°, ©=90°.
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=093} ] e
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Pucynok 4 — Biustnue Tonmunsl ciiosi OKP Ha norsoiieHne Ha pe30HaHCHOM THKE

(a) 1 Ha 7OOpoTHOCTH (0) /It 0Opa3ia 1 ¢ TONIUHON TOTUUMUTHOTO CII0S 23 MKM

B nanHO# T71aBE NpeACTaBIEHA KOHCTPYKINSI METAIIOBEPXHOCTH, ITPOBEAEH aHAIIN3
BJIUSHUAA TOJIIMHBL CIOEB METAllOBEPXHOCTH, OMNMCAH NPOLECC H3TOTOBICHUS
AKCIIEPUMEHTAJIbHBIX 00pa3s1oB, a  TaKxe IIPEICTaBIICHbI pe3yNbTaThl
HKCIIEPUMEHTAJILHOTO UCCIIEIOBAaHUs 00pa3IiOB.

bbuin  WM3roTOBNEHBI JBa OKCIEPUMEHTAJIbHBIX oOOpa3la ¢ M[apameTpaMu
npeacTaBieHHbIMU B Tabsuie 2 (06pasibl Nel u Ne3). Mukpodortorpaduu ob6pasion

npejacTaBieHbl Ha Pucynke 5 (BCTaBKH).



Tabnuna 2 - ['eoMeTprueckue napameTpsl Uil U3rOTOBIEHHBIX 00pa3IioB

No oOpasma a, MKM b, MKkM g, MKM P, MKM W, MKM
(a) 159 78 13 17 5
(0) 208 98 13 23 6

Koaddurment orpakenust 6b11 U3MEpeH JJIsi U3rOTOBJIECHHBIX 00pa3ioB MMII,

YTOOBI MOJIYYUTh MOTJIOIIEHUE KaXKI0T0 M3 00paslioB (CHEKTPhl OTpaKeHUs] 0O0pas3IoB

npeacraBieHsl Ha Pucynke 5). OOpazeny (a) neMOHCTpHUPYET IOJHOE TOTJIONICHUE

99,57% na vactote 1,06 TI'u nns y-nonsgpuzoBaHHoM BoJHBI U 99,11% Ha yactote 0,4

TI'n gnst x-MOJIApU30BaHHOW BOJIHBI,

s obpasna (0) M3MepeHHOEe TOTJIONIECHUE

coctaBigeT 99,98% na yvacrore 0,87 TI'n nns y-nonasipu3oBaHHOM BOJIHBI U 98,68% Ha

gactote 0,33 TI' st X-1oAsipu30BaHHON BOJIHBL.
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Pucynok 5 — (a) u (6) CnexkTpbl OTpaskeHUsI J1s1 Y-TIOJIAPU30BAHHOMN (CUHSIS KpUBasi) U X-

MOJISIPU30BAaHHOM (KpacHasi KprBasi) BOJIH JJIsl dKCIIEpUMEHTaIbHBIX 00pa3iioB MMII

(a) u (6) ¢ reomerprueckuMu napametpamu u3 Tadmuis! 2; (B) 1 (T) aMILIMTYIHbIC

CIIEKTPBI OTPAKEHHS ¥ BpEMEHHBIE (DOPMBI TSl pasHbIX MOJISpU3aiii BOaHb (=0,

45°,90°) nus (@) u (6) SKCIIEpUMEHTATBHBIX 00Pa3I0B ¢ TEOMETPHUECKUMHU

napamerpamu u3 Tabauiel 2. BetaBku: MukpodoTorpaduu odpasion
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Takum o00pa3oMm, METOAOM YHCIEHHOTO MOJEIUPOBAHUS ObUIM BBISBICHBI
ONTUMAJIbHBIE TOJIIIMHBI CIOEB METAIIOBEPXHOCTH I JTOCTUKEHUS MaKCHUMalIbHOTO
NOTJIOIIEHNS Ha PE30HAHCHOM IHKE, a TAKXKE OINPEAEIICHO BIUSHUE T'€OMETPUUYECKUX
napaMeTpoB DOKP Ha 4acTOTHOE MOJ0KEHUE PE30HAHCHOTO MHUKA. JKCIEPUMEHTAIBHO
MIPOJIEMOHCTPHUPOBAHO Toryomenue 99,57% na pezonancuoi yacrore 1,06 TI'n mia y-
NOJIIPU30BaHHOM BOJHBI U 99,11% npu 0,4 TT' 1151 X-NOJAIpU30BaHHOM BOJIHBI.

B Tperber riaBe COACPIKATCA  JaHHBIC O pa3pa60TKe MCXaHNYCCKHU

YIPaBIsIEeMOT0 MOJIOCOBOTO (UIBTPA HA OCHOBE METAJUITMUECKOHN IMIEHKH C MAacCHBOM
BBIPE3aHHBIX KPECTOOOPAa3HBIX PE30HATOPOB.

[TonoxxeHne PE30HAHCHOM YacTOThl MPOMYCKAHHUS IOJOCOBOrO  (PUIIbTpa
ONpEENsIeTCs] TE€OMETPUUYECKUMH MapaMeTpaMu KpecTOOOpa3HbIX PE30HATOPOB —

mHou L, mupunoit K u nepuogom G (PucyHok 6).

Pucynox 6 — [1apameTpsl ¢punbsTpa ¢ KpecTooOpa3Hoi reoMeTpren

Hcnionb3ys 3HaYeHHS TTapaMeTPOB KPECTOOOPa3HBIX pe30HATOPOB U3 Tabmuiibl 3,
OBLIIM MIOCTPOEHBI CIIEKTPbI MpoIycKanus GuibTpa 1 yetbipex yactot (0,1; 0,2; 0,3;
0,4 TI'u). Pe3oHaHCHBbIE YacTOTHI CIEKTPOB, TMOJY4YEHHBbIE B  pe3yjbTare
MOJICJIUPOBAHUS, MPAKTUUYECKU COBHAIMU C TEOPETUYECKUMHU JaHHBIMU. Koadduuuent
MPOIYCKaHUs OJIM30K K €AMHHUIIE.
Tab6numa 3 — [TapameTpsl kKpecTooOpa3HBIX PHIBTPOB IS 33TAHHBIX PE30HAHCHBIX

qacToT

f, TI'x G, MKM L, MKM K, MKM
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0,1 2351 1533 445
0,2 1175 766 222
0,3 784 511 148
0,4 588 383 111

JIisi pOTHO3UPOBAHUS BHJIA CIHEKTpa MPOIMYCKAHUS MOXHO HCIOIb30BaTh
TEOPETUUYECKYIO MOJIENb KOJIeOaTeIbHOTO KOHTYpa, KOTopas pe/icTaBiieHa B [9].

Koadduiment npomyckanrs MOKHO pacCYUTHIBATE C IIOMOIIBIO 3TOW MOJIETH:

i: _ |(Zgrid||Z0)_Zo| 2 2
[|(Zgrid||zo)+zo| ' ()

Zgrid = (R +ij)||(ij)_1, 3)

Pin

rae Py — MOIIHOCTh MajaloIIero U3MydeHusi, Pt — MOIIHOCTH MPOIIEAIIErO
m3myaeHusi, Zg=377 OM — HMIegaHc CBOGOJHOrO mpocTpaHcTBa, R=7,8x1072 Om —
OMHYECKHE TMOTEepH B ceTke, L — MHAYKTUBHOCTh, C — €MKOCTh, @ — HMKJIHYECKas
9acTOTa, Zgrig — AIMIIEIAHC DIIEMEHTAPHON AYCHKH.

JIoOpOTHOCTH K0J1€6aTeTbHOTO KOHTYpa COCTaBJISIET:

wCZ
Q=—=, (4)
2
rac wy — pE30HaHCHAsA 4aCTOTa, paBHasA:
1
w. = —. 5
, = (5)

JUis GUIbTPOB C MOUIOKKON EMKOCTH M MHAYKTUBHOCTH ObUIM pAacCUMTaHbl Ha
OCHOBE Pe3yJbTaTOB MOJEIUPOBAHMS. EMKOCTh MOMKHO paccuuTaTh 10 (opmyie (4),
3Has JOOPOTHOCTb, OJJEKTPUYECKUH HMIENaHC CBOOOJHOTO IMPOCTPAHCTBA H
PE30HAHCHYIO YacTOTy, a 3aTEM, HCIOJIb3Yysl PACCUYUTAHHYIO €MKOCTb, MHIYKTUBHOCTh
paccuutath 1o Gopmyse (5). [loayuuB, TakuM 00pa3oM, 3HAYEHUS WHIYKTUBHOCTH U
€MKOCTH JUI OTHOTO (pMIIbTPA, IMMyTEM MPONOPLHUOHAIBHOTO U3MEHEHHSI OTHOCUTEIBHO
PE30HAaHCHOM YacTOThI, MOXKHO paccuuTath L u C st 1pyrux puiabTpoB.

TectoBbiit oOpazer; (Pucynok 7 a) npeacrtaBiseT coOoi Kpyr, pa3ieliecHHbIN Ha 4
YacTH, KaxKJash M3 KOTOPBIX COIEPKUT MACCUB KpPEeCTOOOpPa3HBIX PpPE30HATOPOB C
Tre€OMETPUYECKUMHU TapameTpamu, NpeacTaBieHHbIME B Tabmuie 3. Takum obpazowm,

KaxJ1asd 4aCTb UMCCT IMHKOBOC IIPOITYCKAHWC Ha PA3HBIX PC30HAHCHBLIX HYAaCTOTaX, 4YTO
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o0ecrieunBaeT MeXaHWYecKoe ympasiieHue. DWIBTP HU3TOTOBJIEH METOAOM MPSMOii
Ja3epHOU aOJAMK METAUTMYECKON IUICHKH IOBEepX IoJMMepHOW mommoxku [10].
MarepuajioM MOJJIOKKHK SBJISIETCSA JIABCaH TOJIIMHOW 65 MKM, €ro JHU3JIEKTpUYecKas
MPOHUIIAEMOCTh paBHa 3. MerauiMueckas IUIEHKAa C BBIPE3aHHBIMU KPECTOBBIMU
pe3oHaTopaMH TIPEeACTaBsAeT coOO0M cioi amtoMuHusA ToamuHONU 0,5 MKM. CHEeKTpsI
MIPOITYCKAHMS KKIOW YaCTH TaKOH CTPYKTYPHI OBLIM TOJYYCHBI IMyTEM YHCICHHOTO
mozenupoBanusi B cpeae Comsol Multiphysics ¢ ucnonb3oBaHueM MeTO/la KOHEUHBIX
3JIEMEHTOB, AHAJIWTHYECKH C HCIIOIB30BAHWEM MOJIEIN KOJIeOATeIbHOTO KOHTypa M

AKCIEPUMEHTATHLHO C UCIIONIb30BaHHeM uMITysibcHoM TI 1 ciekTpockonuu (Pucynke 7).
(a) (6)

o
1
o

o
w
T
o
w

Ilponyckanme
Ilponycranme

o

o
h
LY

1
0.0 0.1 02 U’00,0 0.1 02

Yacrora, TI' Yacrora, TI'

(8) (r)

k=]

e
o

ITponyckanue

o
o

i L 1 I 1
70,0 02 04 0,00 025 0.50

Yactora, TT Yactota, TT

(a) (0)

Pucynox 7 — (a) ®otorpadus U3roToBieHHOro 00pasia; (0) CreKTphbl MPOMyCKaHus,

nostydeHHbie yuciaeHHo (1), Teopernuecku (2) u SKCIepUMEHTAIBHO (3) 1S

HccleIyeMoro oopasiia

Pe3onancHbie YacToThl f W KO3 GHUIMEHTHI MpOMyCKaHWsT Ha 3TUX YacToTax T,
MOJIydeHHBbIC Pa3HBIMH MeToAaMmH, ykasanbl B TaOmune 4 (f; u T— TeopeTuueckoe
uccnenoBanue, fim n  Tgm— pesympratel MomenupoBaHus; fop U Tep —
HKCIIEPUMEHTAJILHBIC TAHHBIE).

Tabnmuna 4 — ChnexkTpaibHble XapaKTEPUCTUKH (PUIBTPOB, MOJYYEHHBIE YHUCICHHO,

AHAJIMTUYCCKH U SKCIICPUMCHTAJIBHO

CnexTpanbHbie

Ounbtp Nel | @unptp No2 | @OunbTp Ned | Ounbtp Nod
XapaKTePUCTHKHU
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f 0,087 0,155 0,219 0,285
f, Tl fom 0,086 0,160 0,227 0,291
Foxp - 0,154 0,226 0,288

T, 1 1 1 1
T Tsim 0,98 0,99 0,99 0,98
Texo - 0,91 0,88 0,82

['eomeTpuyeckue mapaMmeTpbl KpecTooOpa3Hbix pe3oHatopoB (G, K, L) mus
(GUIBTPOB IEPBOHAYATBLHO PACCUUTHIBATIUCH IS pe3oHaHCHBIX "acToT 0,1; 0,2; 0,3; 0,4
TI'n (Tabmuma 3), omHaKo B pe3ynbTaTe M00ABJICHHS JIABCAHOBOW TOMJIOKKH BCE
PE30HAHCHBIE YacTOThl CMECTHJINCh B CTOPOHY Oojiee HU3KMX 4acToT. M3-3a 3TOro
CIIEKTp MPOMYyCKaHWsI TMEpBOro (uiabTpa HE IMOMNajal B AWana3oH pabOyux YacToT
cnexkrpometpa (0,1-1,0 TT'm).

Takum o00pa3om, Oblia pa3paboTaHa CTPYKTypa IOJ0COBOro ¢uibTpa ¢
BO3MOXXHOCTBIO MEpeKtoueHust Mexay 4 pesonancueiMu yactotamu (0,1; 0,2; 0,3; 0,4
TI'm) ¢ nmpomyckanueM B jguara3oHe oT 82% a0 91%. AHamuTuueckue pacdEThl,
YUCJIEHHOE MOJICTUPOBAHNE M JKCIEPUMEHTAJbHbIC JlaHHbIC T[OKA3aJId XOpOoIlee

COOTBCTCTBHC.

B 4yerBéprToil IjaBe IOKa3aHa BO3MOXXHOCTb YIPABICHUS AUAJIEKTPUYECKUMHU

CBOMCTBAMHU CJIOS YIJIEPOAHBIX HAHOTPYOOK MpPU OCBEIIEHHH €ro HH(ppaKpacHbIM
U3ITy4YEHHUEM.

VYrneponusie HanoTpyOku (YHT) ObliM CHUHTE3MpPOBAaHBI MYTEM XHUMHYECKOTO
OCAXKJEHUSI U3 Ta30BOM (pa3bl, C TOUHBIM KOHTpOJEM UX Mopdoaoruu, GopMUpOBAHUS
CB30K M ToimuHbl ciosg [11]. Crmoco0® mpou3BoJCTBAa OJHOCTEHHBIX YIJIEPOJIHBIX
HaHoTpyOok (OCYHT) B aspozonwpHOl (aze mosposisieT noiaydatb OCYHT ¢ odens
BBICOKMM KadecTBOM [12]. CrexTp morjoieHus o0pasiia, MoAroTOBICHHOTO METOI0M
CYXOro IMepeHoca Ha KBapIeBYIO MOIOKKY, nMoka3aH Ha Pucynke 8 (a). Ha Pucynke 8
(6) m (B) moka3aHBl COOTBETCTBEHHO H300pa)KCHHE, IIOJIYYCHHOS C IOMOIIbIO
CKAaHUPYIOIIEH 53JIEKTPOHHOW MuKpockonuu, cTtpykrypa OCYHT Ha kBapueBoit
NOJIOKKE M HM300pakeHUe, MOJTYYEHHOE C IMOMOIIbI0 MPOMYCKAOMIEH AJIEKTPOHHON

MUKPOCKOINHU, OTIeTbHBIX HaHOTpYyOOK. Crnoit OCYHT Obln HaHeceH Ha KBapIIEBYIO
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MO/JIOKKY C JBYMS TTApaJUICIbHBIMH 30JIOTHIMH 3JIEKTPOJIAMH U OCBEIIAJICS JIA3epPOM C
JUIMHOM BOJIHBI 532 HM, Kak IOKa3aHO Ha cxeme Ha Pucynke 8 (r). M3mepsiemas
€MKOCTh W COMPOTHUBJICHUE OO0pa3lla yMEHBINAINCH TMPU ITUKINYECKOM OCBEIICHUH
(Pucynok 8 (11)). Habmromaemoe n3MeHEHHE DIICKTPUYCSCKON EMKOCTH COCTABIISIET OKOJIO
10%, B TO BpeMs Kak W3MEHEHHUE CONpOTUBIECHUS cocTaBisier meHee 0,2%. Ito
U3MEPCHHE  TIO3BOJSIET  MPEANOJOXKHTh, YTO  HACTPOMKA  JAMAJIEKTPUUYECKOMN
MPOHUIIAEMOCTH 00Jiee UyBCTBUTENIbHA K CBETY, YEM HACTPOMKA MPOBOJAUMOCTH.

(a) ( (8

ITornouexme
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Pucynok 8 — Xapakrepuctuka ToHkux cioeB OCYHT: (a) cmekTp ONTHYECKOTrO
nornomenus oo6pazna OCYHT. Cpemuuit guamerp OCYHT paccuuthiBaeTcst 1o
MOJIOKEHUI0 THKa S;; ¢ wHcmonb3oBaHueMm rpaduka Karayper, (6) m3oOpakeHue
OCVYHT, nosny4eHHbIE C TOMOIIBI0 CKAaHUPYIOMIEH AJIEKTPOHHONW MHUKPOCKOMHH; (B)
uzoopaxenne OCYHT, mnonmyueHHbIE ¢ NOMOIIbIO MPOCBEUMBAIOIICH 3IEKTPOHHOU
MHUKPOCKOTINH; (T) CXEMaTHYeCKOe H300paKCHHE YCTAaHOBKM H3MEPEHHUs HMIIEaHca
cnos OCYHT nHa xBapueBoil TOJIJIOKKE MPH OCBEIICHUH CBETOM; (1) U3MEPEHHOE

BIIUSTHUAE [IUKJIMYECKOTO OCBEIIEHUS HA EMKOCTh U conpoTuBiieHue cinost OCYHT

[TpunnunuansHas cxema ycraHoBku Tl ummnynbcHOM cnektpockonuu (TUC)

nokazana Ha Pucynke 9 (a). MudpakpacHbIii (HeMTOCEKYHIHBIN JIa3epHbI HMITYJIbC
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ObUT pa3felieH Ha JIBa Jy4ya ¢ COOTHoueHHeM 1:9. «30Haupyromuil myqoK» coaepxal
10% sHeprum, a «mydok Hakaukm»- 90%. I'enepanus TI'n curaana ocyuecTBisIach 3a
cuét ¢ororddexra JIpmOepa B TOIYyIPOBOTHUKOBOM KpucTawie InAs, KoOTOpbIi
Haxoauics B MarHUTHOM noJie 2 T. [lerektupoBanue TI'1 curHana ocyniecTBiIsuioch 3a
cueT 3¢ dekra [Tokkenbca B 3JCKTPOONITHUECKOM HenHeitHOM Kpuctaie CdTe,

(@ (6)
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Pucynok 9 — Xapakrepuctuka OCYHT ¢ momompto TI'y ummynbcHO#M
criekTpockonuu: (a) cxematuueckoe n3oopaxkenue ycraHoBku TUC. Ch - ontrueckuit
npepbiBarenp, InAs - TI'q renepatop (kpuctain InAs B marautaoM nosie 2 Ti), G -
npusma ['mana, CdTe - HenuHeHbIN KpucTami, /2 u A/4 — nody- U 4eTBEPTHBOJIHOBAs
macTuHbl, W - mpusMa Bosactona; (6) u3MeHeHre MMKOBOM aMILITUTY bl
oOHapysxeHHoro TI'1] curaana BO BKJIFOUEHHOM M BBIKITFOYEHHOM COCTOSIHUSIX
ocBenieHus. BctaBka — Bpemennas popma onunouroro TI'ip umnynbca; (B, T)
JICVCTBUTEbHASI 1 MHUMAasl YaCTU KOMILIEKCHOW TUAJIEKTPUUECKON MPOHUIIAEMOCTH
obpasznia OCYHT. 3nauuTenpHoe yBeIUYEHUE JeHCTBUTEILHON YaCTH U YMEHBIIICHHE
MHUMOM YaCTH TUIJICKTPUIECKON MPOHUIIAEMOCTH HAOIIOIAI0TCS C YBETUICHUEM

HHTCHCUBHOCTH CBCTA

[TvkoBBIE aMITTUTY/IBI NETEKTHPOBAHHBIX TI Tl UMITYIHCOB OBUTH 3amMCaHBbI Kak

(GyHKIHS OT OocBelleHUs oOpasma (moka3aHo Ha BiokeHuu Pucynke 9 (0). Cpemnee
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BO3pAacTaHUE AMIUIMTYJIBI B IMPOIECCE OCBEIIEHUs cocTaBisieT 8%, Kak MOKa3aHO Ha
Pucynke 9 (0). JImuHa BoJHBI BO30YKICHHS 371€Ch OTJIMYACTCS OT JJIMHBI BOJIHEI Jla3epa,
WCMOJIb30BAaHHOTO  JUISI  OPSIMOTO  M3MEPEHHS] UMIIEAAHCA, COOTBETCTBYIOILIETO
pa3IUYHBIM 3HA4YeHUsIM ontudeckoro mnoromeHus cinogs OCYHT. W3Mmepennas
KOMIUIEKCHasi  AudjiekTpudeckas mnponunaemMocts OCYHT, xapakrtepusyromasics
U3MEeHeHUeM caBura (a3el u aMIuTyael 1111 n3mydenus, mpeacTaBieHa Ha Pucynkax
9 (B) u 9 (r). IIpu OTCYyTCTBMHM OCBEIICHHS, JCHCTBUTEIbHAS YaCTh KOMILICKCHOM
JRJIEKTPUUECKON MPOHUIIAEMOCTh TPUHUMAET OTPHUIATEIbHBIC 3HAUCHUS! TIPU YaCTOTE
Hwke 0,3 TI'n. bonee Toro oHa mokaspiBa€T PE30HAHCHOE MOBEJICHUE, YTO O3HAYAET,
YTO MPOBOJUMOCTh HE MOXKET OBITh OIHMCaHa MpocTor Mojeibto Jpyne. Bzamen yero,
MOXXET ObITh mpuMeHeHa wMonenb Jlpyne-JlopeHnma B KoMOMHauuMM ¢ Teopuel
Makcgemna-I'apaerra. Ilom BO3JEHCTBMEM  OCBEIICHUS JCHCTBUTEIbHAA 4acTh
JIADJICKTPUUECKONM TPOHUIIAEMOCTH BO3pacTacT, B TO BpeMs KakKk MHHUMas 4acTb
YMEHBITIACTCS, TP YBETUICHUN HHTCHCUBHOCTIX ocBemenus 0,312; 0,47 u 0,7 Br/cm?.

Takum oOpa3oM, OBUIO TIOKa3aHO, YTO TIPH YBEJIMYCHHH WHTEHCUBHOCTHU
ONTHUYECKOr0 BO30YXJEHUS C MJIMHOW BOJHBI 980 HM HaOmIOmaeTCs 3HAYUTEIBHOE
YBEIIMYEHUE JICUCTBUTEIBHOW M YMEHBIIEHWE MHUMOW YacTe€d KOMIUIEKCHOU

JTUBJIEKTPUYECKON MPOHUIIAEMOCTH.

B nATOii _rjgaBe mnokazaH Mpolecc pa3pabOTKU ONTHUYECKH YMIPABIIEMOIO

pexXeKTopHOro QuibTpa. B naHHOW TraBe ucCCieqyeTcs BO3MOXHOCTb CO3JaHUS
yIOpaBisieMbIX (QUIBTPOB HA OCHOBE METAllOBEPXHOCTH W3  KPECTOOOpPa3HBIX
pPE30HATOPOB M YIJIEPOAHBIX HAHOTPYOOK. ['eoMeTpusi TakoW MeETamoBEpPXHOCTH
ONKCBHIBACTCS  CIEAYIOIMM HAObOpoM mapameTrpoB: P — mepuoa CTPyKTYphl
KpecTooOpa3HbIX pe30HaTOpoB; L — niuuHa nuHMil KpectooOpa3Hbix pezoHatopos; W —
INIMPUHA JIMHUHA KPeCcTOOOpa3HbIX PE30HATOpOB; h — ToNIUHA JUANEKTPHYECKON
noiokkr. Ha Pucynke 10 (a), (0) mpencraBieHbl KOHCTPYKIIMH IIOJIOCOBOTO H

pexxekropHoro GuiIbTpoB, a Ha Pucynke 10 (B), (I) X CHEKTPBI MPOMYCKAHUS.
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Pucynok 10 — Korctpykiuu (@) moocoBoro u (6) pexxeKTOpHOTO (PUIBTPOB;

CXeMaTHUYECKUE CIIEKTPHI MPOMYCKaHUs (8) MOJIOCOBOTO U (2) peKEKTOPHOTO (PUIBTPOB

[Ipu mpomoprroHAIPHOM HW3MEHEHHHM BCEX IapaMeTpoB pe3oHatopa (P = kP,
L =kLy, W = kW,), pe3onancHas yactoTta usmensercs B 1/k pa3 (t.e. fro = kf,, rae

f. — pesoHacHas uyactora QuubTpa ¢ napamerpamu P, L u W, a f.° — pesonarchas
yacTota QuibTpa ¢ napamerpamu Py, Lo u Wp) 1 He usmensercs 100poTHOCTH GUIbTPA.
beim u3rotoBneH oOpazel pexEKTOPHOro (GuiIbTpa Ha OCHOBE KpPecTOOOpa3HBIX
pe3oHaTopoB (reoMmerpuueckue mnapametpbl: L = 741 mxm; W = 199 mxMm; P = 1164
MKM), ¢ pe3oHaHcHOW yactoroi f, = 0,15 TI'm u mobporHocThio Q = 16. 3atem Ha
GUIBTp CO CTOPOHBI MOJUIOKKHU ObLT HaHeceH ciaort YHT tommmuuoit nopsaka 1 Mkm
(mmHa HaHoTpyOok 0,3 mkMm, auamerp 1,3 Hwm). Ha Pucynke 11 (a) npesacraBicHa
dbororpadusi HU3rOTOBICHHOTO PEXKEKTOPHOTO (QUIbTpa € HAHECEHHBIM  CIIOEM
HAaHOTPYOOK, M300paKeHHE CJI0S HAHOTPYOOK, MOJY4EHHOE C IOMOIIbI aTOMHO-

CHJIOBOM MHKPOCKOIIHH MMOKa3aHo Ha Pucynke 11 (0).
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(6)

Pucynok 11 — (a) ®oTtorpadus H3roTOBICHHOTO peKeKTOpHOTO HiIbTpa; (0)

M300pakeHHE CII0S HAHOTPYOOK, TOJIYYCHHOE ¢ TIOMOIIBIO aTOMHO-CUJIOBOM

MUKPOCKOIINH

BonnoBeie gopmbl Bo3ayxa, myctoro ¢uibTpa u ¢punstpa ¢ YHT mokazansl Ha
Pucynke 12 (a). [y BBIYHCICHUS MTOTPEITHOCTH U3MEPECHHUS BOJTHOBBIX (DOPM, KarKIbIii
oOpazer; ObUT U3MEPEH 5 pa3, B KaXKI0M MU3MEPEHUU Kaxaas TOUKa BpEMEHHOU (hOpMBI
u3Mepsutach 500 pa3. Ha Pucynke 12 (a) mpeacTaBieHO cpelHee 3HaUYCHUE B KaKIIOM
TOYKE, OTHOCHTENIbHAas MOTpemHocTh He mnpesbimaer 3%. Bce Tpu crnekrpa
nponyckanus (6e3 crmos YHT, co cmoem YHT 06e3 makauku u co cioem YHT c
ontuueckoil Hakaukoil (OH)), momydyenHsix ¢ mnomomibio Dypre-npeoOpa3zoBaHus,

npescraBicHbl Ha Pucynke 12 (0).
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Takum 00pa3oMm, 5SKCHEPUMEHTANIbHO MOKA3aHO, YTO CJIOW  YIIEPOAHBIX
HAaHOTPYOOK HAaHECEHHBI Ha OOpaTHYIO CTOPOHY IMOJUIOKKY BIHMSET Ha MPOIYCKAHUE
ocHoBHOro mMakcumyma (0,15 TT'1) 1 Ha pe30HaHCHYIO YacTOTY MOOOYHOTO MaKCUMyMa

(0,275 TT'1), casuras ero Ha 9 I'T'11 B cTOpOHY OOJIBIIUX YaCTOT.

OcHoOBHBIE pe3yJabTAThI PA00THI

1. Pa3pabGoTaHbpl KOHCTPYKIMH TPEX THUIIOB (GUIBTPOB TEPaArepIrioBOT0 H3IyUCHUS.
MeTooM  YMCIEHHOTO  MOJCIMPOBAHUS M OKCIEPUMEHTAIbHO  (METOAOM
UMITYJIbCHOU TE€parepioBOi CIEKTPOCKOIHH ), TTOJYYSHBI CICAYIOMINUE PE3YIbTaThl;
1.1. YacTOTHO-CENEKTUBHBIE  3€pKaja TMoka3zanu noriomeHue 99,57%  Ha
pe3onaHcHo# yactote 1,06 TI'y nns y-nonsipu3zoBanHOM BOJHBI U 99,11% npu
0,4 TI'n st X-moyisipu30BaHHOW BOJIHBL. [loKa3aHa BO3MOYKHOCTB YITPABIICHHS
PE30HAHCHOM YacTOTOM C TIOMOIIBI0 H3MEHEHMs MOJIApU3alMU MaJIaloIIero
W3IIy4YEHUS.

1.2.ITomocoBeie ~ GUABTPHI HA  OCHOBE  KPECTOOOPA3HBIX  PE30HATOPOB
MPOJIEMOHCTPUPOBAIA BO3MOYKHOCTh MEXAHUYECKOTO MEPEKIIOUEHUsT Mexnay 4
pesonancHeiMu  vactotamu (0,1; 0,2; 0,3; 0,4 TIn) ¢ mnpomyckaHuem B
nuana3oHe ot 82% no 91%.

1.3.PexextopHbie (UIBTPHl HAa OCHOBE KPECTOOOPA3HBIX PE3OHATOPOB M CIIOS
HAaHOTPYOOK MPOJAEMOHCTPUPOBAIM BO3MOXKHOCThH YIPAaBJIEHUS CHEKTPAIbHBIMHU
XapaKTEPUCTHUKAMU C TOMOIIBIO BO30YXICHUS H3IYyYECHUEM C JUTMHOW BOJIHBI
980 =M. Iloka3zaHo, 4YTO W3Ay4YeHUs C JIMHOW BOJIHBI 980 HM mnpu
MHTEHCUBHOCTUA M3NTydeHUs Hakauku 0,75 Br/cm® YBEJIUYUBACT TPONYCKAHUE
OCHOBHOTO M TTOOOYHOTO PE30HAHCHBIX MaKCUMYMOB Ha 4yacTtortax 0,155 u 0,275
TI' COOTBETCTBEHHO.

2. BeIsIBIGHO 3HAUUTENIPHOE YBEJIUYCHHE JICUCTBUTEILHOW W yMEHBIIICHHE MHUMOM

4acTe KOMIUIEKCHOM AUAJIEKTPUYECKON HPOHUUIAEMOCTH OJHOCTEHHBIX YIJIEPOIHBIX

HAHOTPYOOK ¢ YyBEJIWYEHHWEM HWHTCHCHUBHOCTH H3JIy4EHUS BO3OYXIEHUSI C JJIMHOU

BOJIHBI 980 HM.
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Synopsis

Relevance

Recently, the terahertz (THz) frequency range, which occupies an intermediate
position in the spectrum of electromagnetic radiation between the well-studied
microwave and optical ranges, is one of the main trends in the development of modern
photonics. This range is object of great interest because of its many practical
applications, including various fields, such as non-destructive testing, military and civil
defense, chemistry, medicine, ecology and the explore of art objects. Particular attention
IS paid to terahertz spectroscopy, because of there are absorption lines of both simple
and complex molecules corresponding to rotational vibrations of the molecule in the
submillimeter wavelength range, that allows non-destructive visualization. Most sources
of THz radiation (photoconductive antennas and nonlinear crystals irradiated by
femtosecond laser pulses) are broadband. For such sources, filters are required, for
example, to select the spectral band near a certain frequency. In other cases, filters are
required that able to “cut” a specific spectral band near a frequency that is destructive to
biological objects. High-tech elements from the standpoint of production and operation
are the THz radiation-controlling elements, which are thin frequency-selective surfaces
whose spectral characteristics depend on the geometry of their structural cell. The main
applications of such devices are THz communication, THz spectroscopy and
diagnostics. For the fabrication of band-pass filters (allowing to pass a spectral band
near a certain frequency), are often used frequency-selective surface, which is a thin
metal film perforated using different geometries (crosses, squares, circles, rings, etc.) in
a two-dimensional array. The main element of the notch filters (capable to “cut” a
certain spectral band) is an array of metal resonators, which can also have different
geometries. Filters of both types operate as high-frequency, low-frequency, narrow-
band or wide-band filters, and the most important characteristic of such filters is
capability to tune optical characteristics during changing of their geometry and its
dimensions. In addition, they are compact and represent a simple and reasonable

fabrication process. Recent years, more and more works have been devoted to the
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development of tunable THz devices, including modulators and filters, various control
methods have been proposed: chemically, thermally, by applying voltage, with the aid
of an electric field, etc. To create tunable THz devices, materials with the ability to
control optical properties are used: vanadium oxide, liquid crystals, graphene, carbon
nanotubes. It has been established that the carbon nanotube layer can be used in the
development and design of tunable devices, as far as its conductivity can be controlled
by an external action: an applied electric field or optical pumping. In this study, |
propose structures of three structures of frequency-selective filters controlled by three
methods: mechanically, by the polarization of the incident radiation or by optical

radiation pumping (with a layer of carbon nanotubes).

Goal: to develop new types of frequency-selective filters that allow controlling

the spectral characteristics of radiation of 0,1-2 THz frequency band.

Tasks:

« numerical modeling and experimental study of the spectral characteristics of a
narrow-band frequency-selective mirror (absorber) based on dual electric ring
resonators with the ability to control the resonant frequency by changing of
incident radiation polarization;

« numerical modeling and experimental study of the spectral characteristics of a
band-pass filter based on cross-shaped resonators with the ability to control the
resonant frequency of the filter by mechanical tuning;

« experimental study of the possibility of controlling the optical properties of a
layer of single-walled carbon nanotubes using optical excitation with infrared
radiation of various intensities;

« numerical modeling and experimental study of the spectral characteristics of a
notch filter based on cross-shaped resonators and a layer of nanotubes with the
ability to control the transmittance at resonant frequencies by optical excitation

with infrared radiation of various intensities.
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Scientific novelty

. For the first time using the numerical simulation, the influence of the thickness
and dimensions of double electric ring resonators and the thickness of the
dielectric layer on the spectral characteristics of a frequency-selective mirror
(absorber) based on a four-layer structure from an array of double electric ring
resonators, a polyimide dielectric layer, a reflecting copper layer and a silicon
substrate was studied in THz frequency range.

. A frequency-selective metasurface (absorber) based on a four-layer structure
from an array of double electric ring resonators, a polyimide dielectric layer, a
reflecting copper layer and a silicon substrate with a maximum absorption
(99,57% at a resonant frequency of 1,06 THz for a y-polarized wave and 99,11%
at 0,4 THz for an x-polarized wave), which is achieved with the following
optimal layer thicknesses: array of dual electric ring resonators — 0,5 um,
reflective copper layer — 0,5 um, polyimide dielectric layer — 21,6 mm; and
geometric parameters of electric ring resonators: a length of 160 um, a width of
80 um, a strip thickness of 5 um, a gap width of 15 um, a distance between the
resonators of 15 um.

. The effect of the length of nanotubes on the dispersion of the optical properties of
a layer of single-walled nanotubes in the frequency range from 0,2 to 1 THz was
shown. An increase in the real and imaginary parts of the complex conductivity
of a single-walled nanotube layer, as well as an increase in the real and imaginary
parts of the complex permittivity with an increase in the length of the nanotubes
from 10 to 40 nm, were demonstrated.

. An increase in the real and a decrease in the imaginary part of the permittivity of
a single-walled carbon nanotube layer in the frequency range from 0,2 to 1 THz
with an increase in the intensity of optical pumping at a wavelength of 980 nm
were shown.

. A band-pass filter was developed, which is a two-layer structure of 0,5 um thick
aluminum film with cut-out cross-shaped resonators on top of a 65 um thick

polyethylene terephthalate substrate. The filter was divided into 4 parts with
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different geometric parameters of the cut-out cross-shaped resonators, when
turning the transmission, the resonance frequency was switched in the range of
0,1-0,4 THz, and the transmission at the resonant frequency increased from 82%
to 91%.

. A notch filter was developed, which was a three-layer structure of an array of
cross-shaped resonators with a thickness of 0,5 um over a substrate of
polyethylene terephthalate with a thickness of 68 um, a layer of carbon single-
walled nanotubes 1 um thick (a nanotube length of 0,3 um, a diameter of 1,3 nm
was deposited on the bottom of the substrate). The resonant frequency of the filter
was 0,15 THz, and the quality factor was 16, the geometric parameters of the
cross-shaped resonators were: the stripe length was 741 um, the stripe width was
199 um, the period of the structure was 1164 um. By optical pumping with a
wavelength of 980 nm and a power density of 0,75 W / cm?, the transmittance of

the filter at the resonant frequency increased from 16% to 25%.

Practical importance

. The dependences of the spectral characteristics on the geometrical dimensions of
the metasurface obtained in this work based on a four-layer structure of an array
of double electric ring resonators, a polyimide dielectric layer, a reflecting copper
layer and a silicon substrate can be used to develop terahertz ideal frequency-
selective absorbers with the possibility to control the resonant frequency by
changing of incident radiation polarization.

. The dependences obtained in the PhD thesis on the optical properties of single-
walled carbon nanotubes on their length and intensity of pump radiation can be
used to develop compact controlled devices for the terahertz frequency range,
such as phase shifters and filters.

. The dependences of the spectral characteristics on the geometric dimensions of
the resonators of the metasurface obtained in the work, which is a two-layer

structure of an 0,5 mm thick aluminum film with cut out cross-shaped resonators
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on top of a 65 micron thick PET substrate, can be used to develop terahertz band
filters with the possibility of mechanical switching of resonant frequency.

. The dependences of the spectral characteristics of the metasurface obtained in the
work, which is a three-layer structure of an array of cross-shaped resonators with
a thickness of 0,5 um on top of a substrate of polyethylene terephthalate with a
thickness of 68 um, a layer of carbon single-walled nanotubes 1 um thick (0,3 um
nanotube length, diameter 1,3 nm), can be used to develop terahertz notch filters

with the ability to adjust the transmittance at the resonant frequency by optical

pumping.

Scientific statements

. The absorption of 99,57% at a resonant frequency of 1,06 THz for a y-polarized
wave and 99,11% at 0,4 THz for an x-polarized wave for narrow-band selective
mirrors based on a four-layer structure from an array of double electric ring
resonators, a polyimide dielectric interlayer, a reflective copper layer and a
silicon substrate were experimentally demonstrated. The possibility to control the
resonant frequency by using change of incident radiation polarization for the
narrow-band selective mirrors was shown.

. Optical control of the dispersion of the complex permittivity of a layer of single-
walled carbon nanotubes with a diameter of 1,3-2 nm on a
polytetrafluoroethylene substrate in the frequency range from 0,2 to 1 THz under
excitation by infrared radiation with a wavelength of 980 nm of various
intensities has been experimentally shown. For the layer of single-walled carbon
nanotubes with thickness of 55 nm, it was demonstrated the increasing by 4000
a.u. of the real part and decreasing by 2000 a.u. of the imaginary part of the
complex permittivity at the frequency with a maximum radiation intensity (0.3
THz) during increasing of the optical pump intensity from 0 to 0,7 W/cm?.

. The control of the spectral characteristics of a notch filter based on cross-shaped
resonators and a layer of nanotubes by excitation by radiation with a wavelength

of 980 nm was experimentally shown. It was demonstrated that a 1-pm-thick
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layer of carbon nanotubes with a diameter of 1,3 nm increases the transmission of
the main and secondary resonance maxima at frequencies of 0,155 and 0,275
THz, respectively at a pump radiation intensity of 0,75 W / cm”. [[iGipOSSIDINLY

Approbations

The main results of the work were reported and discussed at 17 leading
international scientific conferences: IX International Conference of Young Scientists
and Specialists “Optics-2015” (St. Petersburg, Russia, October 12-16, 2015); all-
Russian scientific school-seminar “Interaction of microwave, terahertz and optical
radiation with semiconductor micro-and nanostructures, metamaterials and bioobjects”
(Saratov, Russia, May 14-17, 2015); 4th International Symposium “Optics and its
Applications” (Yerevan, Armenia, July 25-28, 2016); International Symposium “Optics
and Biophotonics™ (Saratov, Russia, September 27-30, 2016); International conference
“Fundamental Problems of Optics - 2016 (St. Petersburg, Russia, October 17-21,
2016); International conference Summer School on Optics & Photonics (Oulu, Finland,
June 1-3, 2017); International seminar Science seminar Changchun University of
Science and Technology (Changchun, China, October 28 - November 4, 2017);
International conference Young scientist Chinese-Russian Optics & Photonics
Symposium CROPS 2017 (St. Petersburg, Russia, November 27 - December 6, 2017);
5th International School and Conference “SPB OPEN 2018 (St. Petersburg, Russia,
April 2-5, 2018); 2018 IONS Changchun International Conference (Changchun, China,
August 17-20, 2018); International conference “Modern Problems of Laser Physics”
(Novosibirsk, Russia, August 25-31, 2018); International conference “Terahertz and
Microwave radiation: Generation, Detection and Applications” (Nizhny Novgorod,
Russia, October 22-25, 2018); XLVIII scientific and educational conference of ITMO
University (St. Petersburg, Russia, January 29 - February 1, 2019); International
Conference SPb Photonic, Optoelectronic, & Electronic Materials, SPb-POEM 2019
(St. Petersburg, Russia, April 24-27, 2019), 6th International School and Conference



41

Saint-Petersburg OPEN 2019 (St. Petersburg, Russia, April 23-24, 2019), IRMMW-
THz 2019 (Paris, France, September 1-6, 2019), XLIX scientific and educational
conference of ITMO University (St. Petersburg, Russia, January 29 - February 1, 2020).

The veracity and reliability of results

The veracity of the results is due to the sufficient selections number in the
spectral analysis of frequency-selective filters; the adjustment of the obtained
experimental results with modern knowledge about the device of frequency-selective
filters; joint use of complementary methods of numerical simulation and terahertz time-

domain spectroscopy.

Author’s contribution

The author personally received the original experimental transmission spectra of
controlled notch filters and reflection spectra of frequency-selective mirrors (together
with co-authors of N.E.Bauman Moscow State Technical University). With the direct
participation of the defender of thesis, the experimental and theoretical results of the
transmission spectra of bandpass filters were processed and analyzed together with co-
authors from ITMO University. The author personally obtained dispersions of the real
and imaginary parts of the complex permittivity of a layer of carbon nanotubes. He also
personally carried out a numerical simulation of the reflection spectra of frequency-

selective mirrors and analyzed the results.

Publications

The main results of the PhD thesis were presented in 20 publications, of which 12
in scientific journals recommended by the Scopus and Web of Science, 2 recommended
by Higher Attestation Commission, 4 recommended by RSCI and 2 in materials of

international and Russian conferences.

The structure and size of the dissertation
The dissertation consists of the introduction, 5 chapters, the conclusion, the list of
references. The total volume of the dissertation is 161 pages, including 37 figures, 7

tables and a list of cited literature from 197 titles.
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Main contents of work

The introduction substantiates the relevance of the study.

The first chapter is a review on the topic of PhD thesis research. Brief

information on the use of THz radiation in modern science was given [1-3]. Examples
of the use of frequency selective filters were considered [4-8]. The concept of
metamaterials was explained. The structures and applications of such types of
frequency-selective filters, such as frequency-selective metasurfaces and frequency-
selective filters with controlled characteristics, were also analyzed in details. In
addition, materials with tunable optical parameters in THz frequency range and methods
for their control were considered.

The second chapter is devoted to the development of an ideal selective mirror

(absorber) based on electric ring resonators. The structure studied in this chapter is an
absorber based on metamaterials (MMA) with a unit cell based on electric ring
resonators (ERR). This structure consists of 4 layers: 1 - a silicon substrate, 2 - a
reflecting copper film, 3 - a dielectric layer, 4 - a matrix of copper ERR. ERR consisted
of 2 split-ring rings connected to each other, and was determined by the following set of
parameters: g is the width of the gap of the ERR; w is the width of stripe; a, b are the
length and width of the unit cell of the metasurface (ERR), respectively; p is the
distance between the boundary of the ERR and the boundary of the unit cell. The

structure of the unit cell of the metasurface is illustrated in Figure 1.

Figure 1 — The structure of the unit cell metasurface. 1 — a silicon substrate (20 um); 2 —

a copper reflective layer (0,5 um); 3 —a dielectric (12 um); 4 — a copper ERR (0,5 um)
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In order to study the influence of the geometric parameters of the ERR, a

numerical simulation of 5 samples with different geometric parameters of the ERR was

carried out. The values of the geometric parameters of samples are shown in Table 1.

Table 1 - Simulated MMA geometric parameters

Sample Ne a, um b, um g, um p, um W, um
1 160 80 15 15 5
2 176 88 15 15 55
3 192 96 15 15 6
4 208 104 15 15 6,5
5 224 112 15 15 7

The results of this simulation (5 structures with geometric parameters from Table

1 and layer thicknesses shown in Figure 1) are presented in Figure 2. They demonstrate

the relatively low absorption of THz radiation, not exceeding 55%.
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Figure 2 - Spectral characteristics of 5 samples with geometric parameters from Table 1

for y-polarized (a) and x-polarized (b) waves

To illustrate the effect of the spacer thickness on the sample absroptivity, the

parametric sweep was performed out in the range from 5 to 35 um (Figure 3) for the

sample 1 in Table 1.
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Figure 3 — Effect of SU-8 polyimide layer thickness on the absorption at the
resonance peak (a) and Q factor (b) for sample 1 with an ERR layer thickness of
0,5 um. @ =0°, @ = 90° are the angles between the electric field vector of the
incident wave and the short side of the ERR, corresponding to the y- and x-

polarizations, respectively

To have a maximum absorption value, the thickness of the ERR should be higher

than the thickness of skin depth, expressed by the formula (1):

A=c /2ajfmp, (1)

where A is the thickness of skin depth; c is the speed of light; &, is the dielectric

constant of free space; w is the angular frequency; u,, is the relative permeability of
copper; p is the resistivity of copper. The thickness of the skin depth at the resonant
frequency is A = 0,13 um.

Since the thickness of the ERR should be greater than the thickness of the skin
depth, a thickness range of 0,2 um to 1 um was chosen to model and evaluate the effect
of the thickness of the ERR. The results of calculation of absorption and quality factor

of the metasurface for two polarizations: ® =0 °, @ = 90 ° can be seen in Figure 4.
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Figure 4 - Effect of the thickness of the ERR layer on the absorption at the

resonance peak (a) and on the Q factor (b) for sample 1 with a polyimide layer

This chapter presents the design of the metasurface, analyzes the thickness of the
layers of the metasurface, describes the manufacturing process of experimental samples,

and also presents the results of experimental research of samples. Two experimental

thickness of 23 um

samples with the parameters presented in Table 2 were made.

Table 2 - Geometric parameters for fabricated samples

Sample a, um b, um g, um p, um W, um
(a) 159 78 13 17 5
(6) 208 98 13 23 6

Reflection was measured for the prepared MMA samples in order to obtain the
absorption of each of the samples (the reflection spectra of the samples are shown in
Figure 5). In sample (a), the results show the total absorption of 99,57% at the
frequency of 1,06 THz for y-polarized wave and 99,11% at the frequency of 0,4 THz for
an x-polarized wave; for sample (b), the measured absorption is 99,98% at the
frequency of 0,87 THz for y-polarized wave and 98,68% at the frequency of 0,33 THz

for x-polarized wave.
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Figure 5 — (a) and (b) Reflection spectra for the y-polarized (blue curve) and x-polarized
(red curve) waves for (a) and (b) experimental MMA samples with geometric
parameters from Table 2, respectively; (c) and (d) amplitude reflection spectra and THz
wave forms for different wave polarizations (@ =0 °, 45 °, 90 °) for (a) and (b)
experimental samples with geometric parameters from Table 2. Inserts: micrographs of

samples

Thus, by numerical simulation, the optimal thicknesses of the layers of the
metasurface were determined to achieve maximum absorption at the resonance peak,
and the influence of the geometric parameters of the ERR on the frequency position of
the resonance peak was determined. The absorption of 99,57% at the resonant frequency
of 1,06 THz for y-polarized wave and 99,11% at 0,4 THz for x-polarized wave has been
experimentally demonstrated.

The third chapter is devoted to the development of a band-pass filter based on a

metal film with an array of cut out cross-shaped resonators.

The position of the resonant transmission frequency of the band-pass filter is
determined by the geometric parameters of the cross-shaped resonators — length L,
width K, and period G (Figure 6).
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Figure 6 - Parameters of the filter with cross-shaped geometry

Using the values of the parameters of the cross-shaped resonators from Table 3,
the transmission spectra of the filter were obtained for four frequencies (0,1; 0,2; 0,3;
0,4 THz). The resonance frequencies obtained as a result of the simulation almost

coincided with the theoretical ones. The transmittance is close to unity.

Table 3 — Parameters of cross-shaped filters for given resonant frequencies

f, THz G, um L, um K, um
0,1 2351 1533 445
0,2 1175 766 222
0,3 784 511 148
0,4 588 383 111

To predict the type of transmission spectrum, one can use a theoretical model of
the oscillatory circuit, which is presented in [9]. The transmittance can be calculated

using this model:

P_T — _ |(Zgrid||Zo)—Zo| 2 2
Pin ZgriallZo)+Zo] (2)
Zoria = (R + joL)||GwC) ™, @)

where Py is the incident radiation power, P+ is the transmitted radiation power,
Z, = 377 Ohm is the impedance of free space, R = 7,8 x 10> Ohm is the ohmic loss in
the grid, L is the inductance, C is the capacitance, w is the circular frequency , Zyig is
the impedance of the unit cell. The quality factor of the oscillatory circuit is:

Q =2 (4)

2 1
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where w, is resonant frequency, equal to:

1
Wy = \/ﬁ (5)

For filters with substrate, capacitance and inductance were calculated based on
simulation results. The capacitance can be calculated by (4), knowing the Q factor, the
impedance of the free space and the resonant frequency, and then, using the calculated
capacitance, the inductance can be calculated by (5). Having thus obtained the
inductance and capacitance values for one filter, by proportionally changing it with
respect to the resonant frequency, we can calculate L and C for other filters.

The test sample is a circle divided into 4 parts, each of which contains an array of
cross-shaped resonators with geometric parameters presented in Table 3. Thus, each
part has a peak transmission at different resonant frequencies, which provides
mechanical control. The filter was fabricated by direct laser ablation of a metal film on a
polymer substrate [10]. The substrate material is a PET with a thickness of 65 um, its
permittivity is 3. A metal film with cut out cross-shaped resonators is a layer of
aluminum with a thickness of 0,5 um. The transmission spectrum of each part of such a
structure were obtained by numerical simulation in Comsol Multiphysics software using
the finite element method, analytically using the oscillatory circuit model and

experimentally using THz time-domain spectroscopy (Figure 7).
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Figure 7 — (a) Photograph of the fabricated sample ; (b) transmission spectra obtained

numerically (1), theoretically (2) and experimentally (3) for the sample under study



49

The resonance frequencies f and transmission coefficients at these frequencies T

obtained by different methods are shown in Table 3 (f; and T, are theoretical studies, fsn

and T, are simulation results; fe, and Tey, are experimental data).

Table 4 - Spectral characteristics of filters obtained numerically, analytically and

experimentally

Spectral characteristics Filter Nel Filter No2 Filter Ne3 Filter No4
fi 0,087 0,155 0,219 0,285
f, THz fim 0,086 0,160 0,227 0,291
fexp — 0,154 0,226 0,288
T 1 1 1 1
T Tsim 0,98 0,99 0,99 0,98
Texp — 0,91 0,88 0,82

The geometric parameters of the cross-shaped resonators (G, K, L) for the filters
were initially calculated for the resonance frequencies of 0,1; 0,2; 0,3; 0,4 THz (Table
3), however, as a result of the addition of the PET substrate, all resonant frequencies
shifted toward lower frequencies. Thus, the bandpass filter structure was developed with
the ability to switch between 4 resonant frequencies (0.1; 0.2; 0.3; 0.4 THz) with a
transmission in the range from 82% to 91%. Analytical calculations, numerical
simulations and experimental data showed good agreement.

The fourth chapter is devoted to the possibility of controlling the dielectric

properties of a layer of carbon nanotubes at illumination by infrared radiation. Carbon
nanotubes (CNTs) were synthesized by chemical vapor deposition, with precise control
of their morphology, formation of bundles and layer thickness [11]. A method for the
production of single-walled carbon nanotubes (SWCNTSs) in the aerosol phase allows
obtaining SWCNTs with a very high quality [12]. The absorption spectrum of a sample
prepared by the dry transfer method on a quartz substrate is shown in Figure 8 (a). In
Figures 8 (b) and 8 (c) it is shown, respectively, an image obtained by scanning electron
microscopy, the structure of SWCNTSs on a quartz substrate, and an image obtained by

transmission electron microscopy of individual nanotubes. The SWCNT layer was
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deposited on a quartz substrate with two parallel gold electrodes and was illuminated by
a laser with a wavelength of 532 nm, as shown in the diagram in Figure 8 (d). The
measured capacitance and resistance of the sample decreased under cyclic illumination
(Figure 8 (e)). The observed change in electrical capacitance is about 10%, while the
change in resistance is less than 0,2%. This measurement suggests that the permittivity

tuning is more sensitive to light than the conductivity tuning.

m-plasmon

Absorbance

500 1000 1500 2000 2500
Wavelength [nm]

(d) (e) 600 - ON ON 1098
580 ’
Light source - e —
| 198 4 A4 Y-
=, PN e Y 1006 &
8 s40 o\ o]
=---u Chopper = IR 1095 S
£ 520 iyl AW 2
CNTS 18] [ g% 1094 )
2 5004 |/ &
Au 8 i T T C
contacts 0 OFFOFF |~ = |11%%
460 . . 1092
0 5 10 15
Time [s]

Figure 8 - Characterization of thin SWCNT layers: (a) optical absorbance spectrum of
the SWCNT sample. The average diameter of the SWCNTSs was calculated from the Sy;
peak positions using the Kataura plot; (b) SEM image of the SWCNTSs; (¢) TEM image

of the SWCNTSs; (d) schematic drawing of the impedance measurement setup of the

SWCNT layer on a quartz substrate under light illumination; (e) measured influence of

cyclic illumination on the capacitance and the resistance of the SWCNT layer

A schematic diagram of THz time-domain spectroscopy setup is shown in Figure
9 (a). The infrared femtosecond laser pulse was divided into two beams with a ratio of
1: 9. The “probe beam” contained 10% of the energy, and the “pump beam” - 90%. The
THz signal was generated due to the Dember photoeffect in the InAs semiconductor
crystal, which is in the magnetic field of 2 T. THz signal was detected due to the

Pockels effect in an electro-optical nonlinear CdTe crystal.
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Figure 9 - Characterization of SWCNTSs by terahertz time domain spectroscopy: (a)
schematic drawing of the THz TDS setup. Ch — optical chopper, InAs — THz generator
(InAs crystal in a magnetic field of 2 T), G — Glan prism, CdTe — nonlinear crystal, A/2
and A/4 — half-wave and quarter-wave plates, W — Wollaston prism; (b) variation of the
detected THz signal’s peak amplitude in the “on” and “off” illumination states. Inset —
single THz pulse; (c, d) real and imaginary parts of the SWCNT sample’s permittivity.
A significant increase of the real part and a decrease of the imaginary part are observed

with increasing light intensities

The peak amplitudes of the detected THz pulses were recorded as a function of
illumination of the sample (shown in the attachment of Figure 8 (b). The average
increase in amplitude during lighting is 8%, as shown in Figure 9 (b). The excitation
wavelength here differs from the laser wavelength used for direct impedance
measurements corresponding to different values of the optical absorption of the
SWCNT layer. The measured complex permittivity of SWCNTSs, characterized by an
increase in the phase shift and the invariance of the amplitude of terahertz radiation, is
presented in Figures 9 (c) and 9 (d). In the absence of lighting, the real part of the

permittivity takes negative values at the frequencies below 0,3 THz. Moreover, this
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shows resonant behavior, which means that the conductivity cannot be described by a
simple Drude model. Instead, the Drude-Lorentz model can be applied in combination
with the Maxwell-Garnett theory. Under the influence of illumination, the real part of
the permittivity increases, while the imaginary part decreases, with an increase in the
illumination intensities of 0,312; 0,47, and 0,7 W/cm?. Thus, it was shown that with the
increase in the intensity of optical pumping with the wavelength of 980 nm, the
significant increase in the real part and the decrease in the imaginary part of the
complex permittivity were observed.

The fifth chapter is devoted to the development of an optically controlled notch

filter. This chapter explores the possibility of development of controlled filters based on
a metasurface from cross-shaped resonators and carbon nanotubes. The geometry of
such a metasurface is described by the following set of parameters: P is the period of
the structure of the cross-shaped resonators; L is the length of the lines of the cross-
shaped resonators; W is the width of the lines of the cross-shaped resonators; h is the
thickness of the dielectric substrate. Figures 10 (a), (b) shows the design of the band-

pass and notch filters, and Figures 10 (c), (d) demonstrate their transmission spectra.

00

0.0 1,0

f 0,5 1,0 f 0,5
r Frequency. THz r Frequency, THz

© (d)
Figure 10 - Designs of (a) band-pass and (b) notch filters; schematic transmission
spectra of (c) band-pass and (d) notch filters
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With a proportional change in all resonator parameters (P = kP,, L = kLy, W =
kW,), the resonance frequency changes 1/k times (i.e., f.° = kf,, where f. is the
resonant frequency of the filter with parameters P, L and W, and £.° is the resonant
frequency of the filter with parameters Pgy, Lo and W) and the quality factor of the filter
does not change. A notch filter was made on the basis of cross-shaped resonators (the
geometric parameters L = 741 um; W = 199 um; P = 1164 pm), with a resonant
frequency f, = 0,15 THz and the quality factor of Q = 16. Then, a CNT layer with a
thickness of the order of 1 um was deposited on the filter from the side of the substrate
(the CNT length of 0,3 um, the CNT diameter of 1,3 nm). Figure 11 shows a
photograph of a manufactured notch filter with a deposited layer of nanotubes.

(a) (b)
Figure 11 — (a) Photograph of the fabricated notch filter, (b) image of a layer of
nanotubes obtained using atomic force microscopy

THz waveforms of air, the empty filter, and the filter with CNT layer are shown
in Figure 12 (a). To calculate the error in the measurement of waveforms, each sample
weas measured 5 times, in each measurement each point of THz waveform was
measured 500 times. Figure 12 (a) shows the average value at each point, the relative
error does not exceed 3%. All three transmission spectra (without the CNT layer, with
the CNT layer without pumping, and with the CNT layer with optical pumping)

obtained using the Fourier transform are shown in Figure 12 (b).
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Figure 12 — THz waveforms of filters (a) and experimental transmission spectra of
filters (b)

Thus, it was experimentally shown that the layer of carbon nanotubes deposited
on the back side of the substrate of the filter affects on the transmission of the main
maximum (0,15 THz) and the resonant frequency of the side maximum (0,275 THz),

shifting it by 9 GHz toward higher frequencies.

Summary

1. Designs of three types of terahertz radiation filters have been developed. By the
method of numerical simulation and experimentally by the method of terahertz time-

domain spectroscopy, the following results were obtained:

1.1. Frequency selective mirrors (absorbers) showed the absorption of 99,57% at the
resonant frequency of 1,06 THz for y-polarized wave and 99,11% at 0,4 THz for x-

polarized wave.

1.2. Band-pass filters based on cross-shaped resonators have demonstrated the ability
to switch between 4 resonant frequencies (0,1; 0,2; 0,3; 0,4 THz) with transmission

in the range from 82% to 91%.

1.3. Notch filters based on cross-shaped resonators and the layer of nanotubes have

demonstrated the ability to control spectral characteristics by excitation by
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radiation with a wavelength of 980 nm. It was shown that radiation with a
wavelength of 980 nm at the pump radiation intensity of 0,75 W / cm? increases
the transmission of the main and secondary resonance maxima at frequencies of
0,155 and 0,275 THz, respectively.

2. A significant increase in the real part and the decrease in imaginary part of the
complex permittivity of single-walled carbon nanotubes with the increase in the

radiation intensity with a wavelength of 980 nm were revealed.

References

1. Tao H. et al. Recent progress in electromagnetic metamaterial devices for terahertz
applications //IEEE Journal of Selected Topics in Quantum Electronics. — 2010. — T.
17.— Neo. 1.-C. 92-101.

2. Pendry J. B. et al. Magnetism from conductors and enhanced nonlinear phenomena
//IEEE transactions on microwave theory and techniques. — 1999. — T. 47. — Ne. 11.
— C. 2075-2084.

3. Schurig D. et al. Metamaterial electromagnetic cloak at microwave frequencies
//Science. — 2006. — T. 314. — Ne, 5801. — C. 977-980.

4. Barbuto M. et al. Design of a non-Foster actively loaded SRR and application in
metamaterial-inspired components //IEEE Transactions on Antennas and
Propagation. — 2012. — T. 61. — Ne. 3. — C. 1219-1227.

5. Ozbay E. et al. Ferroelectric based tuneable SRR based metamaterial for microwave
applications //2007 European Microwave Conference. — IEEE, 2007. — C. 497-499.

6. Velez A., Bonache J., Martin F. Doubly tuned metamaterial transmission lines based
on complementary split-ring resonators //Electromagnetics. — 2008. — T. 28. — Ne. 7.
—C. 523-530.

7. Velez A., Bonache J., Martin F. Varactor-loaded complementary split ring
resonators (VLCSRR) and their application to tunable metamaterial transmission
lines //IEEE Microwave and wireless components letters. — 2008. — T. 18. — Ne. 1. —
C. 28-30.



56

8. Lim H. et al. A tunable notch resonator based on varactor-loaded complementary
split-ring resonators //2008 International Workshop on Antenna Technology: Small
Antennas and Novel Metamaterials. — IEEE, 2008. — C. 426-429.

9. Porterfield D. W. et al. Resonant metal-mesh bandpass filters for the far infrared
//Applied Optics. — 1994. — T. 33. — Ne. 25. — C. 6046-6052.

10.bans B.K. Co3nanue mn€HOYHOM MHUKPOONTHUKHA METOJOM JIa3epHOW adnisuuu
MOJIMMEPHBIX MaTepuasioB // ABroped. auc. kana. ¢us.-mat. Hayk. CII6.: HUY
NTMO

11.Anoshkin 1. V. et al. Hybrid carbon source for single-walled carbon nanotube
synthesis by aerosol CVD method //Carbon. — 2014. — T. 78. — C. 130-136.

12.Ding E. X. et al. Highly conductive and transparent single-walled carbon nanotube
thin films from ethanol by floating catalyst chemical vapor deposition //Nanoscale.
—2017.—T.9.— Ne. 44, — C. 17601-17609.

Author’s publications on the research topic
Articles in scientific journals recommended by the Higher Attestation Commission:

1. Gomon D., Sedykh E., Idelfonso T. M., Zaitsev K., Vozianova A., & Khodzitsky M.
Influence of the geometric parameters of the electrical ring resonator metasurface on
the performance of metamaterial absorbers for terahertz applications //Chinese
Optics. —2018. — T. 11. — Ne. 1. — C. 47-59,

2. Smirnov S., Anoshkin I. V., Demchenko P., Gomon D., Lioubtchenko D. V.,
Khodzitsky M. & Oberhammer, J. Optically controlled dielectric properties of
single-walled carbon nanotubes for terahertz wave applications //Nanoscale. — 2018.
—T.10. — Ne. 26. — C. 12291-12296.

3. Soboleva V. Y., Gomon D. A., Sedykh E. A., Balya V. K., & Khodzitskii M. K.

Development of narrow bandpass filters based on cross cavities for the terahertz

frequency range //Journal of Optical Technology. — 2017. — T. 84. — Ne. 8. — C. 521-
524,



57

. Gomon D.A,, Sedykh E.A., Gill V.V., Zaitsev K.I., Khodzitsky M.K. Modeling and
experimental demonstration of terahertz frequency tunable metamaterial absorber //
Journal of Physics: Conference Series — 2016 — T. 735 - No. 1 — C. 012087.

. Demchenko P.S., Gomon D.A., Anoshkin I.V., Lioubtchenko D.V., Khodzitskiy

M.K. Study of optical pumping influence on carbon nanotubes permittivity in THz

frequency range // Journal of Physics: Conference Series — 2018 — T. 1124 — No. 5 —
C. 051012.

. Gomon D., Sedykh E., Soboleva V., Zaitsev A., Khodzitsky M. Influence of the
incidence radiation polarization on the absorptivity of Electrical Ring Resonator
Metasurface in Terahertz frequency range//Journal of Physics: Conference Series,
2018, Vol. 1062, No. 1, pp. 012013

. Demchenko P., Gomon D., Anoshkin 1., Lioubtchenko D.V., Khodzitskiy M.
Influence of optical pumping on properties of carbon nanotubes with different
geometric parameters in THz frequency range //2018 43rd International Conference
on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz). — IEEE, 2018. — C.
1-2.

. Demchenko P.S., Gomon D.A., Anoshkin I.V., Smirnov S., Lioubtchenko D.V.,

Khodzitsky M.K. Study of influence of densification on control of conductivity and

spectral characteristics of thin films of carbon nanotubes in terahertz frequency
range // EPJ Web of Conferences — 2018 — T. 195 — C. 06022.
. Gomon D.A., Gusev S.l., Demchenko P.S., Anoshkin 1.V., Lioubtchenko D.V.,

Khodzitsky M.K. Opticaly tunable conductivity of carbon nanotubes in terahertz
frequency range //Laser Science. — Optical Society of America, 2018. — C. JTu2A.
40.

10.Baimagambetova R., Gomon D.A., Demchenko P.S., Anoshkin 1., Khodzitsky M.K.

Study of the effect of carbon nanotube lengths on their conductivity in the terahertz
frequency range during optical pumping//Journal of Physics: Conference Series,
2019, Vol. 1410, No. 1, pp. 012125

11.Demchenko P., Gomon D., Litvinov E., Sheklanova E., Khodzitsky M. Optically

tunable terahertz notch filter based on carbon nanotubes//2019 44th International



58

Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz). — IEEE,
2019. - C. 1-1.

12.Demchenko P., Gomon D., Khodzitsky M. THz dielectric photonic crystal with
double lattice // Int. Conference on Infrared, Millimeter, and THz Waves, IRMMW-
THz — 2019 — C.8874136.

Articles in scientific journals included in List of Russian peer-reviewed journals

1. T'omon JI.A., Co6onena B.IO., Jlemuenko I1.C., llleknanoBa E.b., Xomuukuii M.

[lepectpanBaembie TeparepuoBbie GUIBTPHI HA OCHOBE YTJIEPOIHBIX HAHOTPYOOK //
HaydHo-TeXHMYECKMII BECTHUK WH(QOPMAIIMOHHBIX TEXHOJOTUH, MEXaHUKU U
orntuku — 2019. — T. 19. — Ne 5(123) — C. 775-782.

2. Cobonera B.1O., l'omon JILA., Cennix E.A., bansa B.K., Xomumkuii M. Pa3zpaboTtka
Y3KONOJIOCHBIX ~ (MJIBTPOB HA OCHOBE KpPECTOOOpPa3HBIX PE30HATOPOB  IUIf

TeparepioBoro auamna3zona yactot // Onruueckuit sxypHan -2017. - T. 84. - Ne 8. - C.

23-26

Articles in scientific journals included in List of RSCI

1. Tomon JLA., Xomumkuit M.K., Jlackamaku K., I'ypunr E.A., I'yces C.U.,

Hoprakuc C., Angponaku C.A., HccinenoBaHue 3aBUCHUMOCTH CIEKTPATBbHBIX
XapaKTEPUCTUK M ONTUUYECKUX CBOMCTB JUAJICKTPUUECKUX KOMIIO3UTHBIX CTPYKTYP
OT BHYTPEHHEH MEPUOUYECKON CTPYKTYPHI JJIsl TEparepIioBOro Auana3oHa 4acTor,
Bcepoccuiickass HayuyHas mikosia-cemuHap «Bzammopeiicteue CBY, TI'u wu
ONTHUYECKOTO0 M3IYyUYCHUS] C TMOJIYNPOBOJHUKOBBIMU MHUKPO- M HAHOCTPYKTYpaMH,
MeTamaTepuaiamu u onooowsekramu», CapatoB, Poccus, 14 mas - 17 mas 2015, C.
178-179.

2. aities K.M., T'ypsun E.A., Accacca T., I'omon J.A., Xomumkuii M.K.

MonenupoBaHie M 3KCHEpUMEHTaIbHAs anpoOaiusi y3KOMOJOCHOTO IMOTJIOTUTENS
U3IIy4YEHHs C MEPECTPAMBAEMBIMU XapaKTEPUCTUKAMH B TE€ParepLiOBOM JIHAMA30HE
yactor, COopHuk TpynoB koHpepeHiuu OIITUKA 2015, Caunxt-lletepOypr,
Poccust, 12-16 okts6ps 2015. - C. 647-649.



59

3. Gomon D., Demchenko P., Khodzitsky M. Investigation of oxipane optical
properties in THz frequency range /MODERN PROBLEMS OF LASER
PHYSICS. — 2018. — C. 129-130.

4, T'omon JILA., Cenpix E.A., 3aitnieB K.W., Xomsuukuit M. K. Bnusaue nonsipuzanuu
Ha OIJIOLIEHUE METANOBEPXHOCTH OBJEKTPOHHBIX KOJIBLIEBBIX PE30HATOPOB
BTEpAreprioBoM  jauama3oHe  49actor//COOpHUK  TpymoB  MeEXIyHapOIHOM

koH(pepenuuu «dyHaameHTagbHbie mpobdaemsl ontukuy — 2016. — C. 510-512.

Other publications

1. Gomon D.A. Influence of electrical ring resonators metasurface parameters on

perfect absorption in terahertz frequency range // 4th International Symposium.
“Optics and its Applications”. Yerevan - Ashtarak, Armenia, IET — 2016. - C. 73.
2. Demchenko P.S., Gomon D.A., Anoshkin I.V., Lioubtchenko D.V., Khodzitsky

M.K. Study of the conductivity and spectral characteristics of carbon nanotubes

under optical pumping in the terahertz frequency range by pulsed THz
spectroscopy//BOOK of ABSTRACTS 5th International School and Conference
Saint-Petersburg OPEN 2018, IET — 2018 — C. 330-331.



60

BBenenue

TeparepuoBblii quana3oH 4acTOT, 3aHUMAIOLIUKA B CHEKTPE AJIEKTPOMArHUTHOIO
U3JIy4YEHUs  NOPOMEKYTOUHOE  MOJIOKEHHE  MEXAY  XOpOLIO  M3YYEHHBIMU
MHKPOBOJIHOBBIM W ONTHYECKUM YYAaCTKAMHU CIIEKTPA, SIBIIETCS OJHOW W3 OCHOBHBIX
TEHJEHIMNA pa3BUTHS coBpeMeHHON (oToHuku. KoimuecTtBo (yHIaMeHTaIbHBIX U
MPUKIAJHBIX WCCIIEIOBAHUM IO 3TOM TEMATHKE PE3KO BBIPOCIO 3a IMOCICIHHUE TOMbI.
Co3naHre KOMITaKTHBIX YCTPOMCTB, paOOTAIOIMNUX B 3TOM JHAMA30HE YACTOT, MTO3BOIUT
YIYYIIUTh NapamMeTPbl HE TOJIBKO CUCTEM BOCHHOTO U a3POKOCMHYECKOTO TPUMEHEHHS,
HO M OO0OpYJIOBaHMS TPaKJAHCKOTO Ha3HadyeHUs. Psa uccienoBaHWil MOCBALIEH
pa3paboTKe KOMITAKTHBIX YCTPOWCTB, TaKMX KaK HCTOYHUKKA U mNpuéMHUKH Tl
W3JIyYEHUs, aHTCHHBI, BOJIHOBO/IbI, CEJICKTUBHBIC 3epKayia, puiibTpbl TI 1 uznydeHus u
MHorue apyrue. CylmecTBYeT psijl pa3HOOOpa3HbIX KOHCTPYKIIMI CEIEKTUBHBIX 3€pKal
u ¢unbtpoB TI'M u3MydYeHUs, pa3IUMYaAOIIMXCA MO TaKUM MapamMeTpaM Kak: PeXuM
paboThl HA TPOMYCKAHWE WM OTPAKEHHE, PE30HAHCHBIE YAaCTOThI, IIMPUHA
3anpenEHHON MOJIOCHI/TI0JIOCH TIPOITYCKAaHUSI, YYBCTBUTEIBHOCTD K TOJIAPU3ALIMH U JIP.
Jlumib HEMaBHO HayalM MpeJyiaraTbes penieHus npoosiemsl co3nanust GuabTpoB Ty
M3JIy4YCHUsI C YIPaBISIEMBIMU CIEKTPAIBHBIMU XapakTepucTukamu. Kak cremnctBue
PAaCCMOTPEHHOTO COCTOSIHUSI JIeJl, B BONPOCE O pa3pabOTKe KOMIAKTHBIX YCTPOWCTB,
paboTarolKX B ATOM JIMAMa30HE YacTOT, SIBJSETCS aKTyalbHBIM. Bce Bbllllecka3zaHHOE

00OCHOBBIBACT AKTYaJIbHOCTb JUCCCPTAINOHHOIO UCCIICTOBAHUA.
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I'maBa 1 MeramarepuaJibl ¢ mepecTpanBaeMbIMH
XapaKTepuCTUKAMHU

B nanHOl rnaBe mpeicTaBlieH JUTEPATYpHBIA 0030p MO TEME AUCCEPTALMOHHOTO
uccienoanus. I[lpuBeneHa kparkas HHGoOpManuss O NPUMEHEHUM TEparepLoBOro
U3Jy4EHHsS] B COBPEMEHHOW Hayke. PaccMOTpeHbl MpUMEpbl MPUMEHEHUs YacTOTHO-
CeNIeKTUBHBIX (PUIbTpoB. OOBACHEHO TMOHATHE METaMaTepuanaoB. Takxke MOIPOOHO
pa3o0paHbl KOHCTPYKIMU U c(hepbl MPUMEHEHUS] TAKUX THUIIOB YaCTOTHO-CEJIEKTUBHBIX
(GuIBTPOB, KaK: YaCTOTHO-CEJICKTUBHBIE METAMOBEPXHOCTH W YACTOTHO-CENECKTHUBHBIC
GuIbTPEl C yHpaBiIsieMbIMH XapaKTepucTHKaMu. [loMHMO TOro OBLIM paccMOTpPEHBI
MaTepuaibl C IEePEeCTPaMBAEMbIMU ONTHYECKUMH IapaMeTpaMu B TeparepLoBOM

AWAra3oHe 4aCcToT U MCTOAbI UX YIIPABJICHUA.

1.1 IIpumeHeHMe TeparepuoBOro U3Jy4YeHUs B COBPEMEHHOI HayKe

Herenmane TEHACHIMM B PAa3BUTHUM TEXHOJOTHH TOBBICHIM TPEOOBaHUS K
MHOTO(YHKIIMOHAJILHBIM ~ YCTPOHCTBAM 10 BCEMY CIEKTPY 3JIEKTPOMArHUTHOTO
usnydyeHus. Jlns OecrnpoBogHOM cBsi3u B TepareprioBoM (TI') amamasoHe 9acTtoT
HeoOxomuMbl 3P GEKTHBHBIE, TIEpecTpauBaeMbie, YIIpaBisieMble, OIOJDKETHBIE U
KOMITaKTHBIC AHTEHHBI, KOTOPbIE€ MOIJIHM OBITh MPUMEHUMBI B 0OJiee KOMITAKTHBIX
ycTpoiicTBax. Jlms TepareproBoro jauamasoHa YacTOT B HACTOSIIUKA MOMEHT
HaOMogaeTcst ACPUIUT KOMIIOHEHTOB: TEpEKIIouaTesei, JIMH3, MOIYJIATOPOB W TIp.
OmytuMble  ycuiauss y4€HBIX HWAYT HaA YCTpaHEHHWE JOTOr0  «mIpoderna» B
aneKTpoMarHuTHoM crektpe [1]. IToMmumo Toro, ompeaenéHHble pa3jieibl ONTHUKH, B
YaCTHOCTU TpaHCPOpPMAIMOHHASL OINTHKA, TPEOYIOT MaTepuanoB, 000X
MPOCTPAHCTBEHHBIM TPAJMCHTOM TIOKAa3aTels MPEIOMIICHUS, KOTOPBIH HEBO3MOXKCH Y
NPUPOAHBIX MaTepuayioB. [Ipu pemeHnn HTUX MpodsieM pa3padOTYUKH BBIHYKICHBI
UATH Ha KOMIIPOMHCCHOE peIIeHWEe, BBIOMpas MeXay (QYHKIIMOHAIBHOCTBIO,
CJIOKHOCTBIO, CTOMMOCTBIO H3TOTOBJICHUS U pPa3MEpPOM YCTPOKCTBA.

HckyccTBEHHO CO3/MaHHBIE MaTepuaibl (MeTaMaTepuaibl) SBISIOTCS XOPOIIMM

KaHAUAATOM JIJIsl TIPEOJAOJEHHUS STUX NPOOJIEM U MoKazaiau ceOsl yJ0OHBIM MOJIX0JI0M B
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doToHUKe A pa3pabOTKU yCTPOMCTB CO CIOXKHBIMU OTKJIMKAMU B TPOCTPAaHCTBEHHOU
WM YacToTHOM oOnactu [2, 3]. [locnennue vcciieqoBaHus B 001aCTH HACTPAUBAEMBIX U
VOPABISIEMBIX ~ METaMaTE€pUalOB  YBEJIWYWIA  BO3MOXKHOCTM  HM3TOTOBJICHUS
METayCTPOUCTB [4] U YHHMKaJIbHBIX YCTPOMCTB, pa3Mepbl KOTOPHIX COMOCTABUMBI C
paboueit ITMHOM BOJHBI, C MPAKTHYECKOW (GYHKIMOHAIBLHOCTHIO. [ToMUMO TIposiBIIeHUS
AIIEKTPOMArHUTHBIX OTKJIMKOB HEBO3MOXXHBIX B MPUPOJE, 3TH METAyCTpPOICTBa
NPENOCTABISIOT pecypc Uil  YIAy4dIlEHUsS SKCIUTyaTallMOHHBIX XapaKTepUCTUK B
MHOTO()YHKITHOHAJILHBIX PUMCHCHHUSIX.

Meramarepuansl — 3TO MEPUOJAMYECKHE CTPYKTYPbI, COJAEPKAIIMMU MaCCUB
PE30HAHCHBIX 3JIEMEHTOB C pa3MepamMy BO MHOTO pa3 MEHBIIMMH, YEM JJIMHA BOJIHBI
(<A/10), kak mpaBWIIO, SIBJIAIOTCSA NMPABUIBHON KPHUCTAIIIMUCCKOW PEIIETKOHM U MOTYT
ObITH OmNucaHbl d(PPEKTUBHBIMU UMIIEAAHCAMU JIJISl TUIOCKUX (ABYMEPHBIX CTPYKTYP)
uin A(PQGEeKTUBHBIMM MATEPUAIBHBIMU TapaMeTpaMH JJIsi OOBEMHBIX MAaTEpUATIOB
(rpexmepubix  cTpyktyp) [5]. IlpenmHasHaueHHMe OTHX PE30HATOPOB  SBISCTCS
B3aMMOJICMCTBHE €  PACIPOCTPAHSIONIMMHCSI B  CBOOOJHOM  IPOCTPAHCTBE
AIIEKTPOMArHUTHBIMH BOJIHAMH, B OTJIMYKE OT BO30YKAEHHBIX BOJTHOBOJIOM WIIM JTUHUEH
nepenaur. [lpm  pa3paboTke MeTaMmarepuanoB, KOHCTPYKTOpP MOXKET 3aJaTh
HE0OXOJMMbIEC TMOKa3aTedb MPEIOMIICHUS, UMIEAAHC, NPOdUib IUAIECKTPUUSCKON U
MAarHUTHOM  NPOHUIAEMOCTEW, a  TaKXe€  IKEJAEMYK)  YacCTOTHO-3aBUCHUMYIO
XapaKTEPUCTUKY PACCESIHUS, KOTOPYIO MOYKHO PaccMaTpHBAaThCA KakK JIHCIIEPCUOHHOE
orpaHudeHve i S(PQPEeKTUBHBIX MaTepualbHbIX MapameTpoB. Ha npakTuke
MPUMEHSIETCSI TEPMUH «METaMaTepua» K JII0OOMYy CyOBOJIHOBOMY PE€30HATOPY, OY/b TO
WHUBUyalIbHAsI CTPYKTYpa WM HaXOJAIIascsi B HA0ope pe30HATOPOB.

MHorue ClI0KHOCTH TMPENATCTBYIOT pealn3allid YCTPOWCTBA Ha OCHOBE
MeTamMaTepuaioB, B TOM 4YHCIE OrPAaHUYEHUE IMOJOChl MPOIMYCKAHUS PE30HAHCHBIX
YCTPOMCTB, a TaKKe TPYAHOCTH U3TOTOBJIEHHUA. MHOXECTBO pElIEHUM ITUX MpobJieM
OBLIIM IOCTUTHYTHI ITyTEM U3MEHEHHUS B CTPYKTYpEe MeTamaTepualia, CoOCTaBa U CBOMCTB
UCIOJB3YEMBIX  HEro  marepuaioB. Meramarepuanbl C  HEpPECTpaBaEMbIMU
XapaKTEPUCTUKAMU  CIOCOOHBI  Pa3peliuTh  MHOTME  NPOOJEeMbl  MACCHUBHBIX

MCTaMaTCpHaJIOB.



63

Orta T7aBa TMpeAcTaBIseT 0030p OMyOJMKOBAaHHBIX METOJOB YIPaBICHUS
XapaKTepUCTUKAMHU METaMaTepualioB B TEpareploBOM YacTOTHOM JHama3oHe W

IMOKa3bIBACT CPABHCHNC MCIKAY KOHKYPHPYIOIUMHU MCTOJaMU U UX IIPUMCHCHUAMMU.

1.2 O030p MeTOA0B yNpaBJIeHUSI XAPAKTEPHUCTUKAMHI METAMATEPHUAJIOB

1.2.1 MeTramaTepuaJjibl ¥ YCTPOIiCTBA HA OCHOBE METAMATEPHAJIOB

3a4acTyl0 IIpO aHTCHHBI, JIMHUM TIepeayd W YacTOTHO-HU30HMpaTesIbHBIC
MTOBEPXHOCTH TOBOPSIT, YTO OHHM HM3TOTOBJICHBI «HAa OCHOBE METaMaTEPHAIIOB», XOTS B
MeTaMaTepuangax  HCMOJb3yeTCs  MHOXKECTBO  IMEPUOAUYECKH  PACIOI0KCHHBIX
PE30HATOPOB, B OTJIMYME OT MEPEUUCICHHBIX YCTPOUCTB, KOTOPBIC MCITONB3YIOT JIUIIH
4acTh METaMaTepHuaia, a TOYHEE OJUH €r0 PE30HAHCHBIA JIEMEHT. XOTS ATH CTPYKTYPHI
HE SBIAIOTCS MeTaMaTepuajlaMd B TIOJIJHOM CMBICIE CJIOBAa, IOAXOJbI K WX
KOHCTPYHPOBAHUIO M HW3TOTOBJICHHIO HWMEIOT MHOTO OOIIero ¢ MeTaMmarepuajiaMH,
MPEUMYIIIECTBEHHO B ClIydae HAcTpaWBaeMbIX YCTPOMCTB. MHOrue H3 NPUMEPOB
NepeCcTpanBacMbIX METaMaTEPHAIIOB, NIPEACTABICHHBIX B JTUTEpAType, O0JIee MPaBIILHO
Ha3pIBaTh yCTPOHMCTBAMH Ha OCHOBE METaMaTEPHAIOB, KOTOPBIC HCITOJIB3YIOT
OJMHOYHBIE PE30HATOPHI (Yallle BCEr0 PE30HATOP C Pa3pe3HbIM KOJIBIIOM), M YacTO
WCITOJIB3YIOTCS B JIMHUSIX TEPEavr WM aHTCHHAX. DTH CTaThH OBLIM BKIIFOYEHBI 0030p,
TaK KakK MpOOJIEMbI, CBSI3aHHBIC C H3TOTOBJICHHUEM, SIBJISIOTCS OONIUMH IS O00OMX
MOAXOJ0B M MOTYT pacCMaTpHUBAThCs KaK IEPBBIM IIar B pa3pabOTKe YIPaBIISIEMBIX

MeTaMaTepHuaos.

1.2.2 MeToa ynpaBJjieHUSI XaPAKTEPUCTUKAMHU B 3aBUCUMOCTH OT YACTOTHI

beuto  umccnemoBaHo pasHooOpazWe  METOJOB HACTPOMKM, ONHMCAHHBIX B
JUTEpAType, IS CO3AAHUS TUHAMUYECKUX M3MEHEHUN CHEKTPATbHBIX XaPAKTEPUCTHK
MeTamaTepuansa. OTU METOAbl BKJIIOYAIOT TMPSMbICE H3MEHEHHUS B MOJCIH CXEMBI
AJIEMEHTAPHON SYEUKW MyTeM H3MEHEHUs] €MKOCTH WU MPOBOAUMOCTH, UCIIOJB3YS

TCPMUICCKU, XUMHNYCCKH, SJICKTPUICCKU HIIM OIITUYCCKU HYBCTBHUTCIIbHBIC MATCPHAJIbI
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JJIl UBMEHEHUSI CBOMCTB COCTAaBIAIONIUMX CTPYKTYPY MaTEpUalIOB M, KaK CIIEJICTBUE,
HU3MEHSSI €r0 DJICKTPUUYECKUN OTKIMK. [[pyruM BUIOM IPSMOI0o HU3MEHEHHS MOJCIH
CXEMBbI DJIEMEHTAPHOU SYEHKH SIBJIACTCS U3MEHEHUE €€ T€OMETPUYECKUX IMapaMeTpOB
MyTEM pACTsDKEHUs, CABUTa Wid jaedopMmaliid BCEeH CTPYKTYpbl WM €€ YacTH.
HexoTopbie W3 3THMX METOJOB (B YaCTHOCTH, HCIIOJB3YIOIIME BapaKTOPHBIC JTHOIbI)
OBLIM MCIOJIB30BaHbI [ pa0OThl B HEOOJIBIIOM JTUAMa30HE IJIMH BOJIH, B TO BPEMS Kak
uHble (HampHUMep, MaTepHalibl ¢ (ha30BBIM MEPEXOAOM) OBUIM MPUMEHEHBI IS BCETO
AJIEKTPOMArHUTHOTO CIEKTPa. DTU METOABl HACTPOUKH OMHCHIBACTCS O0JIee MOIAPOOHO B
Paznene 1.3. Ha Pucynke 1.1 mokazaHa cxeMa METOJIOB HACTPOMKH B 3aBUCHUMOCTH OT
pabodeil 4acTOThI JUIsl BCEX PEKOH(PUTYPHUPYEMBIX MeTaMaTepHalOB UM YCTPOMCTB Ha

OCHOBE METaMaTepuaIoB, PACCMOTPEHHBIE B ’TOM pa3Jielie.
1.2.3 O0mue KOHCTPYKIMHU 3JIEMEHTAPHOM STYeilKu

B Oosbiield yacTu ciiydaeB HadalbHBIM 3TaroM pa3paboTKH MepecTpanBaeMbIX
YCTPOUCTB SABJISIETCA pa3pabOTKa CTPYKTYphl C (UKCUPOBAHHBIMU IapaMeTpamu,
KOTOpas 3aTeM MOAUPUIIUPYETCS YIPABISIEMbIM KOMIIOHEHTOM, HallpUMEP MaTEepHAIOM
WA CTPYKTypoul. ['eoMeTpuyeckue pasMepbl JJIEMEHTApPHOM SYEUKH ONPEICISIOT
AJIEKTPOMATrHUTHBIM  OTKJIMK B MeTamarepuaine, oOecrneunBaeT (Haau4yue WU
OTCYTCTBHE) YaCTOTHOM CEIIEKTUBHOCTH, U MOKET MOracuTh MaruutHoe (B ciydae LC-
pe3oHaTopa) WIM dJEKTpUuueckoe (B cllydae KOJIBIIEBOIO PE30HATOpPa CO IIETBIO)
BO3OY)KJICHMSI, a TaKXe JUIsl CHJIbHOW B3aMMOCBSI3U DJEKTPUYECKOTO W MArHUTHOTO
OTKJIWMKOB. B wacTHOocTM 11 JJIMH BOJH ONTHYECKOrO Juara3oHa MHOTHE
AJIEMEHTapHbIE SYEWKU HE HMMEIOT SBHOM CBSI3U C DJCKTPUUECKUM WM MArHUTHBIM
HOJSIMM, HO OTBIOCTUPOBAaHBI HAa PE30HAHC I ONpeAciaéHHON reomeTpuu [6].
DJIeMEHTapHble SYEHKH C 3apaHee OIpeeeHHBIMU PE30HAHCHBIMU CBOMCTBAMHU
AJIEKTPOMATHUTHOM CBSI3U OOBIYHO HCIIOIB3YIOTCS I U3TOTOBIICHUSI MEeTaMaTepuania ¢
3aJJaHHBIMU CBOMCTBaMH, B TO BpeMsl KaK yCTPOMCTBA i1 HACTPOWKH PACCESIHUS WU
YCUJICHUSI aHTEHHBI MOTYT OBITh B MEHBIIIEH CTENEHW YYBCTBUTEIBHBI K TMOJSPU3ALINT
MaJalIIero  3JEKTPOMAarHUTHOTO  M3Jy4eHUsl. DBOJIBIIMHCTBO  MEpecTpanBaceMbIX

MCTaMaTCpuaioB OCHOBAaHbI Ha CTAHAAPTHBIX OSJIECMCHTAPHBIX 6J'IOK8,X, TaKHUX KaK
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IIMPOKO HCIIOJIb3YEMbIC KOJBIIEBBIE PE30HATOPHI €O Mmienbio [7, 8], BIOXEHHBIE
KOJIbIIEBBIE pe3oHaTopel ¢ Imenapio [9-11] wimm LC-pesonatoper [12-16]. Yacro
CTPYKTypa U3MEHSETCS B OOJIbIIICH MIIM MEHBIIEH CTENEHH, YTOOBI Y4eCTh OTPaHUICHUS
MexanuzMa Hactpoiiku [17, 18]. Kak mpaBuio, mepectparBaeMble HMIICIAHCHBIC
MOBEPXHOCTH W3TOTOBJICHBI W3 3a3€MJICHHBIX KBaJPaTHBIX YYacCTKOB (CTPYKTYpHI C
UCKYCCTBCHHBIM MAarHUTOIIPOBOJIOM, TaK HAa3bIBAEMOTr0, «TpuOHOrO Thmay) [19-28].
Hecmotpst Ha TO, 9YTO KOHCTPYKIIMH, Oa3UpYIOIIHUEcs Ha CYIIECTBYIONUX PE30HATOPAX,
MOTYT OBITh TIOJIC3HBIMU, HEMaJIasi 4YaCTh UCCIICAOBAHUN MOCBSIICHA Pa3padOTKe HOBBIX
CTPYKTYp, TOJBEPKEHHBIX OTPAHHUYCHHSIM, HO TIOBBIMIAIONIMX BO3MOXHOCTH 3TOTO
MEXaHHM3Ma HACTPONKH, YTO BKIIIOYAET B CeOsI MCIOJB30BaHUE IMEPEOPUCHTHPYEMBIX
WIA  W3MEHSEMBIX  paclpeleicHud  KOJUIOMAHBIX  HaHowactui  [29-33],
B3aMMOCBSI3aHHBIX CETOYHBIX CTPYKTYp [34-36] W ONTUMHU3UPOBAHHBIX OWHAPHBIX
CTPYKTYp 4YaCTOTHO-CelieKTUBHOU moBepxHocTH [37, 38]. Hekoropbie MeTamaTepHalibl
MOTYT HE HCIOJb30BaTh TAKYI0 PACIHPOCTPAHEHHYIO JJCMEHTApHYIO SUEHKy, Kak
KOJIBLIEBOM PpE30HATOp CO WIETbI0 WM CIHpalb, HO JIOCTUTAIOT IMEPHOAMYECKOTO

TIOBEJICHUS 33 CUET MOJICTH SKBUBaJICHTHOH 1ern [39-41].
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1.3 AKTHBHbBIE METANIOBEPXHOCTH

AKTHBHBIE YCTPOMUCTBA M KOMIIOHEHTBI UTPAIOT KIIOYEBYIO POJIb B COBPEMEHHBIX
AJIEKTPOMATrHUTHBIX M (POTOHHBIX CUCTEMaX. AKTUBHOE YIIPABJICHHE MeTaMaTepruaIaMu
U METANOBEPXHOCTSIMU PACIIUPSET UX HK30THUUECKHE MMACCUBHBIE CBOMCTBA, MO3BOJISS
nyTéM TOHKOW HACTPOWKHM pEe30HaHCa aJanTUpOBaTh YCIOBUS  pabOThl U
MEPEKIII0YaeMbIii PE30HAHCHBIM OTKJIMK, Hampumep, [Jsi MOJYJISIMU CUTHajla B
cUcTeMax CBA3M W Bu3yanuzanuu. C Apyrod CTOPOHBI, KOHIEHTpAIUs MaJaolero
ANIEKTPOMArHUTHOIO TOJISI B Y3KHX OOJACTAX PE30HATOPOB METANOBEPXHOCTU MOXKET
3HAYUTEJIbHO YCWJIUTh HEJTUHEUHBIM OTKIMK OT MHTEIPUPOBAHHOTO (DYHKIIMOHATIHLHOTO
MaTepuana, Kak W MPeJCKa3blBAJIOCh B OpPUTHMHANBbHOM pabote mnpod. Ilenapu mno
KOJBIIEBEIM  pe3oHatopamM co 1enbio [42]. B cpaBHeHMH ¢ 0OOBEMHBIMHU
MeTaMaTepuaiamMu, HMCIOJIb30BaHUE IUJIOCKUX MeTaMaTepHalioB (METaroBEpXHOCTEN)
oOJieryaer MHTErpaluio GyHKIIMOHAIBHBIX MAaTEPUATIOB U BHEAPEHUE B KOHCTPYKIUIO
ycTrpoicTBa. CylecTBYET MHOKECTBO (PYHKIMOHAIBHBIX MAaTEPUATIOB U KOHCTPYKIUU,
KOTOpbIE YCHEIIHO MPUMEHSIIOTCS B aKTHBHBIX METAIOBEPXHOCTSIX C MPUMEHEHUEM
BHEILHETO BO3ACHCTBUS, KOTOpPOE BKJIIOYAET B ce0s TepMUYECKOe BO30YXKIECHHUE,
HaIpsHKEHUE CMEIEHUs, MarHUTHOE TI0JIe, ONTHYECKOE BO30YK/ICHUE 1 MEXaHUYECKYIO
nedopmanmto. [ToaynpoBoaHuky 1 rpadeH BCE valie IpUMEHSIOTCS B 3TOM 00JIaCTH 13-
32 XOPOILIO M3YYEHHOU (hU3MKH Mpolecca B pa3padOTaHHBIX YCTPOMCTBAX U XOPOLIEH

CTCIICHH PA3BUTHA TEXHOJIOTUH U3TOTOBJICHMS.

1.3.1 AKTUBHO-TIepeKJ/II0YaeMble H HACTPaUBaeMble M0 YaCTOTe

IOJYIIPOBOAHHKOBLIC rnﬁpnnﬂme METAIIOBECPXHOCTH

[TpoBOAUMOCTH B TTOTYNIPOBOJHUKAX MOXKET OBITh YBEIMYCHA HA MOPSJIKH, TyTEM
JISTUPOBaAHUs, 00eCIIeurBasi METALINYSCKUI TUIT MPOBOAMMOCTH. boiee Toro, akTuBHas
HACTPOWKAa MPOBOJUMOCTH MOXKET OBITh peayM30BaHa MyTEM WHKEKIIMU HOCUTETEH
3apsiia U OOEIHEHHS C TOMOIIBI0 (POTOBO3OYKICHUS U HW3MEHEHUsI HANpsHKCHUS
CMEIIEHUSI. JTU YHUKAIbHBIE BO3MOXHOCTH JENAal0T MOJIYNPOBOJHUKU HIEATbHBIMU

MaTrcpuajiaMm OJis1 MHTCTpallMid B MCTAMATCPHUAJIBHBIC CTPYKTYPbI I JOCTHIKCHHA
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AKTUBHBIX W JUHAMUYHBIX (YHKIIMOHAJIBHBIX BO3MOXHOCTEH, OCOOEHHO B
MHUKpOBOJIHOBOM # TI'm aumamazoHax 4actor. BapakTopHble OHOABI IIUPOKO
MCMOJIB30BAIMCH ISl PEAIM3AMU YACTOTHOM NEPECTPOMKU M HEJIMHEWHOTO OTKJIMKA

[43, 44] n1st MUKPOBOJIHOBOTO JHaIa30Ha JIIMH BOJIH.
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Pucynox 1.2 — Ontuuecku nepectpauBaemble 111 MeTamI-moixynpOBOJHUKOBBIE

ruOpuaHbie  MeTamoBepxHOCcTH. (@) WM300pakeHue CHBOEGHHOTO DJIEKTPUUYECKOTO
pe3oHatopa co mEenp0 Tl YacTOTHO-EPECTPAaMBAEMOM  METAIOBEPXHOCTH,
MOJIYYEHHOE C TIOMOIIBI0 CKAaHUPYIOMIEH AeKTpoHHON Mukpockornuu (COM); (0)
CIIEKTPBI TPOMYCKaHUS JaHHBIX PE30HATOPOB TPH PA3IUYHBIX 3HAYCHHUSAX HAKAYKH
doroBo30yxkaeHus [47]; (B) n3oOpakeHue yabTpamupokomnojgocHoro TI' MmoaynsTopa,
MIOJIYYCHHOE C TIOMOIIBI0 ONMTHYCCKONH MHUKPOCKOTHH; (T) M €r0 CHEKTPBI MPOITYCKAHMS
0e3 ONTHUYECKOTO BO30YXKICHHS M C Pa3IMYHBIMA 3HAYCHHSIMU WHTEHCHBHOCTH
ONTHYECKOro BO30yxkmenus [47]; (m) cxema Meramarepuajia W H300pakeHHUE
3JIEMEHTAPHOW SYEHKH, TOJYYEHHOE C TOMOIIbI) ONTHYECKOW MHKpockonuu, 11
MOTJIOTHTENISI HA OCHOBE MeTamaTepuana; (€) M CIEeKTPhl MPOITyCKaHWsI MeTamaTepuana
0e3 ONTHUYECKOTO BO30YXKIEHUS ¥ C PA3TUYHBIMU 3HAYCHUSIMH WHTEHCUBHOCTH

onTuyeckoro Bo30yxaenus [50]
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Jnsa TI'n nnana3oHa 4acTOT MAacCHUBBI CIIBOEHHBIX JJIEKTPUYECKHUX PE30HATOPOB
CO IIEJIbI0 MOTYT OBITh M3rOTOBJIEHBI HEMOCPECTBEHHO MOBEPX MOJYIPOBOJHUKOBBIX
MOJJIOXKEK, TAKUX KAK COOCTBEHHBIC MOTYHIPOBOJIHUKN apCEHUA KPEMHHUS WM Tajlius,
a TEpeKIIIOYeHHE OTKJIMKAa pe30HaHCa OCYIIeCTBIAeTCs uepe3 (OTOBO3OYXKIACHUE
CBOOOJIHBIX HOCHTEJICH 3aps/la Ha MOBEPXHOCTH MOMIOXKKHU [45], B pe3ynbTaTe 4ero
MIPOUCXOUT CBEPXOBICTpast CKOpocTh mepekmoueHus [46]. C napyroil CTOPOHBI,
MOJIYIIPOBOJHUKM MOKHO MCHOJB30BaTh KAaK YacTh PE30HAHCHBIX CTPYKTyp. B sTom
ciydae (OTOBO3OYXKJICHHE TUHAMHYECKH HW3MEHSET CTPYKTYpHYIO TE€OMETPHIO
pe3oHaTopa, oOecrneynBas BO3MOYKHOCTbh IEPEKIIOUECHHS] WM HACTPOMKH YacTOTHI
orkiuka. Kak mokazaHo Ha Pucynke 1.2 (a), mapa KpeMHUEBBIX CTEpPKHEH 00pa3yroT
YacTh €MKOCTHOI'O 3a30pa B JJIEKTPUYECKOM SYEHKE CIBOEHHOIO 3JIEKTPUYECKOTO
pe3oHatopa co aenbto. I[lpu  HOTOBO3OYKACHUHM  H3TydeHHEM  OJIMIKHETO
MH(PAKPACHOTO CHEKTPAIBHOTO JUala3oHa, KPEMHUEBBIE CTEPXKHU MPUOOPETAIOT
METaJUIMYECKHE CBOMCTBA U YBEIUYMBAIOT E€MKOCTb CJIBOEHHOTO 3JEKTPUUYECKOTO
pe3oHaTtopa co 1menbto. CnepoBarenbHo, yactotra LC-pe3onanca storo pesoHaropa
HACTpanBaeTCs Ha 00jIee HU3KYIO 9acTOTy, ¢ JUaa30HOM HacTporku okoiio 20% [47],
KaKk TMoka3aHo Ha Pucynke 1.2 (6). MHOXecTBO TOJOOHBIX CTPYKTYp OBLIO
UCTIOJIb30BaHO, HATIPUMED, JIJISI CHHETO CMEIIICHUS PE30HAHCHOM YacToThI [48].

Ontuueckas MoAu(pUKaAILIUS TEOMETPUU TTOBEPXHOCTH METACTPYKTYPHI MO3BOJISET
nepexoay MEXIy pa3TudyHbIMH TuUllaMu pe3oHaHcoB. Ha Pucynke 1.2 (B) xpemHuit
UHTETPUPYETCS B TMPOMEKYTKU METAUTMYECKOW MATPHUIIbI, KOTOpas JIEMOHCTPUPYET
JUTIOJIBHBIA pe3oHaHC 0e3 (OTOBO3OYXKAEHUS U JieNarollas BO3MOXXHBIM BBICOKOE
NpOMyCKaHWEe Ha YacToTax HIKe pe3oHaHcHou. [lpu  ¢dhoToBO3OYN)IeHUU
METaJUIMYECKU KPEeMHHUH COEQUHSAETCS C METAUIMYECKUMH Yy4acTKaMu, oOpa3ys
METaJUIMYECKYI0 MPOBOJIOYHYIO PEIIETKY, KOTopas OJOoKupyeT Hu3KoudacTOTHbIe TIIf
BOJIHBI, Kak Toka3aHo Ha Pucynke 1.2 (r), B pe3yabTaTe dYero MPOUCXOJUT
cBepxmupokononocHas T momynsmust [49]. Taxke ObUIM TPOJEMOHCTPUPOBAHBI
ontuyuecku nepectpanBaembie T meramatepuansl [50], kak mokazaHo Ha PucyHkax
1.2 (n) u (e), rae KpeMHHUEBbIE OCTPOBKH pACIIOKEHBl B 3a30pax CABOCHHOIO

ANIEKTPUUYECKOTO pe3oHaTopa co Iienblo. Mcmonb3ys Takol NOAXOJ, MHOYKECTBO
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ONTUYECKUX OTKJIMKOB MOKHO TEPEKIII0YaTh/HACTPanBaTh, HAIPUMED, 3aKPYIECHHOCTH
AJIEKTPHUYECKOTO TOJISI, MPOIICIIICTO Yepe3 XUPATbHYI0 METarnoBepxHOCTh [51, 52] u
IJIa3MOHHAsL  AJICKTPOMArHUTHO-UHAYIIMPOBaHHAs Tmpo3padnocts (DUIT) [53], ¢
MTOMOIIIBI0 (POTOBO30YK/ICHHUS.

[ToynpoBOIHUKOBBIE ~ THOPHUIHBIE  METAOBEPXHOCTH  TaKXke  00JiagaroT
GyHKIIMEH HSIEKTPUYECKOM HACTPOMKM PE30HAHCOB C TMOMOUIBIO  MPHIIOKEHUS
HaIpPsHKEHUST CMEIIeHUsI, 9YTo OoJiee YJ0OHO U MPAKTHUYHO JIJIsl pealibHbIX MPUMEHEHUH.
CaMpIMU HATJTISIHBIME TIPUMEPAMH SBJISTFOTCS. MHTETPAIUS BAapPaKTOPHOTO JWOJA JIJIS
MUKPOBOJIHOBOTO JMana3oHa JJiuH BojH U nepexoaa [lortku mist TI ' cnekTpanbHOro
nuanaszona. IlepBas oanexkTpuuecku nepekitouaeMas Tl MeTanmoBepXHOCTh C
OecnpenieIeHTHON ri1youHoil Moy B 50% Oblia mpoaeMOHCTpUpOBaHa B paboTe
[54], rnyOuHa MOIyasIMK KOTOPOH Oblia BIOCIEACTBHU YiydiieHa q0 80% 3a cuer
ONTUMM3AIMU CTPYKTYphI [55]. BMmecre ¢ dazoBoit moaymsmueit (mo 0,55 pan), 3To
YCTPOMCTBO JeNaeT BO3MOXKHOW mupokomnoiocHyr TI moxynsmuio [54], xkoTopas
MOET OBITh MCIOJIB30BaHA JUIsl 3aMEHBI ONTUKO-MEXaHUYECKOT0 MOAYJISTOPA B CXEME
CUHXPOHHOTO JerekTopa TI'1 u3lydeHus co CKOPOCThIO MOJIYJISIIMU B MErarepioBoM
nvara3zoHe 4actoT [56-58], orpanmdeHHON MO0 OONBIIONW IUIOMIAJLI0 YCTPOHCTBA,
JU00 BBICOKOM IMapa3sUTHOH €MKOCTBIO OT COCAMHEHUM OJJIEKTPOJAOB U IIPOBOJIOB.
Coscem HenaBHO, [T CKOPOCTh 3EKTPOHHOM MOAYJSILMK OblIa MPOJAEMOHCTPUPOBaHA
C TIOMOIIbIO JBYXKaHAJIBHOW Te€TEPOCTPYKTYPHI, TOMAJEPKHUBAIONIECH HaHOpa3MEpHBIE
JIBYMEpPHBIC DJICKTPOHHBIC Ta3bl C BBICOKOM KOHIIEHTpallMel HOcUTeNel 3apsaa U

NOJIBIKHOCTHIO [59], moka3anHo# Ha Pucynke 1.3 (a).
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Pucynox 1.3 — DnexTpudeckas MOAYIISIUS TOJTYITPOBOJHUKOBBIX THOPUIHBIX METa-
noBepxHocTel. (a) CxemMa CTPYKTYpbl YCTPOMCTBA BHYTPH AJIEMEHTAPHOMN STUEHKU
BBICOKOCKOpOCTHOTO TT'I1 MeTamMaTepuaaIbHOTO MOIYJIATOPA HA OCHOBE ABYXKAHAIBHBIX
TeTEPOCTPYKTYP; (0) XapaKTEPUCTUKH MOAYJISLIMM Ha pa3HbIX YacToTax; (B)
CTPYKTYpHasi CXeMa METaloBEPXHOCTH akTUBHOU TT11 mudpakiimoHHON peleTKu,
oOpa3zoBaHHOM 32 cTONOIIAaMU, YIIPABIIIEMbIMU HE3aBUCUMBIMHU CMEIIICHUSIMHU
HaIpsHKEHUS, TJ€ pa3Hble IBETa YKA3bIBAIOT HA Pa3HbIE CMEIICHUS HaNpshKeHus; (T)
TUHAMUYECKas Tu(PaKIys BKIOYACTCS MMyTeM MPUMEHEHHUST 00paTHOTO HAMPSIKCHUS

CMEIIICHUS K allbTepHATUBHBIM CTOJIOIaM; (1) mpocTpaHcTBeHHBIN TI 11 MoynsiTOp
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pa3MepoM 8X8 AueeK, OCHOBAaHHBIN Ha DJIEKTPUUYECKH MEPEKIFOYaEMOM TeparepLoBOM
MeTamMaTepuanibHOM HOTJIOTUTENE, KOTOPBIN MCIONb30BANICA 111 (POPMHUPOBAHMUS
n300paxkeHni ¢ komrpeccuei B TI'1 1uamna3one 4acToT; (€) COOTBETCTBYIOIIAsA CXeMa
CTPYKTYPBI, COCTOSIIIAsI U3 CBSI3aHHOT'O MACCHBA PE30OHATOPOB, CIY>KAIUX KOHTAKTaMHU
oTTKM, N-JIerMpoBaHHAas MOIYIPOBOAHUKOBAS MPOCIIOIKA, METAJUINYECKAs
3a3eMJIIOILAs IUIOCKOCTb, CIyXKalllas OMUYECKMM KOHTAKTOM, a TaKKe
BCIIOMOTaTelIbHasl CTPYKTYpa, 00ECIIeUnBaOIasl HE3aBUCUMOE CMEILIEHUE HAMPSKEHUS

Ha JJIEMEHTAPHBIX STYEUKaX

[IyTéM KOHCTpYHpOBaHUS COCTABHOM TMOPUIAHOW CTPYKTYpbI JJII YMEHBIIEHUS
Napa3suTHOM €MKOCTH, ObUIM SKCIIEPUMEHTAIbHO PEATM30BaHbl CKOPOCTh MOIYJISIUH 1
[T u rmyouna moxynsiuuu 85% (Pucynok 1.3 (0)), u casur ¢asel 1,19 paa, uro Obuio
IIOKa3aHO B XOJ€ AMHAMUYECKOTO HCIBITAaHUS B PEXUME peajJbHOro BpeMeHH. Kpome
Toro, decrpoBogHas Moayysauus TI'1y cuctemsl cBsi3U B CBOOOJHOM IMPOCTPAHCTBE Ha
OocHOBe 3Toro BHemHero TI'm moayndaropa, Obula HPOTECTUPOBAHA C IMOMOILIBIO
uHAUKaTOpHOH auarpammbl B 0,2 1'0ut/c. DTO JOCTHIKEHHE OTKpPBIBAET IMyTh K
Pa3BUTHIO  BBICOKOIPOM3BOAUTENbHBIX TI'1] OEcHpoBOOHBIX CHUCTEM CBSI3U U
Bu3yanu3aluu. B HenaBHell pabore Oblia NPOJEMOHCTPUPOBAHA AIIEKTPUUECKH-
Bo30yxmaemast TI'11 MeTarnmoBepXHOCTh HA OCHOBE aKTUBHOM AUGPAKIIMOHHON PEIIETKH
s nonydenuss Ty mopaynsiuio 6e3 ¢goHa ¢ OecnpeneeHTHBIM JUHAMHYECKUM
nuarasonom B 22 1b [60].

Kaxnasd «IMHHS pemeTKn» COCTOMT U3 MacCHUBa 3JIEKTPUUYECKU CBSI3AHHBIX H
NEPEKITI0YAEMbIX KOJIBLIEBBIX PE30HATOPOB CO IIEbI0, 00Pa3yIOIUX CTOJIOEH, KOTOPbIN
KOHTPOJIMPYETCA HE3aBUCHMBIM HalpsDKEHHEM CMEILEHHs, KaK MOKa3aHo Ha PucyHke
1.3 (B). JIndpakuronHas pemreTka METAlOBEPXHOCTH CO3AACTCS MyTeM MPUIOKEHUS
HANpsDKEHUSI CMEIICHHsS Ha 4YepeAyroluxcsl cToidnax B mpeaenax 32-ctondyaroit
CTPYKTYpPbl METAlOBEPXHOCTH, YTO NPHUBOJUT K YAaCTOTHOW 3aBHCUMOCTH yIja
nudpakiyu s majgaroiiero mupokonosocHoro TI' uznydyeHusl.

Camas  cunpHas  AUQpakius  JAOCTUTAaeTcs Ha  4acTOTe€  pe30HaHca

metanoBepxHoctu 0,4 TI'n m3-3a caMoro OOJBIIOr0 KOHTPACTa MPOIMYCKAHUS MEXIY
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OByMsi coceqHUMH ctonOuamu. C apyroid CTOpOHBI, KOTZla OJWHAKOBOE HAmpsKEHHUE
CMEILIEHUsI TIPUMEHSETCS KO BCEM CTOJOLAM, CTPYKTypa BeIeT ce0si Kak OJHOpOJHas
METaroOBEpXHOCTh 0e3  BuauMmon  audpakmuu. CrenoBaTenbHO, MPUMEHEHHE
NEPEMEHHOTO HAMPSKEHMSI B UEPEIYIOIIMUXCS CTOJI0LAxX B pe3ynbrare AaéT 0e3()0HOBYIO
TU(PPAKIUOHHYI0 MOAY U0 nanawomero TT' u3inydenus, Kkak nokazaHo Ha PucyHke
1.3 (7).

[IpocTpaHCcTBEHHBIE ~ MOAYJISATOPHl  CBETa  OBLIM  peajlu30BaHbl  IyTEM
MUKCEJIN3allMi METAallOBEPXHOCTU JJIsI HE3aBHCHMOTO YIPABICHUS AMIUIMTYAOW WIIU
(dazoii oTpakeHus U nponyckanud. [I[poToTUIl MPOCTPaHCTBEHHOIO MOIYJIATOPA CBETA C
4x4 nukcensMu ObUI  BIEpPBBIE TPOJEMOHCTPUPOBAH C PEKOH(PUTYpUPYEMBIMU
UHTEPPEPEHIIMOHHBIMU ~ KapTUHAMHM  JIBOMHBIX  IIEJed [61]. Bo3moxHBI
IPOCTPAHCTBEHHBIE MOYJSATOPBI CBETAa C OOJBIIMM KOJUYECTBOM IUKCEJIEH, OJHAKO
YBEIMYECHHUE YHCIIA IIEKTPUUYECKUX COCIWHUTEIBHBIX IMPOBOJOB YCIOXKHSAET 3a1ady.
OpgHuM W3 peleHuid 3TOW MpoOJIeMbl SBISIETCS MPOCTPAHCTBEHHBIA MOJIYJIATOD,
paboTarouii B pexuMe Ha OTpaXCHHE Ha OCHOBE 3JIEKTPUUECKH IepecTpanBacMOm
CTPYKTYpbl METaMaTE€pUAIIbHOTO IOTJIOTUTENSA, B KOTOPOM B KaudeCTBE Pa3JICIIUTEII
UCIOJIB3YETCS JIETUPOBaHHbIN moaynpoBogauk [58]. Kak mokasano na Pucynke 1.3 (e),
BCE CBSI3aHHBIC PEIIETKH PE30HATOPOB CiIyXaT 3arBopoM IIoTTKH, a MeTamuMyeckas
IJIOCKOCTh 3a3€MJICHUS CIYKUT OMHYECKMM KOHTaKTOM. IIpumeHeHue oOpaTHOro
HaIIPSDKEHUST CMEIEHMSI [T03BOJISIET HACTPAMBATh YaCTOTY PE30HAHCHOIO IOIJIOLICHUS
CO CKOPOCTHIO MOAyJiAuU A0 10 MI'm. DTOT THN MPOCTPAaHCTBEHHOTO MOAYJISATOpA Ha
OCHOBE METaMaTepUAILHOTO TMOTJIOTUTENs, TTOKa3aHHbli Ha Pucynke 1.3 (x), HemaBHO

OBUT YCIIEIIHO UCIOJB30BaH B TI'I1 KOMIIpecCHOHHOM BU3yanu3anuu [62].

1.3.2 I'padpeHoBbIe TUOPUIHBIE METANIOBEPXHOCTH

32 HCKJIIOYEHHEM  M3TOTOBJCHUS  MOJYNPOBOAHUKOBBIX  THOPUIHBIX
METAITOBEPXHOCTHBIX CTPYKTYP HEIOCPEICTBEHHO HA MOJJI0KKE, KOTOPBIE TOKA3aHbl HA
Pucynke 1.2 wu Pucynkax 1.3 (a) u (B), wuHTerpauus KpUCTAUIMYECKHUX

MMOJIYIIPOBOJAHUKOBBIX IINICHOK HJIM OCTPOBKOB B Y3KHC oOnacTH OoJyiee CIIOKHBIX
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METaIOBEPXHOCTEN (HaIpUMep, CTPYKTypa, nokasaHHas Ha Pucynke 1.2 (n) u Pucynke
1.3 (e), a Takke Japyrue, COCTOSIIUME U3 HECKOJBKHX CJOEB, METaIOBEPXHOCTH)
BBI3BIBACT 3HAYUTEIBHBIC TIPOM3BOJICTBEHHBIC MPOOIeMbl [63], B OCHOBHOM B CBSI3H C
TpeOOBaHHEM TEPEHOCa XPYNKHUX MOJYIPOBOJHUKOBBIX TOHKHX IUIEHOK. B 3TOM
CMBICIIE, OTJINYHbIE MEXaHUYECKHUE CBOWMCTBA U MepecTpanBaeMas IIOTHOCTh HOCUTENEH
3apsifa rpadeHa AenarT ero OTIHMYHBIM MaTepHalioM sl aKTUBHONW METAaroOBEPXHOCTH
[64]. TI'padern wuMeeT 3HAUUTEIBHYIO CTEICHb IEPECTPAUBAEMOCTH ONTHYCCKOM
IIPOBOJMMOCTH B CpEJHEM HH(PpPAKpACHOM AHana3zoHe JIMH BojdH U TI'n auanazone
yacToT. JlerupoBanue rpadeHa MOKeT ObITh CKOPPEKTUPOBAHO C MTOMOIIBIO U3MEHEHUS
HaIpsDKeHUs: cMeleHus, B 10 pa3 mpu KOMHATHOW TeMIIepaType, YTO NPHUBEAET K
3HAYUTEIPHOMY M3MEHEHHI0 €ro MpOBOAMMOCTA CJIOSA 0 W, CIEI0BaTENbHO,

TIOBEPXHOCTHOM JMIIEKTPUYECKOM nponunaemoctu & = 1+ io/(gwt), rae t = 0,33

HM — TOJIIIMHA rpad)eHa.

Jlnisa rpadeHa pe30HaHCHBIA OTKIIMK METAallOBEPXHOCTEH MMEET 0C000€ 3HaUCHUE
JUISl YCUJIEHUS B3aUMOJICMCTBUS CO CpeJHUM MH(]pakpacHbIM U TI'11 U3mydeHuIMHU 13-3a
€ro OJHOATOMHOM TOJIIMHBI M €Ja00ro MOrjomeHus. MeTtainuyeckue IIa3MOHHbBIE
AHTEHHBI ~CMOCOOHBI  3aXBaThIBaTh W3JIYYEHHE CBOOOJHOTO TMPOCTPAHCTBA M
COCpPE0TauYMBaTh ONTHUYECKYIO SHEPrUIO0 B ISITHA Pa3MepOM NOpAJKa JJIWHBI BOJIHBIL.
DIEKTPUYECKOE MOJIE 3TUX IMATEH MOXET MPEBbINIATh BEIMYUHY MaJaroIIero MoJis Ha
nBa-Tpu nopsiaka. [lomemas rpadeH B 0061acTu ¢ BBICOKOM KOHIIEHTpaIuend dHEPTuH,
CO3JaHHbIE METAJUIMYECKUMU TUIa3MOHHBIMM AHTEHHAMHM W HACTpauBasi ONTHYECKYIO
MPOBOJUMOCTh TpadeHa, MOKHO TEPEeKIoYaTh PE30HAHC WM HACTPauBaTh YacTOTY
pE30HaHCa TAKOro KOMITIO3UTHOIO Matepuania B npokoM nuanazone. B Tl auanazone
4acToT rpadeH ObUT MCIONB30BaH IS BKIIOYCHUS MIMPOKOIMOJIOCHON 3JIEKTPUUIECKOMN
MOAYJISIUU [65], ¥ CTPYKTypHUpPOBaHHBIHN TpadeH TakKe TEeMOHCTPUPYIOT PE30HAHCHBIN
IUIa3MOHHBIM  OTKJIMK [66, 67]. WHrerpupoBanue rpadeHa B METAUIMUYECKUE
PE30HATOPBI MPOJEMOHCTPUPOBAIIO BO3MOXKHOCTH CO3JaHHsA AyekTpuueckux 11

MOJTYJISITOPOB HA OCHOBE TMOPUIHOM MeTanoBepxHocTH [68—70].
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MeranoBepxHOCTH, HYHKIIMOHUPYIOIIHUE B CpeIHEM HH(PPAKpPACHOM TUAIa30HE
JUIMH BOJIH, C DJICKTPUYECKH MEepPeCcTpauBaeMbIMU CIEKTPAJbHBIMU CBOMCTBAMHU OBLIU
AKCIEPUMEHTAIIBHO MPOJAEMOHCTPUPOBAHBI MyTEM KOHTPOJS IUIOTHOCTH HOCUTENEH
3apsna B rpadene [71]. OntuMuzanus KOHCTPYKIIMU ONTUYECKOW aHTEHHBI MO3BOJIMIIA
YCOBEPILIEHCTBOBATh JHMANa30H HACTPOWKH YacTOThI, TAaKUE KaK TIIyOMHA MOMYISIUU
[72]. Ha Pucynke 1.4 (a) BepXHHH CJIOW METAllOBEPXHOCTH OTJAEICH OT 3aJHETro
ATIOMMHUEBOTO 3€pKaja TOHKOW IUIEHKOM OKcuaa anoMuHud. Takas cTpykTypa
OTpaXkaromel pemeTKu JEMOHCTPHUPYET MOUYTH ujieaidbHoe morjiomenue [73]. Takum
00pa3oM, B BBIKJIFOUEHHOM COCTOSIHUM OTPa)KCHHE MOYTH PAaBHO HYJIIO, U YacTOTa, Ha
KOTOPOH MPOUCXOAUT OTPAXKEHUE, OJM3KOE K HYII0, MOXKET ObITh HACTPOCHA MyTEM
NPUJIOKEHUST  HANPSDKEHUST  CMENICHUs, KOTopoe MOAUGUIMPYET  JUCIIEPCHUIO
ONTHYECKUX CBOWCTB BepxHeW Matpuilel rpaden-antenHa (Pucynok 1.4 (B)). Drot
noaxo/ 00ecreuynBaeT CKOPOCTh MOAYJISIIIUU B JlMana3oHe AecsITkoB MI'T u riyOuny
ONTHUYECKOM MomyJsainuu, Omu3kyro k 100%, mpuueM mnociaegHui ompeaenseTcss Kak

1 —=Ruin(M)/Rpax) , tae Rpuin(A) um Rpyge(A) ABIAIOTCS MHUHUMAJIbHO U

MaKCUMaJIbHO AOCTUKMMBIMHU OTpPaAXaTCIbHBIMU CIIOCOOHOCTSIMH Ipun OHpCI[GJICHHOﬁ

JUTMHE BOJIHEI A [73].
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Pucynok 1.4 — DnekTpuuecKku-nepecTpauBaeMble METATIOBEPXHOCTH HA OCHOBE
rpadena. (a) Cxema ylnbTpaTOHKOIO MOAYJISTOPA CPEIHETO HH(PAKPACHOTO U3TYUCHUS
Ha OCHOBE MEPECTPaNuBAEMOI0 METATOBEPXHOCTHOTO MOTJIOTUTENS; (0) n300pakeHue,
IIOJIYYEHHOE € TOMOILBIO CKAaHUPYIOIIEH 3JIEKTPOHHOW MUKPOCKOIIHH,
METAIIOBEPXHOCTHOT'O MOIJIOTUTENS. BCTaBKa: yBEIMUEHHBIN BUJ DJIIEMEHTAPHON
STYEHKH YCTPOUCTBA; (B) M3MEPEHHBIE CIIEKTPBI OTPAKEHUsI (HOPMUPOBAHHBIC K
CIIEKTPaM OTPaKCHUS aTFOMUHUECBOTO 3epKaJia) MOTJIOTUTEIISI METOITOBEPXHOCTH B (0)
JUTSL pa3JIMYHBIX HanpspkeHUd 3atBopa |Vg - Venp|, T€ Venp — HapsbKeHHe 3aTBOPA,
KOI'J1a KOHIIEHTPAIUH 3JIEKTPOHOB U JIBIPOK B JIKCTE Tpad)eHa paBHbI 3apsiy
HEWTpaibHOU TOYKH; (T) M300paKeHHE, MOTYYCHHOE C MOMOIIBI0 CKAHUPYIOIIEH
ANIEKTPOHHON MUKPOCKOIHUH, CTPYKTYPbl METAIIOBEPXHOCTH C ABOMHBIMHU PE30HAHCAMU
dano; () yeuieHue cpeHeld HHTCHCUBHOCTH OJIMXKHETO ITOJISl Ha TIOBEPXHOCTH
rpadena. BctaBku: mpocTpaHCTBEHHOE paclpeiesieHHe HaNps>)KEHHOCTU
AIIEKTPUUYECKOTO TOJISl BHYTPH 3a30pa ISl IBYX pe3oHaHcoB DaHo; (€) n3mepeHHbIe
CIIEKTPBI OTPaKEHHs YCTpoiicTBa B (1), kKak (hyHkuus sueprun Gepmu; (k) cxema
METaNOBEPXHOCTHOTO MOYJISITOpa HAa OCHOBE rpadeHoBoro 3kpana Concodepu. Ha
BCTaBKE N300paKEHO YCTPOMCTBO C ONTHYSCKUMU BOJIHAMH B COCTOSTHHH PE30HAHCa; (3)
M3MEHEHUE TOTJIOMIEHUS IO OTHOIICHHIO K MTOTJIOIIEHHUIO B TOUKE HEUTPAIbHOCTH
3apslia B HaHoanepTypax rpadena mupruHoil 40 HM IpH pa3IuyHbIX YPOBHSX
nerupoBanus. CIuioniHas 4YepHasi KpuBasi COOTBETCTBYET OJIHOCIOMHOMY rpadeny. Ha
BCTaBKe: N300paKEHUE, MTOIYYEHHOE C TOMOIIIbI0 aTOMHO-CUJIOBOM MUKPOCKOIIUH,

rpad)eHOBBIX HAaHOAMEPTYP MUPUHOU 40 HM
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VY3Kas creKTpalibHas MHUPUHA HEOOXOauMa TSl pean3aii OOJbIIEH TITyOUHBI
MOAYJISIIMA HAa OCHOBE HACTPOMKMU PE30HAHCHOM 4acTOThl. JIJisi 3TOW ILeId MOYKHO
UHTETPUPOBaTh TpadeH B METANOBEPXHOCTH, KOTOPHIE IEMOHCTPUPYIOT PE30HAHCHI
®aHo ¢ BBICOKOM JOOPOTHOCTBIO, TaKMe KaK CTPYKTypa, Mmoka3zaHHas Ha Pucynke 1.4
(r), cocrosiias W3 MaTPUIlbl CBS3aHHBIX TUIOJBHBIX M MOHOIIOJIBHBIX PE30HATOPOB,
M3TOTOBJICHHBIX MOBEPX TOHKOTO CIIOSl TUOKCHAA KPEMHUSI Ha KPEMHUEBOU MOJJIOKKE
[74]. Dra cTpykTypa METAalOBEPXHOCTH JICMOHCTPUPYET JABOWHYIO IIJIa3MOHHYIO
ANIEKTPOMArHUTHO-UHIYIIUPOBAHHYIO MPO3PAYHOCTh, YTO WJUTIOCTPUPYETCS ABYMS
NMUKaM{ YCWJICHHUS HAIPsSHKCHHOCTH OJIMKHEro moiii Ha Pucynke 1.4 (1) m aByms
MUHHMyMaMu oTpakeHus Ha Pucynke 1.4 (e). Ctpykrypa rpaden-SiOy-KkpeMHuit Takke
MO3BOJIIET MYTEM YMEHBIICHUS MPOIMYCKaHUsS HACcTpauBaTh IUIOTHOCTh HOCHUTENEH
rpadeHa, 4To, COOTBETCTBEHHO, HacTpauBaeT pe3oHaHchl PaHo (Pucynok 1.4 (x)). Ha
OTIPEJICTICHHON JIJIMHE BOJIHBI 3TO MPUBOJUT K COCTOSIHUSIM C BHICOKUM OTPaKEHUEM BO
BKJIIOYUEHHOM PEXHME W K HHU3KOMY OTPaXEHUIO B BBIKIIOUCHHOM pPEXUME C
HKCIIEPUMEHTAJIbHO HW3MEPEeHHOM TiyOmHoi Moxymsiuuu 10 90%, XOTsS BHOCUMBIC
noTepu, paBabie 81%, Bce eme T0BOIBHO BHICOKH, a IIMPUHA TOJIOCH TAKKE JOBOJIBHO
MaJjla HECKOJIBKO TIPOIICHTOB OT paboueld IIuHbI BOJHEI [ 74]. Da3oBas MOIyIIsIIis ObLia
Tak)kKe€ HEJaBHO IMOKa3aHa Ha MOJA00HON rpadeHOBOM TMOPUIHON METarlOBEPXHOCTH B
cpeaHeM HH(PpPaKpacHOM JWana3oHe JJIMH BOJH, KOTOpas MOXKET MOTEHIMAIbHO
NPUMEHSTHCA MJII YyBCTBUTENBHBIX K TMEPEMEIICHHUIO U HACTPAaWBAEMbIX BOJHOBBIX
actuH [75].

DIIEKTPUYECKU-TIEPECTPAUBAEMbIE METAITOBEPXHOCTH MOTYT OBITh HM3TOTOBJICHBI
U3 CTPYKTYPUPOBAHHBIX T'paEHOBBIX JUCTOB 0O€3 HCIOJIb30BAHUS METALTUYECKUX
I1a3MOHHBIX aHTeHH. Ha Pucynke 1.4 (k) moka3aH MOAYJIATOP W3Iy4YEHHUS CPEIHErO
nH(paKpaCHOTO AMAara3oHa JUIMH BOJH C OTPAXAIOMIEH PEIIETKOW, COCTOSIIUN H3
HaHoanepTyp rpadeHa (To ecTh MyCTOT, BRIPE3aHHBIX Ha JMCTe rpad)eHa), OTACICHHBIX
OT METaJUIMYeCKOTO 3aJHero 3epkaina ToHkoW mieHkour SizgNg [76]. Ilupuna
HaHoanepTyp BbiOMpaeTcs B auamna3zoHe 20-60 HM, Tak YTO MaJArONINI CBET CPEIHETO
WH(PpaKpacHOTO  CHEKTPAIbLHOTO Juara3oHa MOXET BO30yXJaTh IJIa3MOHHBIC

PE30HAHCBI B HAHOAIICPTYpPAX, 4TO IIPUBOAUT K 3HAYUTCIIbHOMY YCUJICHHUIO OIITUYCCKOI'O
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nornomenus 10 25%. Korzma HampspKeHHME CMEIIEHHMST M3MEHSET JIETMPOBAaHUE
HOCUTEJISIMU 3apsiia eppopupOBaHHOrO rpa)€HOBOIO JUCTA, CMEIICHUE I1JIA3MOHHBIX
PE30HAHCOB NPUBOAUT K U3MEHEHUIO aMIUIUTYIbl U CIEKTPAIBHOTO ITOJIOKEHHS ITUKOB

norjomieaus (Pucynok 1.4 (3)).

1.3.3 /lpyrue nepexjroyaeMblie U nepecTpanBaeMble 10 Pe30HAHCHOM YyacToTe

METAIMMOBEPXHOCTHN

XOTS 3JEKTPUYECKU-TIEPECTPANBAEMBIE METANOBEPXHOCTH, UHTETPUPOBAHHBIE C
NOJIyIPOBOJHUKAMH M Tpa(eHOM, HMEIOT NEPBOCTENEHHOE 3HAYEHHE B PEATbHBIX
INPUMEHEHUSAX, CYLIECTBYET MHOXKECTBO JPYrMX (PYHKIMOHAIBHBIX MAaTEpHAIOB U
CTPYKTYp, KOTOpble OBUIM YCHEIIHO BHEAPEHBbl Uil pealu3aludd  aKTUBHBIX
METaNOBEPXHOCTEN.

TI'n Mertannuueckass MaTpula KOJIBLIEBBIX PE30HATOPOB CO ILEIbIO Oblia
U3rOTOBJIEHA HETOCPEJCTBEHHO MOBEPX MOJJIOKKU M3 THUTAHATa CTPOHIMS (MaTepual
dazoBoro mepexoga), MpU OSTOM €€ PE30HAHCHAS 4YacTOTa HCHBITHIBAET KpPaCHOE
CMELICHUE NIPU NOHWKEHUH TEMIIEPATYPHI U3-3a YBEIUYCHUS [TOKA3aTEINs] IPEITOMIICHUS
MOJJIOKKH, OJHAKO €€ HEJOCTATKOM SBJISIFOTCSI 3HAYUTEIbHbIE BHOCUMBIE MTOTEPH M3-32
BBICOKOT'O ITOKa3aTeJIsl MPEJIOMIICHHS TOJJIOKKU TUTaHaTa cTpoHus [78].

Huokcun Banagusi (VO,) sBiseTcs elie OJHUM TEPMUYECKH YIPaBIsSEMbIM
MaTepuanioM (azoBOro Mepexojia IUAJIEKTPUK-METAI, KOTOPbIA MPUBJIEK OO0NbIION
MHTEPEC K peaIn3aluyd TEPMUYECKH aKTUBHBIX MeTanoBepxHocred B TIn wu
UH(PaKPaCHOM CIIEKTPAILHBIX Iuarna3oHax [79-84].

DHeproHe3aBuCUMAast TepMoInepeKIoYaeMas METaroOBEPXHOCTh uMeeT
NOTEeHUUAJIbHbIE TPUMEHEHHUs, Takue Kak ycrporcrBa mnamsatu [80], a pe3oHaHC
METAMOBEPXHOCTU MOKHO MEPEKII0YaTh C MOMOIIBIO HANpshKeHus cmenieHus [/7]. B
NOCJIEIHEM CJy4yae TOHKUN CJIOM HMOHHOTO rejisi ObUl HAaHECEeH Ha MOBEPXHOCTh
METAINlIOBEPXHOCTH (Pucynok 1.5 (a)). [Ipunoxenue MOJIOKUTEIIBHOTO
(OTpULIATENBHOTO) HaIpsKEHUS n30UpaTeIbHO HaCTpanBaeT pEe30HaHC
METANOBEPXHOCTH B COCTOSIHUE BBIKJIIOUEHO (BKJIIOUEHO), NepeBojs IUieHKy VO, B

Oosiee TpoBojsIIee (M3OJHMPYIONIEE) COCTOSIHUE. B  4acTHOCTH, TOJIOKUTEIBHOE
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HaANPSOKEHUE BBI3BIBACT CIEIYIONIYIO JJIEKTPOXUMHYECKYto peakmuio: VO, + 2xe™ —
VO0,_, + xe0?", tak uro VO, IPOXOAUT YePe3 IPAHUIy MEKIY AUDICKTPUUCCKHM M
MeTaimaeckuM  coctostHussMu  (Pucynok 1.5 (0)). B pesymbrate npuitoxeHHs
TIOJIOKUTEIHPHOTO HAIMPSHKCHUSI MOHOTOHHO YMEHBIIIAETCS JTOOPOTHOCTH KOJBIICBOTO
pe3oHaTopa €O IMIENbl0, MPHU 3TOM HamnpspkeHne B 3 Ba OpUBOIUT K MOJHOMY
noaBjicHuI0 pe3onanca (Pucynok 1.5 (B)).

XKunkue KpucTaibl TakkKe MOTYT OBITh yIOOHO HMHTETPUPOBAHBI C
METAllOBEPXHOCTHBIMUA ~ CTPYKTYpaMH W TIOMOTAIOT PEali30BaTh JJICKTPHUCCKH
nepecTpanBacMble  CIIEKTPAJIbHBIE CBOWCTBA, TIPU PETYJIHPOBAHWHM  TOKA3aTeIls
TIPEJIOMIICHUS KHJIKHX KprcTaiuioB [85, 86].

OpHako quana3oH HaCTPOWKH YaCTOTHI JJOBOJBHO OIPaHUYCH, a CKOPOCTH PabOThHI
JOBOJBHO HU3Kass. TII[ CBepXMpOBOASIIME METAallOBEPXHOCTH, COCTOSIIUE U3
PC30HAHCHBIX JJIEMECHTOB, HW3TOTOBJICHHBIX M3 CBEPXIPOBOJISIIUX IUICHOK BMECTO
OOBIYHO UCTIONB3YEMBIX  METaJUIOB, IPOJACMOHCTPHUPOBAITN BBIJIAIOIIIUECS
XapaKTePUCTHKHN TIEPEKITIOUYCHNST W HACTPOMKM YacCTOThI C ITOMOIIBIO TEIIOBOTO
kouTpoJist [87-90] mmm ¢oroBo3OyxkmeHuss [91], XOTSI 3TO OTHOCHUTCA TOJBKO K
MUKpOBOJHOBOMY ® TI'l mguama3oHam 4YacTOT, 4YTO OTrPaHUYMBACT TNPUMEHEHHE
AKTUBHBIX CBEPXITPOBOISIINX METAIIOBEPXHOCTEH.

[TocmenHee, HO HE MEHEE BaXKHOE, MHTETPAHS MHUKPOIICKTPOMEXaHHUSCKUX
CHCTEM B METAllOBEPXHOCTH TO3BOJIMJIA H3MCHITh PE30HAHCHBIC YacTOTHI ITyTEM
WU3MCHEHHUS TCOMETPHHM PE30HAHCHBIX 3JIEMEHTOB IOCPEACTBOM TEPMHYECKOTO WIIH

3JIEKTPOCTATUYECKOTO BO30Y ) aeHuMs [92—96].
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Pucynok 1.5 — (a) Cxema 31eKTpOTMTHYECKOTO 3aTBOPa METAIIOBEPXHOCTEH Ha OCHOBE
VO,; (0) dazosas nuarpamma 11 VO,, BKIIIOYAst 3aBUCHMOCTD OT CTSTICHH OKHUCIICHHSI
BaHazus; (B) 3aBUCHMBIC OT HamnpspkeHus TI cekTpsl nponyckanus T
MeTtanoBepxHocTH Ha ocHoBe VO, nipu 315K. BeraBku: dhotorpaduu 30710TOT0

KOJIBLIEBOTO pe3oHaropa Ha VO, nepes HAaHECEHNEM HOHHOTO TeIst

1.3.4 HeiuHeliHbIe METATIOBEPXHOCTH

CnocoOHOCTH METAINOBEPXHOCTEH K OOECIICUCHHIO B3aMMOJCHCTBHS CBETa C
BEIIECTBOM W YIPABJICHHUIO JIOKAJbHBIMU ONTHUYECKUMHU MOJSIPU3ALUAMU HJICATBHO
TOIXOJSIT JISl YCUJICHUSI HEIMHEWHBIX ONTHYECKUX dPPEKTOB. ITO 0COOCHHO BaXKHO B
TI'n nwana3oHe 4YacTOT HW3-3a TPYAHOCTEW TeHepauuu MommHoro TI' u3mydeHus.
KonnenTparus magaronux TI' BoiaH ocinabisetr TpeOoBaHUS K HAIPSKEHHOCTH TMOJIS U
JOTIOJTHUTEIPHO PACKPBIBACT CBEPXOBICTPYI0 JTUHAMUKY OJEKTPOHHBIX OTKJIUKOB,

HHUIOWHUPYCMBIX HHTCHCUBHBIMHA TFI_[ HMITYJIbCaAMH.
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IIpekpacHpIM IpUMEPOM sIBISAETCS MHAyHUpyeMmbld TI'I mmonem nepexon Mexay
JTUAJIEKTPUKOM M METAJUIOM B THOPUJIHBIX MeETanoBepXHOCTAX Ha ocHoBe VO,, rre
noBepx MmiaeHK VO, ObLT U3rOTOBJIEH MACCUB AJIEKTPUUECKUX KOJBIIEBBIX PE30HATOPOB
co menbio (Pucynok 1.6 (a)) [97]. bbuto mokaszaHo, 4TO CHEKTPHI MIPOIYCKAHUS 3aBHCST
OT HaIpsPKEHHOCTH Majaloliero Iojs, Kak moka3aHo Ha Pucynke 1.6 (0), uz-3a
dazoBoro nepexona VO,, KOTOPBIN HHUIUUPYETCS BRIOMBAHUEM JICKTPOHOB HA OCHOBE
sbdexra I[lyna-OpeHkenss ¢ MOCISAYIOIMM BO3BpAIICHUEM PEIIETKH B PAaBHOBECHOE
COCTOSIHME 3a MUKOCEKYHJHBIM OTpe30K BpemeHu. [lamaromee TI'n mone B HECKOIBKO
coTeH KB/cM pe3oHaHCHO ycuinBaeTcs 10 ypoBHs MB/cM BHYyTpH pa3pesa pe3oHaropa,
YTO 3aTE€M JIOCTATOYHO JIJIsi HEOOPATUMOTO NOBpEkIeHUs TIeHKU VO,, KaK OKa3aHo Ha
Pucynke 1.6 (a). Takas wmeromonorusi ObUTa JOMOJHUTENBHO TIPUMEHEHA IS
UCCIIEIOBAHUS HEJIMHEUHBIX METaNOBEPXHOCTEN, WHTETPUPOBAHHBIX C
MOJIYTPOBOJTHUKAMH, TaKUMHU KaK apceHu]l rayus u apceHua unaus [98, 99], rue
AIIEKTPUYECKOE TOJIE BBI3BIBAET MEXKIOJMHHOE PACCESIHHE WU YJApHYI0 MOHHU3AIMIO,
YTO NPUBOAUT K YMEHBUICHUIO MOABUKHOCTA HOCHUTENIEW 3apslla WIH YBEJIHMYECHUIO
IUIOTHOCTH HOCHUTENEW 3apsja, TeM caMbIM JMO0 ocnadiiss, Ju00 yCWIMBash OTKIIMK
METarnoOBEPXHOCTHOrO pe3oHaHca. CunbHbd TI'IT HENMMHEHHBIN OTKIMK HaOJIOIAJICS
TaKKe€ B CBEPXIPOBOASIIMX METAMIOBEPXHOCTAX MOJ MHTEHCUMBHBIM T1Il M3imydeHuem
[100, 101]. Xotst sueprust T’ poToHA 3HAUNUTEIEHO HUXKE TOM, KOTOpAst TPEOYETCs ISt
HETOCPEACTBEHHOIO pa3pbiBa KyNEPOBCKOW Mapbl MPU IMOTJIOMICHUH, a MPUIOKEHHbBIE
TI'1p uMIyJIbChI HE MPUBOJAT K 3HAYUTEIHLHOMY MOBBIIICHUIO TeMIEpaTypbl o0pasiia,
WU3MEPEHUS TMPOMYCKAHUS TOKAa3bIBAIOT 3HAYUTEIHLHO 3aBUCAIINE OT HAIPSKEHHOCTH
MOJISI CHIEKTPBI MPOIYCKAHMS TMPHU PaA3IMYHBIX Temreparypax. MOXHO OXKHUIaTh, YTO
uHTeHCUBHOE TI'11 1MoJIe MOXKET YCKOPATH AJEKTPOHBI, KOTOPhIE MOJIy4aT J0CTaTOYHYIO
KHHETHYECKYI0 SHEPIrui0, 4TOOBI BBI3BATh Pa3pbIiB KYMEPOBCKOW Maphl, YTO TOJIABUTH
PE30HAHC, AHAJIOTUYHO CJIy4YasM PE30HAHCHOTO MEPEKIIOUECHUS U HACTPOUKH YaCTOTHI

ITIPH TCIIOBBIX U OIITHUYCCKUX BO36y>KIICHI/I$IX.
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Pucynok 1.6 — (a) BepxHsis naHenb: onTuyeckoe U300pakeHuEe MacCUBa 30JI0ThIX
KOJIBLIEBBIX PE30HATOPOB CO IIEJIBI0, H3TOTOBIEHHOTO MOBEPX MIEHKU VOy,
MOKa3bIBaroUIee NOBPEKIEHUE, BbI3BaHHOE T LI-110JIEM, HIUTFOCTPUPYEMOE YEPHBIMU
MATHAMU Ha pa3pbiBax. [I[yHKTHpHAS CUHASI OKPYKHOCTh alllIPOKCUMHUPYET NEPETIKKY
TI'u myya, a KpacHasi KpuBasl almpoOKCUMHUPYET paclpeiesieHne MHTeHCUBHOCTH TI'1
m3nydyeHus. HuokHsis manenb: n300paxkeHue, MoIyuYeHHOE ¢ TIOMOIIBI0 CKaHUPYIOIIEH
AIIEKTPOHHON MUKPOCKOIIMH, OJIMHOYHOTO KOJIBLIEBOTO PE30HATOPA CO IIEIIBIO
MMOKA3bIBAET, 4TO VO, NOBPEXKAECH BEPTUKAIBHO NOJIApU30BaHHbIM T1'11 mosem, ¢
YBEJIMYCHHBIM BHJIOM TTOBPEXIeHUs Ha Kpato TT'11 myda (cripaBa BBEpXY) U OKOJIO
IIEHTpa Jy4a (crpaBa BHU3Y); (0) SKCIEpUMEHTAIbHbIE JaHHBIE, TOKA3bIBAIOIIINE
3aBUCHUMOCTb HEJIMHEHWHBIX CIIEKTPOB MPOITYCKAHUS KOJIBLIEBBIX PE30HATOPOB CO LIENBIO

oT nazaroiero noiis npu 324 K nns noneit ¢ uarencuBHoctsamu ot 0,3 1o 3,3 MB/cm?
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Tpamumuonno ycnoBue (pa3oBOro CHHXpPOHHM3Ma B HEJIMHEHHBIX Mpoleccax,
TaKUX KaKk TeHepaluss BTOPOW TapMOHUKH, JIOJDKHO BBINOJHATHCS B OOBEMHBIX
HEJIMHEWHBIX KpHUCTaIaX JUis AOCTHKEHHUS A(PGEKTUBHON HEIMHEHHO-ONMTUYECKOM
redepaiuu. B ciydae cornmacoBanus no ¢ase, HEIMHEMHO T€HEPUPYEMbIE ONTHUECKUE
CUTHaJbl KOHCTPYKTHMBHO HAaKaIlJIMBAlOTCS, W ONTHYECKass MOLIHOCTh Oyner
HEINPEPBIBHO IME€PEAABAThCA OT HAKAYKM K HEJIMHEWHOMY OINTHYECKOMY CHUTHAIY.
MeTanoBepXHOCTH 3HAUUTEIBHO OCIA0ISIOT TpeOoBaHUA K (pa30BOMY CHHXPOHU3MY,
MIOCKOJIBKY HEJIMHEWHBIE MPOLIECCH IPOUCXOIAT BHYTPU METANOBEPXHOCTEN, TOJIIMHA
KOTOPBIX COIOCTaBUMa C JUIMHOW BOJIHBI. OTpOMHBIN OTKIMK BTOPOW TapMOHMKHU
(Pucynok 1.7 (a)-(B)) ObLI SKCHEPUMEHTAIBHO MPOJACMOHCTPUPOBAH HA IIIA3MOHHBIX
METANOBEPXHOCTIX, HHTETPUPOBAHHBIX ¢ HeNHHEWHbIME cpeaamu [102]. B gactHoCTH,
B KA4yeCTBE HEIMHEHHBIX CpeJ] HUCIOJIb30BAINCh MHOKECTBEHHBIE KBAHTOBBIE SIMBI
InGaAs/AllnAs, KOTOpbIe AEMOHCTPUPYIOT OTPOMHBIE SJIEKTPUUECKH ITEPECTPAauBAEMbIE
HEJIUHEHbIe KOA((UIMEHTHl B CpPEAHEM HH(PPAKpPACHOM CHEKTPAJIbHOM JUaNa3oHe
[104-106]. Ilma3MoHHBIE METAMOBEPXHOCTH OBUIM pa3pabOTaHbl HE TOIBKO JIIS
YCWICHHMS JIOKAJIbHBIX TOJIEH CUTHAJIA HAKAYKW U CUTHAja BTOPOM FapMOHUKH, HO U JUJIS
yIOpaBiCHUs MOJspu3alved  ONMKHEro TOJs, TIOCKOJBbKY  COOTBETCTBYIOIIME
KOMITOHEHTBI 10JIs1, YYaCTBYIOLIME B T€HEPALIMM FAPMOHUK, HAIIPaBJI€HbI 110 HOPMaJU K
KBaHTOBBIM SIMaM (M3-32 MpaBWJI OTOOpPa MEXKIOJ30HHBIX MEPEXOJ0B BHYTPHU
kBaHTOBBIX siM [107]). HenuHeliHple METaroBEpXHOCTH JOCTUTIN 3(P(HEKTHUBHOCTH
HeNMHeHOro mpeoOpasoBannss ~2x10° 1pH HMHTEHCHBHOCTH HAKaukd Bcero 15
kBr/cm® [102], uto coorBercTByeT S()()EKTHBHOMY HEIMHEHHOMY KO3(hMUIMCHTY
BTOpOro mopsiaka y2~30 ©M/B, 4T0 IpEMEpPHO Ha TPH MOpsiaKa Gombie, geM y LiNbOs.
Eme Oonbmuii X(2)~250 HM/B Obu1 3KCHEpUMEHTaNbHO NPOJAEMOHCTPUPOBAH Ha
HEJIMHEWHOW METAaIllOBEPXHOCTH, COCTOSILIENM M3 MACCHMBA PE30HATOPOB M MHOXKECTBA
kBaHTOBBIX siM InGaAs/AlINAS (Pucynok 1.7 (r, x)) [103]. [IBa mia3MOHHBIX pe30HaHCA

YCUJIMBAIOT, COOTBETCTBEHHO, HAKAYKY M CUTHAJ BTOpoi rapmonuku (Pucynok 1.7 (r)).
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Pucynox 1.7 — (a) DneMmeHTapHas siueiika METaOBEPXHOCTH ISl T€HEpaIluu BTOPOi
rapMOHUKH. PazMepshl 30J10TOr0 HAHOKpECTa JaHbl B HM, a dJIeMEHTapHasl siueiika uMeeT
pasmep 1000 am % 1300 HM; (0) ArarpamMma 30HbI POBOJUMOCTH OJTHOTO ITEPHOIA
CTPYKTYPBI CBSI3aHHBIX KBAHTOBBIX M Ing 53Gag 47AS / Al 4glNg 50As, CIIpoeKTHPOBAHHO
KaK HeMHEHas cpeaa sl BBICOKOI(D(PEKTUBHOM reHepanuy BTOPO TapMOHUKHY.
KBanpaTel Mmoyneit 2IeKTPOHHBIX BOJHOBBIX (DYHKIIUH 1151 TOJ30H 1, 2 1 3 moka3aHbl
1 0003HaYEHBbI COOTBETCTBEHHO. [lepexoapl Mex 1y mapamu 3JIEKTPOHHBIX MOI30H
OTMEUYCHBI IBYXCTOPOHHUMH KPACHBIMHU CTPEJIKaMH, a 3Ha4CHHsI SHepruil nepexona (Ej;
1 E3y) 1 TUMONBHBIX MOMEHTOB (Zp1, Z32 U Z31) TIOKA3aHBI PSIAOM C KXKJION CTPEIKOM;
(B) reHepanusi BTOpOi rapMOHUKHM METaroBepXHOCTe Ha ocHOBE (a) u (0). [Toka3ansbl
MMKOBAasi MOILHOCTh BTOPOM TAPMOHUKH (JIEBasi OCh) U BHIXOJIHAsi HHTEHCUBHOCTD
(mpaBasi ocb), Kak (PyHKIHS KBaJpaTa MUKOBOM MOIIHOCTH ONITUYECKOTO BO30YXKICHUS
(HUXKHSSI OCh) WK KBaJIpaTa MMKOBOW MHTEHCUBHOCTH (BEPXHSSL OCh) IIPU BOJTHOBOM
YHUCJIe ONTUYECKOTO BO30Yxnenus 1240 emt JUTSI pa3HBIX BXOJIOB/BBIXOJIOB
MOJISIPU3AIIMOHHBIX KOMOUHaIMi; (T) JIeBas MaHeb: CXeMa METalIOBEPXHOCTH Ha
OCHOBE KOJIBLIEBBIX PE30HATOPOB CO LIENbIO HA BEPIIMHE CTEKa MHOKECTBA KBAHTOBBIX

AM. BepxHss npasas aHelb: BUJ CBEPXY OJHOTO pe3oHaropa. HykHsAs npaBas nmaHens:
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CxeMa, oKa3bIBAIOIIAsl IBE OCHOBHBIE PE30HAHCHBIE MOJIbI KOJIBIIEBOTO PE30OHATOPA CO
IIEJIbIO Ha YaCTOTE ONTUYECKOr0 BO30YKEHUSI U BTOPOM TapMOHUKH COOTBETCTBEHHO;
(1) ”YHTEHCUBHOCTh CHTHAJIA BTOPOH TaPMOHHKH, PACIIPOCTPAHSIONIETOCS B IPSIMOM U

00paTHOM HaIpaBJICHUAX MO0 OTHOIICHUIO K HSTMHCHHOM METAIIOBEPXHOCTH B (T), B

3aBUCHUMOCTHU OT HHTCHCHUBHOCTHU OIITUYCCKOI'O B036y}KI[eHI/ISI

OTH  SKCHEPUMEHTAIIbHBIE  PE3YyJbTaThl  CJIEOBAIIA  IEPBOHAYAIHLHOMY
MPEIIOKEHHUIO 00 UCTIOIB30BaHUU KOJIBIEBBIX PE30HATOPOB CO MIebio mpod. JIkoHOM
[lengpu B 1999 romy, cormacHO KOTOPOMY pE30HAHC JIOKAJIM30Bal — Obl
AJIEKTPOMArHUTHYIO  DHEPruld B  HEOOJBIIMX  PACHICIUICHHBIX  MPOMEXKYTKaxX
PE30HATOPOB M 3HAYUTENIBHO OBl YBEJIMYWI HEIMHEHHBIA OTKIMK BO BBOJUMBIX
matepuanax [42]. BoJabIIMHCTBO 3KCHEPUMEHTANBHBIX JIEMOHCTpAIM HETMHEHHBIX
MeTaMaTepuaioB ObUIM COCPEAOTOYEHBI B OCHOBHOM B MHKPOBOJHOBOM JHAaNa3oHE
JUIMH BOJIH C HCIOJIb30BAHUEM MOJYJIbHBIX HEJIMHEHMHBIX 3JIEKTPOHHBIX 3JIEMEHTOB,
TaKuX KaK BapakTOpHbIE JUOMABI, JJIsi BBEJACHUS HEJIMHEWHOCTU B  3a30PbI
METaJUIMYECKUX PE30HATOPOB, YTO MPHUBOJAUT K HEIUHEHHBIM (DYHKIIMOHAIBHBIM
BO3MOXKHOCTSIM, TakuM kak  OwucrabmwinsHOocTh  [108, 109], pe3onancHas
nepectpanBaemMocTh [43, 110] m renepanus rapmonuk [111, 112]. B onTuueckoii
YaCTOTHOW  MHTErpalud, NOMHUMO TPYAHOCTEM B HHTErpaldd  HEJIUHEUHBIX
MOJTYNPOBOJHUKOBBIX 3JIEMEHTOB, OCHOBHBIM MPEMSTCTBUEM SBJISIIOTCS TPOOJEMBI B
U3TOTOBJIICHUH OOBEMHBIX METAaMaTEePUAIIOB, COCTOSIIHMX U3 CIOXKHBIX TPEXMEPHBIX
HAHOCTPYKTYpP, IIOCKOJbKY TOJIIIMHA SIBJISIETCS KPUTUUECKUM TlapaMeTpoM IS
HAKOTUICHUS] TOCTATOYHO BBICOKOTO HEJIWHEWHOro OTKiIuKa. OaHON M3 IJIaBHBIX 3a/1ad
Obl1a TeHepaIys TapMOHHK C UCTIOJIb30BAHUEM OJHOCIOMHBIX METAUNIMYECKHUX PEIIECTOK
KOJIBIIEBBIX PE30HATOPOB CO IICNIBIO (JIECSITKU HAHOMETPOB TOJIIMHOMN), BO30YKTaEMBbIX
B HX pEXUME MarHuTHOTO pe3oHanca [113, 114], rae HeNWHEHHOCTH CBs3aHA C
JUHAMUKOW CBOOOJHBIX M CBSI3aHHBIX 3apsiioB, OCOOEHHO B METALTUYECKON
noBepxHoctu [115]. Tlo-BuammMomy, 5TO TakXke SBISETCS NPUYMHOM HEJABHO
OoOHapy>KEHHOW MIMPOKOMOJIOCHOUW reHeparuu TI'11 uznydeHus npu GeMTOCEKYHIHOM

Ja3epHOM BO30YyXKJe€HUU B OnmxHEd uHE@pakpacHON oOJacTH CHEKTpa B MAacCHBE
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30JIOTBIX KOJIBLIEBBIX PEe30HATOpOB co mienbio [116]. Taxke ObUIO MOKA3aHO, YTO
r€OMETpPUsI  PE30HATOPOB, B YACTHOCTH KOADUIIMEHT acCUMMETPHUHM, WIpacT
KPUTHYECKYIO POJIb U3-3a mepekpbITust Mo [117]. XoTs HenuuelHbie K03()PUIIMEHTHI
OBLTM YBEIMYCHBI HA MOPSIKH, a0COMOTHAS 3P (HEKTUBHOCTH MPEeoOpa3oBaHMs BCE €Ie
JIOBOJIbHO HU3Ka. JlanmbHelllee yJIydllleHUE SBISICTCS HETPUBHAIBHBIM M HE MOXKET
OBITh PEAIM30BAHO IMYyTEM MPOCTON YKIAJKH MHOTOCIOMHBIX CTPYKTYp ISl OOJbIIEH
TOJIIMHBI B3aUMOJICHCTBUS U3-32 HECOOTBETCTBUI UMIIeAaHca U (pa3bl MPOMyCKaHUSI.
Crnenyronm 1arom sIBJISIETCS JEMOHCTpAIMsl HEIMHEWHBIX (Pa3upOBaHHBIX
PELIETOK, KOTOPbIE M3JIYYaIOT T€HEPUPYEMbIE CUTHAJIbl BTOPOM TapMOHMKHU (IJIOCKOU
TFApMOHMYECKON TOPU30HTAJIBHO NOJSPU30BAHHONW BOJHBI) B pa3HblE CTOPOHBI B
3aBUCUMOCTH OT WX cocTosHMM monsgpum3armuu  [118]. B crpykrype ¢
METaIroBEPXHOCTHIO, MOKa3aHHOH Ha Pucynke 1.7 (a), BepXHUU psijl IECTU UIEHTUYHBIX
PE30HAaTOPOB B JJIEMEHTApPHOM SYEHWKE T'€HEPUPYET OJMHOYHBINA I[IHPOKONOJIOCHBIN
Iy4OK C U-Tiosisipu3anuen, moka3aHHblid Ha npaBoi nanenu Pucynka 1.7 (6), Ha yactoTte
BTOPOM T'apMOHUKH. B HIIKHEM psily 4YeThIpEX PE30HATOPOB BHYTPU 3IIEMEHTAPHOMN
AYEUKHU JIEBbIE JIBA PE30HATOPA HMMEIOT 7-Pa3HOCTh (ha3 MO CPaBHEHUIO C JBYMS
MpaBbIMU  PE30HATOPAMHU, TOCKOJIbKY JIOKAJIbHBIH A(O(PEKTUBHBIA  HETUHEHHBIH
koo duIMenT Broporo mopsaka x* MeHseT 3HAK, KOIZ[a OPHEHTAIHS KONBIEBBIX
pPE30HATOPOB €O IIenbl0 Bpamaercs Ha 180°. Bmecte OHM TreHEpUpyHOT JBa V-
HOJISIPU30BaHHBIX Mydka npu +40°, Kak Moka3aHO Ha JieBoW maHenu Pucynka 1.7 (0),
I7I€ yIibl U3TYyYEHUs ONPEIEHSIOTCS NEPUOJOM METAMOBEPXHOCTHOM CTPYKTYpbl. TOT
ke 2¢PGdeKT ObUT HCMONB30BaH [JIs JEMOHCTpPAIlMU CJIOKHOTO BOJIHOBOTO (PpoHTa
CUTHAJIa BTOPOM TAPMOHUKH, T'€HEPUPYEMOU U3 METAIIOBEPXHOCTEH, COCTOSIIUX W3
30JIOTBIX KOJIBIIEBBIX pe3oHaTopoB co meibio (Pucynox 1.7 (B)-(m)) [119]. 3mech
MOBEPXHOCTHAsI HEJIMHEMHOCTh BTOPOrO IMOPSAKA 30JI0Ta NPUBOAUT K TIEHEPALMH
BTOpPOW TapMOHUKH. B »sKkcmepuMeHTax ObUla TPOJEMOHCTPHPOBAHA HEIMHEHHAS
30HHasa TuiactTuHka @dpeHens, Kotopas (POKycHpyeT CUTHal BTOPOW TapMOHUKH Ha
(GOKYCHBIX TOYKax IUIACTHHBI, YTO TPUBOJUT K 3HAYUTEITHLHOMY YBEIWYEHUIO

WHTEHCUBHOCTU BTOPO TAPMOHHUKH.
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Pucynoxk 1.8 — (a) M300pakeHue 4acTH HEJTMHEHHONW METAallOBEPXHOCTH, KOTOpast

W3JIy4aeT CUTHAJ BTOPOY FAPMOHUKH Pa3HbIX MOJIIPU3ALNN B pa3HbIE CTOPOHBI,

noytydeHHoe ¢ nmomoibio COM, (To ecTh MONASAPU3ALUOHHBIN PACIICTUTENb ITyYKa JIs

CHT'HAJIa BTOpOﬁ FapMOHHKI/I). QHGMGHTapHaSI sTYeKa MCTAIIOBCPXHOCTHU o0o3HavaeTcs

KPaCHBIM IPSIMOYTOJILHUKOM; (0) HOpPMHUPOBAHHOE PKCIEPUMEHTAILHOE U3MEPEHUE

AuarpaMMbl HAIIPABJICHHOCTH MCTAIIOBCPXHOCTHU I ABYX OPTOIOHAJIBHBIX

MOJIIPU3ALIMI BTOPOM TAPMOHHMKH U3JIYYEHHUS], KOTJ]a OCBEMIAIOIINI JTyd ONTUYECKOTO

BO30Y KJCHHMS IMOJISIPU30BaH B0 BEPTHKAIBHOTO HampaBiicHUs; (B) H300paXKeHUE

y4acTKa HEJIMHEWHOW METaoOBEPXHOCTHOU IIaCcTUHBI DpeHens, Moay4eHHOoe ¢

MOMOILBIO CKAHUPYIOIIEH 3JIEKTPOHHOW MUKPOCKOIIMH, MTOKA3bIBAIOUIEE 3€PKATBbHYIO

HHBCPCHUIO KOJBICBOI'O PC30HATOPA CO MICIBIO B CMCIKHBIX 30HAX, KOTOPLIC U3J1y4adrOT

BOJIHBI BTOPOM TAPMOHUKH C MPOTUBOMNOJOKHBIMU (hazamu. CTpesikaMyu OTMEUYEHO

2).
s PeKTUBHOE HAINPABIICHUE X( ), (r) 3anrcaHHbIC HOPMAJTU30BaHHBIC H300PAKCHHS

CUTHaJa BTOPOM rapMOHUKH Ha paccTosiHuu Z=0 u Z=1 MM OT METalOBEPXHOCTH,

n300paxxénHoi Ha Pucynke 1.7 (B); (1) BEpXHsist U HHKHSIS TAHENN SIBIISIFOTCS,

COOTBCTCTBCHHO, pE3yJIbTaATaAMUN MOACIIMPOBAHUSA U N3MCPCHH, ITOKA3bIBAIOIIIUMHA

(OKYCUPOBKY CHTHajIa BTOPOH TAPMOHUKH C TIOMOIIIBIO METATOBEPXHOCTHOM TTACTHUHBI

®penens (M o003HaUACT MOPSATOK HOKYCUPOBKH)
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1.4 BuiBoanl o I'nase 1

Ha ocHOBe cCyllecTByIOIIMX BO3MOXHOCTEH, KOTOpble OBLIM  OMUCAHBI
JUTEpaType, MOKHO OINPEAETUTh HECKOJIBKO HAIpaBICHUN NIl OyIylnux pa3paboToK.
Pacmmpsitoninecss KOHUENIIMU HACTPONKU, KOTOphIE OBLIM MOKa3aHbl NIl OTACIbHOU
WIM 171 HEOOJBIIOr0 KOJIMYECTBA OTAETBHBIX S4Y€eK I 3alOJHEHHUS OOJbIINX
oOnacted, HEOOXOAMUMBI ISl  peaju3ald MHOTHMX  MeTaMaTepuajoB WU
npeoOpa3oBaHus ONTHYECKUX/INEKTPOMArHUTHBIX YCTPOMCTB, TaKMX Kak, HampuMep,
JAUH3BL.  JIMIIb HEMHOTHE UCCIIENOBAaHHUS MPOIAEMOHCTPUPOBAIM  KOHCTPYKIHIO
MeTamMaTepuaioB C TPAJUCHTHBIM HW3MEHEHHEM IOKa3aTess MPeOMIICHHUS ISl HYXI
TpaHC(hOPMAIIMOHHON ONTUKU. PacmmpeHue peKOHPUTYPUPYEMBIX 3JIEMEHTapHBIX
s4eeKk N0 OOMMpPHBIX oOO0NacTeld HE3aBUCUMO HACTPAMBAEMBIX SJEMEHTOB TpeOyeT
COOTBETCTBYIOLLIETO Pa3BUTUSI HACTPOMKU U YIPABIEHUS PACIpEAeICEHUEM CUTHAJa IO
BceMy MeTtamarepuaity. [logBons uror, paciimpeHue quana3oHa HAaCTPOUKH U THOKOCTH
UCTIONIb30BAaHUSl  MEPECTPAaMBAEMbIX  METaMaTepHalbHBIX  YCTPOWCTB  yBeIWYar
MPOJYKTUBHOCTh M MPUMEHUMOCTh ITOW CTPATErMM KOHCTPYUPOBAHUS IJISI PEIICHUS
CYIIECTBYIOIIUX TpoOsieM. [[pyroe mepcreKTUBHOE HANpaBlICHUE pPa3BUTUS — OTO
YBEJIMYECHHE KOJIMYECTBA JOCTYIHBIX TMEpecTpauBaeMbiXx MarepuanoB. Kak mampumep,
Matepuanbl Ui (pazoBpamiaTesield MOCTOSHHO OOHOBJSIOTCSA, [JIi TOTO YTOOBI
pacuiupuTh pa3zHooOpa3ue COCTaBOB MaTepUajoB W JJIS TOHKOW HACTPOUKU U
ynpasiaeHus: cxemoil. Torma kak matepuansl ¢ ()a30BBIM IEPEXOAOM YKe ObLIH
KOMMEPIIMATU3UPOBAHbl  JJII  BBICOKOCKOPOCTHBIX  MPWJIOKEHUH  MaMATH B
KOMIBIOTEPHOM OOOPYAOBAaHWU, WX TMPUTOJHOCTH Ui BKJIIOYEHHS B COCTaB
IPAKTHUYHBIX, OBICTPOJICHCTBYIOIIUX IEPEKI0YaeMblX MeTaMaTepuajoB — 3TO Tema
JTanbHEHIMX uccneaoBaHuil. PazpaboTka yMHBIX MaTepUalioB, KOTOPbIE OT3BIBAIOTCS HA
BHCIITHUE PAa3APAKUTEIN, TaKKe SBISCTCS HampaBlIeHUEM OyIyIlIero pa3BUTHSL.
JlanpHeimme pa3paboTku TpeOyroTcss Kak B 00JIaCTU MaTEpHAIOBEJCHUS, TaK U B
001acTh NMEKTPOIUHAMUKH JIJISl BBIYICHEHUS MMOTEHIIMATBHBIX CEHCOPHBIX MaTepHaioB

U pa3pabOTKU MeTaMaTepUaIbHBIX TUIATPOPM.
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[lonBoas wTor, pacmivpeHHe AMana3oHa HACTPOWKH M THOKOCTH MPUMEHEHHS,
[IEPECTPAauBACMBIX ~ METaMaTE€pUaAIbHBIX  YCTPOMCTB  YBEIHWYUT  IIOJIE3HOCTh U
PUMEHUMOCTB 3TOM CTPATErvy MPOECKTUPOBAHUS JIJISl PEIICHUS PeabHbIX MpodiieM. B
HACTOsLIEe BpeMs HabJII0JaeTCsl IPOCTOP AJIs TOCTHKEHUI B 3TOM 001acTh U pa3BUTHUSA
CHOCO00B NEPEKIIIOUEHUS], a TAK)KE BBIBICHUS T'€OMETPUU MeTamaTepuana, KOTOpble
BOCIPUUMYHBBI K CHOCOOY MEPEKIIOUYCHUS, YTOOBI PACHIMPUTH JUANa30H HACTPOUKH

YCTPOMCTBA U €ro (PyHKIIMOHATLHOCTb.
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I'nmaBa 2 Pa3padorka ceJIeKTMBHBIX 3€PKAJI HA OCHOBE
IEKTPHUECKHUX KOJIbIEBbIX PE30HATOPOB

Pa3paboTka uaeaJbHOTO TOTJOTUTENS MJIs TepareproBOd CHEKTPOCKONUU U
MOJIYYEHHS M300paKEHHUI C UCIIOJIb30BAHUEM PE30HAHCHBIX 3JIEMEHTOB ME€TaMarepuasna
B HACTOsIIIEe BpEMsl BBI3BIBAET OCOOBIM MHTEpeC Y HayyHOro coobiiectBa. Takke
UJCANbHBIA  TIOTJIOTUTENh  SIBIISIETCA  NEPCHEKTUBHBIM  KaHJIUWJATOM Ha  POJb
CEJICKTUBHOI'O 3€pKaja I Y3KOIOJIOCHOTO MOIJIOMICHHS] TE€parepuoBOr0 H3JIy4EeHUS,
KOTOPOE OKa3bIBAET OTPULIATEILHOE BIMSHUE HA OMOJOTHYECKHUE OOBEKTHI.

JlaHHasl TJIaBa MOCBSIIIEHA YUCICHHOMY U SKCIEPUMEHTAIIBHOMY HMCCJIEI0BAaHUIO
rapaMeTpoB METANOBEPXHOCTH HAa OCHOBE JJIEKTPUUYECKUX KOJBIEBBIX PE30HATOPOB
(OKP), Takux Kak reOMETPUYICCKHE MapaMeTPhl JIEMEHTAPHON SUYCHKH, [T TTOTyICHUS

HUAeaIbHOr0 NOrJIomeHus B auana3one yactoT 0,25—1,75 TIm.

2.1 Onncanue CTPYKTYPbI

B nanHoit TnmaBe, OblIa TpeMIOKEHA  YETHIPEXCIONHAs  KOHCTPYKIIUS
Y3KOIIOJIOCHOI'O TIOTJIOTUTENS HA OCHOBE METAMATEPUAIIOB € 3JIEMEHTAPHOU SYEUKOU Ha
ocHoBe OKP. Orta crpykrypa cocroutr u3 cienyromux 4-x cioe: 1 - kKpemMHuUEBas
MOJIONKKA, 2 - OTpa)karollas MeAHas IUICHKa, 3 - IUAJIEKTpUuYecKas Mmpocioiika, 4 -
matpuna meaasix OKP (Pucynok 2.1).

OKP cocroutr u3 2 pa3opBaHHBIX KOJICL, COCAMHEHHBIX NOPYTr C APYroMm, M
OTIpeJIeNsieTCsl CIEAYIONMM HabopoM mapameTpoB: ( — mmpuHa paspbsiBa DKP; w -
IIMpHHA T0JI0CHI; &, b - mymHa u mupruHa DKP cooTBeTCTBEHHO; P - paCCTOSHUE MEXKTY

rpanuneid OKP u rpanuiieil 3ieMeHTapHOM STYeHKHU.
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Pucynoxk 2.1 — CTpykTypa NOrJIOTUTENST HA OCHOBE MeTaMarepuaioB. 1 - KpeMHUeBas
noaioxkka (20 Mxm); 2 - MenHbIA oTpaxarommuii cioit (0,5 Mxm); 3 - nudnektpuk (12

MKM); 4 - meanabie DKP (0,5 Mkm)

2.2 PacuyeT U mpouecc KOHCTPYMPOBAHUS

Yto0bl co31aTh METaMaTEpUall C UI€aIbHBIM MOTJIOIIEHUEM, B IIPOLIECCE pacuera
HE0OXOMMO HAWTH ONTUMAaJbHbIE 3HaueHus 11 reometpun DKP 1 npoananu3upoBaTh
BJIMSIHUE pa3HbIX TOJIIMH cjoeB. KpeMHueBsblil cnoii (cinoit 1) ucnonab3yercs TOJIBKO B
KAauecTBE MOJIOKKHA B MPOLIECCE HM3TOTOBJIEHUS, MO3TOMY OH HE BJIMSET Ha oliiee
MOTJIONICHUE; METHBIN cIoi (cioit 2) nomxkeH orpaxarsh 100%, mMo3TOMy €ro TOJIIMHA
JOJKHA OBITh OOJIbIIIE, YeM TOJIIMHA CKUH-CJIOS. TONBKO TONIIMHA MOJUUMUIAHON
npocnoiiku SU-8 (cnoit 3) u tommmuaa DKP (cnoii 4) OyayT BAUATH HA MOTJIOLIEHUE
MeTaMarepuana.

Just  Toro, 4rToObl TMPOBECTH HE3aBUCHUMBIA aHAIM3 BIMSHUS  Ka)XJA0TrO
T€OMETPUYECKOr0 MapaMeTpa Ha MOTJIOIIEHHEe MeTaMaTepHaa, mpouecc pacyeTa Oyer
BBINOJIHEH B CIIEIYIOIIUE S5 1IAroB:

1. Onpenesienue onopHbix napamerpoB JDKP: Ha »ToM mare OyaeT BbiOpaH
METOJI MOJENHUPOBaHMs, W OyAyT OIpeneieHbl CTaHIAPTHBIE MapaMeTphbl, KOTOphIE
OyAyT UCHOJIb30BaTHCS B KAUECTBE ONOPHBIX, JIJISl MOJATOTOBKH CPEAbl MOJICTUPOBAHUS K

CJICIYIOIIKM IIIaraM mpoiiecca.
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2. Ananu3 BiausiHusi reomerpun JKP: 3T0OT mar onpenenut pa3nuuHbie HAOOPHI
1utst reomerpun DKP, 4TOOBI OLICHUTH X BIMSHUE HA MOTJIOIIEHUE CTPYKTYphl. Ha aTom
sTame OyaeT BBIOpaH Habop reomeTpudeckux mapamerpoB it OKP (a, b, w) mus
UCITOJIb30BAHUS MTPU ONITUMM3AIMHU CIEAYIOIIUX I11aroB.

3. AHAJIM3 TOJIIUHBI JUIJIEKTPUYECKOH MPOCIONKHU: HA 3TOM dTarne Oyjaer
IIPOBEICH MapaMETPUUYECKU aHalIW3 TOJIIMHBI Ipocioiiku. W3 pe3ynbratoB OyaeT
BbIOpaHa ONTUMAabHAs TOJIIMHA MPOCIOUKH.

4. Anaimu3 tommmubl JDKP: aHanornyHo npeapiayeMy mary, Uil HOJTy4eHHUs
ONTUMAJBLHOTO 3HaueHWs ToiamuHel OKP OyAeT BbINOJHEHA NapaMeTPUUYECKOE
n3mMeHeHnne ToauuHbel JKP.

5. OkxoHYaTeJbHAsl peajM3alMsi: BCE IMapaMeTpbl OyayT BKIIOYEHBI B
nocneaHior  ontumuzanuio reomerpun  OKP. Ilocneanue pesynbTarel  OyayT
CMOJICJIMPOBAaHbl JUIA IOJIYYEHUS TEOPETUYECKOTO IOIJIOMIEHUS METallOBEPXHOCTH.
[Tomy4yeHHble pe3yabTaThl OyAYT UCIIOIB30BAHbI B IPOLIECCE U3TOTOBIEHUS TPOTOTUIIOB
MeTaMaTepHuaJloB.

Ha kaxmom »3Ttanme OBUIO HKCCIEAOBAHO  TEOPETHYECKOE  IOIJIOIICHHE
MeTaMaTepUaIbHOTO TMOTJIOTUTENS B auanazoHe 4actoT ot 0,25 mo 1,75 Tl c
WCITOJIb30BAHUEM MOJIEJIMPOBAHMUS, OCHOBAHHOIO Ha METOJE KOHEUYHBIX Pa3HOCTEH B
gactrotHoii obmactu  (FDFD) [120] ¢  Terpasapuueckoit  (parmeHrtanmei.
DnexTpuyeckoe MoJsie ObUIO OPUEHTUPOBAHO B JABYX HAIPaBJICHUSX JUJIsl MPOBEPKU
TIOJIPU3ALMOHHOM 3aBUCUMOCTH MOTJIOMIEHUs MeTanoBepxHoctr: & = 0° (B1onb y3Koi
CTOPOHBI PE30HATOpa, BONMHA ¢ Y-nonspusanueii) u @ = 90° (B1oIb MIUPOKOH CTOPOHEI
pe3oHaTopa, BOJIHA ¢ X-Mojspu3anueii). PezonancHas yactora metamarepuana Oyaer
pa3IMyHOM [JIs pasHbIX MOJSPU3ALMN MAJAOLIEr0 M3IY4YeHHUs, MOTOMY 4YTO 3Ta
CTPYKTypa HE SIBJISIETCS CUMMETPUYHOW B HampaBieHUsX X U Y (HO OHA MO3BOJISET
HACTpauMBaTh PE30HAHCHYIO YaCTOTy IyTeM BpallueHus oOpasua). s kaxaoro ciydas
ObUIM TOJy4YeHbl S-mapameTpbl s pacuera kKoddduumenta noriomenus. Korma
ko>(puuuent nponyckanus T = |S,;|?> paBeH Hymo, KO>(Q(HIMEHT IMOITIOLIECHHUS

3aBUCHUT OT oTpakeHus R = |S;;|?, xak mokaszano B popmyune (2.1):



A=1-R. (2.1)

2.2.1 OnpenesieHne 3TATOHHBIX IAPAMETPOB

B kadecTtBe mepBOro Imara B HCCISAOBaHHH, CTPYKTypa Oblaa pa3paboTaHa C
WCITOJIb30BAaHUEM OTIOPHOTO HabOpa TOJIIHMH CIIOEB, KOTOPBIE OyIyT MCTIOIB30BaThCS B
KaueCTBE OPHCHTHpA Ha Pa3lIMYHBIX 3Talax Mpollecca OICHKU. TONIIMHA 3TUX CJIOCB
rnmokasana B Tao0muue 2.1.

Tabmuma 2.1 — TonmmAa oS 3IEMEHTAPHOU STUCHKHU

Cront Marepuan TonmuHa c10s, MKM
1 Kpemuuii 20
2 Menp 0,5
3 [Momunmuyg SU-8 12
4 Menusie DKP 0,5

B paccMaTpuBacMOM YaCTOTHOM JHAIIA30HC AUIJICKTPUYCCKAsT IMPOHUIACMOCTDb
KpCMHUA paBHA e=12. I[JIH CJIOCB MCIU TUCIICPCHUA KOMILJICKCHOU IMPpOBOAUMOCTH ObLIa

paccunTaHa ¢ momoiisio mojaenu Jpyne [121], ypaBaenue (2.2):

G = St 2.2)

ytjw
rJe £y — IUAJIEKTPUUECKas MPOHUIIAEMOCTh CBOOOHOTO TPOCTPAHCTBA, £, = 4,5
— JIURJIEKTPUYECKAsl MPOHUIIAEMOCTh MEAN Ha O€CKOHEYHOM 4acToTe, Wy = 2128 TI'x —
miasMeHHas 4yacrora, y = 4,35 TI'm — wyacrora penakcaluv SJICKTPOHOB, W —
IIUKJIMYeCcKasi 4acToTa.
KomnekcHblil mokaszaTens npeaomiaeHus nomuumuaa SU-8 noka3zad Ha PucyHke

2.2, ¥ €r0 MOKHO paccyuTarth 1o popmyse (2.3):

Aw) =1’ (@) + jn" (@) = n'(w) + 1 22 (2.3)

rac 71 — KOMIIJIEKCHBIN TTOKa3aTelb npeIoOMJICHUA, N, N — €TI0 HeﬁCTBHTeHBHaH n
MHHMasgd 4aCTH COOTBCTCTBCHHO, @ — HNUKINYCCKAd YaCTOTa, ¢ — CKOPOCTL CBCTA B

BaKyyMme; o — KO3()(PUIIMEHT NOTJIOICHHUS.
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Jucnepcusi KOMIUIEKCHOTO IOKa3aTels npenomieHus noauumuga SU-8 Obuia

HOJYYCHA DKCIICPUMEHTAIBHO MeTOIoM TI Il UMMy IbCcHOM criekTpockonuu [122].
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Pucynox 2.2 — Jlucniepcusi mokasatens rnpenomMieHus (KpacHslil) u koadduimenTa

norjoienus (depubiit) SU-8
2.2.2 AHa/Iu3 BJIMSHHUSA F€OMeTPUM IJIeKTPHUYECKUX KOJIbIEBbIX PE30HATOPOB

YroOwl onenuts BaussHue reomerpun DKP, reomerpuueckue napamerpsl DKP
OB M3MEHEHBI, YTOOBI pa3paboTarh pazinuunHbie MetanoBepxHoctu DKP. O6pazer 1
COOTBETCTBOBAJl JTAJOHHBIM TE€OMETPHUYECKHM IapameTpaM, a OCTalbHbIe O00Opa3Ilbl
OBLIIM MOJy4YeHbI MyTeM W3MEHEHUs 3HaueHui napameTpoB oopasma 1 na 10%. OOmiee
KOJIMYECTBO OOpa3loB M HX COOTBETCTBYIOIIME 3HAYCHHUS] HX T'€OMETPUUYECKUX

napameTpoB MpuBeeHbl B Tabmure 2.2.

Tabnuma 2.2 - MogenupyeMble T€OMETPHUECKHE MTapaMeTPhl MOTIOTUTEIS

Ne oOpasia a, MKM b, MKkM g, MKM P, MKM W, MKM
1 160 80 15 15 5
2 176 88 15 15 5,5
3 192 96 15 15 6
4 208 104 15 15 6,5
5 224 112 15 15 7
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PesynbraTthl 3TOrO MOAENnupoBaHUS (MATH CTPYKTYP C TEOMETPUUYECKUMHU
napaMmerpamu u3 TaOauipl 2.2 W TOJIIMHON CIIOEB, MpUBEACHHBIMU B TaOnuie 2.1)
npeacraBieHsl Ha Pucynke 2.3. OHM J@MOHCTPHPYIOT OTHOCHTEIIBHO HHU3KOE
noryonienne Tl w3nydeHus ¢ mnorjomeHueM He Oonee 55%. B Tabmune 2.3

IMPUBCACHDBI ITOTYUYCHHBIC PC30OHAHCHBIC YaCTOThI 1 UX PACUYCTHOC ITOTJIOICHUC.

Tabnuna 2.3 - Pe3ynbTaThl pacyeTa CeKTPAIbHBIX XapaKTEPUCTHK VISl S MOTJIOTUTENIeH

JUISL pa3HbIX MOJIIpU3alliid (PE30HAHCHAS YAaCTOTA U 3HAUYCHUE TOTJIONICHUS )

Y-nonsipuzanus X- mmossipu3anus
Ne obpazna fr, TT'1y A, 0.e. f,, TT'q A, o.€.
1 0,99 0,377 0,42 0,549
2 0,89 0,338 0,38 0,492
3 0,8 0,318 0,35 0,466
4 0,75 0,279 0,32 0,444
5 0,68 0,275 0,29 0,407

B pesynpraTax MoAenuMpoOBaHUS MOXHO OTMETUTH, YTO KpPAaCHBIE CMEIIEHUS
PE30HAHCHOM YacTOTHI BO3PACTAIOT MPOMOPIMOHAIBHO T€OMETPUUYECKUM TMapaMeTpam
u3-3a Oonee BbICOKOM uHAYKTUBHOCTH OKP. OOpaszeny weranoBepxHocTH 1
MpeACTaBIIACT Jyuliee morjomieHue, paHoe 0,549. 1o 3HaueHHWE OYJIET CUUTATHCS
ONTUMAJIBHBIM, U Oy/I€T MCTOIb30BaThCS B KAUECTBE OPUECHTHPA HA CICTYIOIINX dTarmax
pacuera.

ITocne o6ayuenmss Ha jmHe BoJHBI 418 MM (0,72 TI'm) wHaGmromanoch
HapylIeHHe aAre3ny KJIeTOoK K moBepxHocth y 70-80% weitiponos [123], mocre
obOnyuenus Ha jnuHe BOiHBI 337 MM (0,89 TI'm) u uaTeHCHMBHOCTH HM3My4deHUs 400
MKBT/cM? Ha0r01a710Ch pocT onyxodiu [ 124]. CnenoBatenbHo, 00pasibl 2 U 4, KOTOpbIe
MTOKAa3bIBAIOT MUK ITOTJIOMICHUS Ha 3THX YacTOTaX, MOTYT OBITh MCTOJIb30BaHbl i1t T1 1y
onoMenuuuHbl. TakuM oO0pa3oM, MOKa3aHa BO3MOXKHOCTh M3MEHEHHsSI PE30HAaHCHOMN

YaCTOTHI ITyTEM U3MEHEHUS TEOMETPUUECKUX NTapaMeTpoB DKP.
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Pucynok 2.3 — CnekTpajibHble XapaKTEPUCTUKU MSITH 00pa31oB C
r€OMETPUYECKUMHU MapaMeTpamu u3 Tadnuuibl 2.2 [i1s y-noysipu30BaHHbIX (a) U Xx-

noJisipu3oBaHHbIX (0) BosH. TouniuHa cioeB npuBeneHa B Tabnuie 2.1

2.2.3 BiusiHue TOJMIMHBI AUIJIEKTPUYECKOH MPOCTOiKI

B TeparepmioBoMm auamna3zoHe YacTOT CYIIECTBYET JIBa THIA PE30HAHCOB Y
METAIIOBEPXHOCTE Ha OCHOBE OJJICKTPUYECKMX PE30HATOPOB: MATHUTHBIA U
ANEKTpUYECKUN (37ech OHM 00o03HaueHBl Kak LC-moma M TJIa3MOHHBIM PE30HAHC
COOTBETCTBEHHO). B nanHoi paboTe mpoBoautcs ontumusanus napamerpoB DKP s
MOJIYYCHUSI MAaKCUMAIBHOTO TOTJIONMICHUS IS TUTa3MOHHOTO PE30HAHCA, TIOTOMY YTO
€ro PE30HAHCHBIE YaCTOTHI OJIMKE K Pa3pyIIUTEIbHBIM JJIi OMOJIOTHYECKUX OOBEKTOB
YaCTOTaM.

UtoObl TOKA3aTh BIUSHUE TOJIIMHBI MPOCIONKH, it oopas3ua 1 u3 Tabmuis: 2.2
OBIJIO TIPOBEICHO TMapaMEeTPUUIECKOE WCCICOBAaHUE W3MCHCHHMS €€ TOJIIMHBI B
auanaszoHe oT 5 10 35 MKM (MOCKOJIbKY 3TOT oOpa3el J1eMOHCTPUPYET MaKCUMAJIbHOE
MOTJIONICHNE) JUIS JBYX TMOJspu3anuid. TeopeTndeckue 3HAYCHHs TOTJIONICHUS |
noopotHocTH oOpasna 1 ObulM monydeHsl W TpeAcTaBiieHbl Ha Pucynke 2.4
(pe3oHaHCHAs dYacTOoTa IOYTH Takas >ke, Kak B Tabmmme 2.3 mId ONTHUMaIbHOTO
NU3aifHa, TOCKOJBKY PE30HAHCHAs 4YacTOoTa OMNPEACNsIeTcsl TeOMETPUYECKUMU
napamerpamu ODKP, a BiIMsiHME TONIIMHBI AUAIEKTPUYECKOTO CJIOSI HA PE30HAHCHYIO

YaCTOTY IPEHEOPEKMUMO MaJIo).
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Pucynok 2.4 — Biusinue TonmuHsl cios nonuumuga SU-8 Ha
MTOTJIONIAOIIYI0 CIIOCOOHOCTh Ha pe30HAHCHOM YaCTOTE METAIlOBEPXHOCTH (a) U

n00poTHOCTS (0) nist 06pasua 1 ¢ Tonmuuou cinost IKP 0,5 mxm

JUit  3THX  pe3ynbTaToB IOJYYEHO ONTUMAJIbHOE 3HAYCHUE  TOJIUHBI
IUANeKTpuuecko mpocnoiiku 21,6 mxM. OOpaszery 1 ¢ ONTUManbHOM TOJIIMHON
MPEJCTABIIACT JIyUlllee PE30HAHCHOE MOTJIONIeHUEe, co 3HaueHueM Oonee 90% nns Y-
NOJIIPU30BAaHHOM BOJIHBI, 0OECIIEUMBAIOIEE Y3KOIOJIOCHBIM pe30HaHCHBIM nuk. Ha
Pucynke 2.5 mpeactaBieHO MOTJIONMIEHHE CTPYKTYPHI C ONTUMHU3UPOBAHHON TOJIIWHOM

MIPOCIIOMKH ISl O0CUX TTOJISPU3ALIHIA.
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Pucynok 2.5 — CnektpanbHble XapakTepUCTHKU oOpasia 1 ¢ onTUMU3UPOBaHHOM

TOJIIIIAHOMN TPOCIOUKH /IS Y-TIOJIIPU30BAHHBIX (@) U X-TIOJIIPU30BAHHBIX (0) BOJIH
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OnTuManpHash TOJIIMHA JUAJICKTPUUECKOTO CJIOS ompeaensercss (opMysion

A
t = ﬁ, /1€ t — TONIIMHA TUDIEKTPHIECKOTO CIIOs, Ayqs — PE3OHAHCHAS 9aCTOTA, Mo s

— 3¢ dexTUBHBIA MOKa3aTeNb MPEIOMIICHHS TUIIEKTPUUYECKOTO CIIOS, MOKPHIBAEMOTO
pemetkoit OKP. Takum o0OpazoM, uisi ONTHUMaJIbHOW TONIIMHBI JTUAIEKTPUUECKOU
IPOCIONKH AJi1 00eux mossipu3anuii t ~ 21,6 MKM, MOXXHO paccUUTaTh 3Q(EKTUBHBIN
MoKa3aTellb MPEeIOMIICHUST AUAJICKTPUUECKOTO CIos, MOKpbiBaeMoro pemietkoi OKP,
ms oopasua 1: Ap.g = 303 MKM (Uy.es = 0,99 TI') , npp~3,9 n1s y-nossapusoBaHHOM
BOIHBL; Ayos = 713 MKM (Vs = 0,42 TT'1t), N r~8 M1 X-IIONAPU30BAHHOM BOJIHEL

B wuccnenyemoM nuamazoHe 4acToT wuMeerca aucnepcus 3()(EeKTUBHOTO
NoKa3aTesisl MPEeIOMJIEHHMS] METallOBEPXHOCTH, KOTOPYI0 MOKHO pacCYUTaTh II0
METOJMKE, TPUBEICHHOH B [ 125].

3areM ObUIO TOJYYEHO M PACCUYUTAHO pPACHPEICIICHUE HaIPsHKEHHOCTH
anekrpuueckoro mons (E-mons) B mormotuTene Ha PE30HAHCHBIX YacTOTax s Y-
nossipruzoBadHoN BOdHBL 0,292 TT'm, 0,969 TI'm u 1,623 TI'n (Pucynok 2.6); m mus
BOJIHBI ¢ X-noysipu3anueii: 0,398 TI'u 1,332 TI'n (PucyHok 2.7).

- -
(8)

1.22¢407
\Z.x

0

1.22e4007
Pucynox 2.6 — Pacnpenenenue E-momns B 00pasmax moraoTUTENs IS Y-
MOJIIPU30BaHHOM BOJIHBI HA yacToTax: 0,292 TI'n (a), 0,969 TI't (6) u 1,623 TI'x (B)
Ui obpasua 1 ¢ onTUMHU3UPOBAHHON TOJIIMHON AUDIEKTPUUECKON MPOCIONKN U

tomuHou cinos DKP 0,5 mkm
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OTu pe3ynbTaThl A7 Y-TOJsipu30BaHHON BOJHBI (PucyHOk 2.6) mo3BONAIOT
clenaTh BBIBOJ, 4TO pe3oHaHc Ha ydactore 0,292 TI'm coorBercTByeT LC-Mome u3-3a
KOHIICHTPAIIMU HANPSXKEHHOCTH AJIEKTpUYEcKoro moss B 3a3ope DKP; B To Bpemsi Kak
pe3onancel Ha 4actorax 0,969 TI'm m 1,623 TI'm COOTBETCTBYIOT IUIA3MOHHOMY
PE30HAHCY HM3-3a KOHLEHTPALMKU HAMPSKEHHOCTU SJIEKTPUUECKOTO OIS BIOJIb TPAHUIL
OKP. Jlnsa cimyyast X-TOJsipU30BaHHOW BOJHBI Ha PucyHke 2.7 pe3oHaHCHl Ha 00eux
gactotax (0,398 TI'm um 1,332 TI'1) COOTBETCTBYIOT ILJIa3MOHHOMY pE30HAHCY,
MTOCKOJIbKY HAOJI0IaeTCsl KOHIIEHTpAIUsl HAPsDKEHHOCTH AJIEKTPHYECKOTO IO BIOJb
Kaxou u3 yacten DKP.

HauOounbiiee mnorsjomenne B 000uX ciay4asx (X-MOJSpU30OBaHHBIE U Y-
MOJISIPU30BAHHBIE BOJIHBI) COOTBETCTBYET MEPBOMY IIA3MOHHOMY pe3oHaHcy. [lo atoit
MPUYMHE OCHOBHOE BHUMaHHUE OBLJIO 0OpaIlleHO Ha MOTJIONIEHNE U JOOPOTHOCTh Ha ATHX

PC30HAHCHLBIX IINKaX.

Pucynox 2.7 — Pacnpenenenue Bektopa E-moss B oOpasiax moriaoTuTens 1ist X-
noJsisipu30BaHHOM BosiHBI HA yacToTax: 0,398 TI' (a) u 1,332 TI'iy (6) nist obpasma 1 ¢

TOJIIMHOW IUAJIEKTPUUECKOTrO ciI0s 23 MKM U ToiumHou ciiosa IKP 0,5 Mkm
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2.2.4 AHaIU3 TOJIIUHBI JIEKTPUYECKUX KOJIbIEBBIX PE30HATOPOB

YToOBI MIMETh MaKCUMAaJILHOE 3HAUCHHUE IIOTJIOIICHU A, TOJIIHNHA OKP JOJDKHA

ObITH OOJIbIIIE, YEM TOJIIMHA CKUH-CIIOS, BBIpaXKEeHHas (hOpMYIION:

A=c /2 wiomp, (2.4)

rae A — TommMHA CKUH Cl10d; ¢ — CKOPOCTb CB€TA, &y — AUIJICKTPHUYCCKAA

MIPOHUIIAEMOCTh CBOOOJHOTO TMPOCTPAHCTBA; ® — IUKJIMYECKas dYacToTa; U, —
OTHOCHUTEJIbHAS MarHUTHAs MIPOHULIAEMOCTb MEJIH; p — YAEIBbHOE CONPOTUBIICHUE MEIU.
TonmmHa CKUH-CJI0S1 HAa pe30HaHCHOM yacToTe cocTaBisieT A = 0,13 MkM.

Tak xax TommmHa DKP moimkHa ObITE OOJIBIIIE, YEM TOJIIMHA CKHUH CJIOS, OBILI
BbIOpaH auanazoH oT 0,2 MKM 70 1 MKM IS MOJEIHUPOBAaHUS M OLECHKU BIUSHUS
tommuael  OKP.  PesynbTaThl MOJEIMpOBaHUS MOTJIOMIEHUS U JTIOOPOTHOCTH

MCTAIIOBCPXHOCTH IIOKAa3aHbI Ha PI/ICYHKG 2.8.
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Pucynok 2.8 — Biustnue Tonmmasl cios DKP Ha nornonienne pe3oHaHCHOTO TTHKa (a)

1 Ha 10OpOTHOCTH (0) a1 oO6pas3ua 1 ¢ TONIMMHON MOTUUMHUIHOTO CJI0S 23 MKM

B cnydae y-nonspuzoBanHoil BosaHbI DKP M0KHO paccMaTpuBarh Kak BOJHOBOJ,
TakuM oOpa3oMm, yBennueHue tonunbsl DKP npencrasnser coboil yBenuueHUE JITHMHbBI
BOJIHOBOZIa. JTOT 3(P(EKT CcOo34aeT NPONOPLUUOHAIBHYIO 3aBUCUMOCTb IOTJIOLICHMS

METanoBepXHOCTU OT ToAUHBI cjost DKP. C npyroi cTOpoHsbI, A X-TIOJISIPU30BAHHON
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BosiHbI, OKP Oyznet BecTu cedst kKak BOJIHOBOJI € ceKIueil n3rnda. MoxHO yBUIETH, UTO
IIOCJIE MTMKa MOIJIOMEHUs Ul TOMKHEGI 0,35 MKM, IOTEpH HAYMHAKOT YMEHBIIATHCS.
OntumaneHoe 3HaueHwe ToamuHel OKP cocraBumo 0,55 wMkMm, gocturas

MoTJIoNIeHUs BhIIe 95% 11 00euX MoJspru3aIui.

2.3 OxkoHuaTe/IbHAs peajn3auus

Kak Toibko OBUIM TMOJYYCHBI 3HAYEHHUS TOJIIMH JJIS  Pa3HBIX CJIOCB,
reOMETPUYECKUE 3HAYCHUS PE30HATOPOB OBUIM ONTUMH3UPOBAHBI JUIS JIOCTHIKCHUSI
MaKCHMAJIbHOTO 3HAYEHUs TOTJIOMICHUS] HAa PEe30HAHCHOW dvacToTe. [l TOro, 4ToOBI
IPOBEPHUTH TOTJIOMICHUS HA JIBYX Pa3HbIX PE30HAHCHBIX YaCTOTaX, OBUIH M3TOTOBJICHBI
ONTHMHU3UPOBAHHBIC BepcHH BceX 5 o0pasioB. OOpasipl 1 u 4 (3KCIIEpUMEHTATBHBIC
o0pasmbl ‘a‘ U ‘D° COOTBETCTBEHHO), OHM MMEIOT JTYYIIYE0 TOYHOCTh M3TOTOBJICHUS, UX

MukpodoTtorpabun mnokazansl Ha Pucynke 2.10, X OKOHUYaTeJIbHBIC 3HAYCHHS HX

reOMETPUYECKUX MapaMeTpoB MpeacTaBieHbl B Tabnuie 2.4.

Tabnuua 2.4 - 'eomeTpryuecKkre mapaMeTpsl 711 M3TOTOBIEHHBIX MOTJIOTUTENIEH

Ne o6pasma a, MKM b, MKkM g, MKM P, MKM W, MKM
(@) 159 78 13 17 5
(b) 208 98 13 23 6

2.4 TIpouecc U3roTOBJIEHUSI

MertanoBepxHocth DOKP Oblta M3roToBiieHa € KMCHOJIB30BAHHEM BaKyyMHOTO
HambuieHusT U (Qoronurorpadguu. IMyIbCHOHHAsS (PoToMacka W IKCIEPUMEHTAILHBIC
oOpa3upbl W3roToBieHbl B 'TocynapctBeHHOM OnrtuyeckoM HWucruryte um. C.H.
Basunosa". Ilporecc u3rotoBnenwsi mokasaH Ha Pucynke 2.9 W COCTOUT W3 TSTH
7TanoB: (1) HaHEeCeHHe TOHKOTO CJIOS XpOMa M CJI0Sl MEAU Ha KPEMHHUEBYIO MOJIOKKY C

HCIIOJIb30BaHUEM METOJa MOHHO-BAaKyyYMHOT'O HambUIeHUs;, (2) pachublieHHe pacTBOpa
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xuakoro nmosmumuaa (SU-8) ¢ ucnosb30BaHUEM IIEHTPOOSKHOU CHIThI; (3) HaHeceHue
ciosi OTOpPE3UCTa C MOMOIIBIO IIEHTPOOCIKHOW CHIIBI 4epe3 Macky; (4) HaHeceHHs

BTOPOTO MeIHOTO ciost Aist popmuposanus JDKP; (5) ymanenus cios poropesucra.

1 2 3

‘ ——
-

Pucynok 2.9 — [1a1b 3TanoB u3roToBieHus: o0pasia nornoturens. ProneToBslii -

KPEMHMIA; KENTHINA - ME/Ib; KPACHBIN - MOJIMUMHUT, YEPHBIA — GOTOPE3UCT

B koHIie mporecca M3roToBIeHUS OBUTH MOMYYEHBI ABa 00pa3iia MOTJIOTUTENS C
ONTHUMHU3UPOBAHHBIMU ~T€OMETPUYECKUMHU TMapaMmerpamMu u3 Tabmuubl 2.4 wu
onTuMalibHOU ToammHou st cioeB DKP (0,55 mxm) u nomuumuaa SU-8 (22,5 Mkm).
Ha Pucynke 2.10 moka3aHbl MUKPOU300PKEHUS JIIEMEHTAPHON SYEHKH TOTJIOTUTENS

co mkaioi 100 MKM.

() (b)

Pucynox 2.10 — M3rotoBiieHHbIE 00pa3Ilbl MOTJIOTUTEINS: ClieBa (@) oOpasery

u crpasa (b) ob6paszerr C reomerprueckumu napamerpamu u3 Taonuipl 2.4
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2.5 DKcnepuMeHTAJIbHAS YCTAHOBKA

JIJist TpOBEpKU PE30HAHCHOTO MOTJIOMICHUs] pa3padOTaHHOIO MOTJIOTUTENs Oblia
UCIIOJb30BaHA KOMIIAKTHAsI YCTAHOBKA TEParepluoBOd HMITYJIbCHON CIEKTPOCKOIUU
[122]. Ha Pucynke 2.11 mpencraBieHa SKCIEpUMEHTaIbHAS YCTAHOBKA W ITOKa3aH
npoliecc peructpanuud (HopmMbl CUTHaIa B YCTAHOBKE TepareproBOil HMMMYJIbCHOMN
CHEKTPOCKOTIMH. YCTaHOBKA WCIOJIb3yeT BTOPYKD TapMOHHUKY (EMTOCEKYHIHOTO
BOJIOKOHHOTO J1a3epa il reHepanuu u ooHapyxeHus Tl ummynbcoB. Jlazep umeet
cpenHtoro MomHocTh 200 MBT. CucreMa HCHOJBb3yeT LEHTPAIbHYIO JJIMHY BOJIHBI 780
HM, anutenbHOCTh uMmiyibca 100 dc. I'enepanms TI-BojHBI — OCYIIECTBISETCS B
dotonposoasimel antenHe LT-GaAs (PCA), a peructpanus BpeMmennubix popm TT1i-
UMITYJIbCOB OCYIIECTBIISIETCS C ITOMOIIBIO JJIGKTPOONTHYECKOTO KpucTamia ZnSe.
VYcraHoBka paboTaeT B peXUME Ha OTPaKEHHE CO CBETOJCIMTENIEM, HaIpaBisis
najaronee HU3JIy4eHHe TMepHeHANKYIIpHO o00pasiyy. M3MepeHuss NpoBOAWINCH B
nuana3one yactot oT 0,25 mo 1,75 TI'L.

OtpakarenpHas CHOCOOHOCTh  METAlOBEPXHOCTH ObLIa  OmpenesieHa ¢

UCTIOJIb30BaHUEM ypaBHEHUs (2.5):

2

ES(U) (2 5)

Er(v)

R(w) =

rac Er — KOMIIJICKCHAA aMINUIUTYyda 3JICKTPUYCCKOI'O IIOJIA 3TAJIOHHOI'O CHI'HAJIA,

OTPAXXEHHOTO OT IUIOCKOIO  30JIOTOTO  3€pKajla, IIOMEIIEHHOI0 3a  JKECTKO
dbukcupoBanHor auadparmont, a Eg - KOMIUJIEKCHas aMIUTUTYy/1a AJIEKTPUUECKOTO IO
CUTHAJIa, OTPAKEHHOTO OT UCCIEAYEMOro 00pasia, pa3MeuIeHHOro no3aau Auadparmal.
CrexkTpbl KOMITIEKCHBIX aMIUIMTY 3JIEKTPUUYECKOTO TMOJS ITAIOHHOTO U OOBEKTHOTO
CUTHAJIOB TOJIyJaJIUCh C TIOMOIIBI0 ObICTporo dypbe-npeodpa3oBaHUs BPEMEHHBIX

dopm TT'11 UMITYTECOB, COOTBETCTBYIOIIMX CUTHAJIOB.
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Pucynok 2.11 — Koncrpyknus TI'i UMIyJIbCHOTO CIEKTPOMETPA, pabOTAIOILETO B
pexuMe Ha oTpakeHue: (a) U3MEpPEeHHUe OMOPHOTo curHana; (0) u3MepeHue 0ObEKTHOTO

CHUIrHalia

2.6. Pe3yabTaThl M 00CyKIeHHE

YroObl  TOATBEPAMTH  PE3yJabTAaThl, OBUIM  TOJyY€HBl  CIEKTPaJbHbIC
XapaKTEePUCTUKU JBYX MeTanoBepxHocTed (@) u (D) kak TeopeTHYecKu, TaK |
IKCIIEPUMEHTAIBHO. TEeopeTHYecKre W HSKCIEPUMEHTAIbHBIE CIEKTPBl OTPaXKCHUS

MeTarnoBepXHOCTeH noka3ansl Ha Pucynkax 2.12 u 2.13, COOTBETCTBEHHO.

1,0 - p— . 1.0
D&+ 08
wu U
=] o
w 06F o 06}
E 0| z
LV
A 04t —— 00" g 0.4
g —e— (=90° S
02t 0.43TTx 4 024 0337 T =
2449 1.06 Tl om - e
- L 400% I A
00— - T : 00 : el
025 050 075 100 125 150 175 025 05 075 100 125 150 175
YactoTa, TT 1 Yacrota, TT11

Pucynok 2.12 — Teopetnueckuid KO3p(HUIUEHT OTpaKeHUS IS X-
MOJISIPU30BAHHOM BOJIHBI (KpacHasi KpyBasi) M Y-TIOJISIPU30BAHHON BOJIHBI (CUHSIS

KpHBasi) 111 00pasuoB normorutens (a) cinesa u (b) crpasa
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Teopernyeckre 3HaUEHUS TOTIOMICHUS ISl 00pasia (a) coctaBistoT 95,91% Ha
gactore 1,06 TI' qyist y-nonsgspu3zoBaHHOM BOJIHBI U 97,56% Ha wactote 0,43 TI' gy X-
NOJISIpU30BaHHON BONHBL, U s oopasna (b) 98,34% wna gacrore 0,864 TI'm mus y-
MOJISIPU30BAaHHON BOJHBI, 96,56% nHa uactore 0,337 TI'nm ans x-moJIsIpU30BaHHOU
BoJHBI. KoadduuueHnt orpakeHuss oOpasnoB Obu1 m3MepeH Ha Tl MMmIyJIbCHOM
CIIEKTPOMETpPE Il TOJydeHHs 3HadyeHws moriomieHus. OOpasen (a) moka3bIBaeT
noryomenue 99,57% na vacrore 1,06 TI'y ayis y-nossipuzoBaHHOM BOJHBI U 99,11% Ha
gactrote 0,4 TI'm mns x-moysipu30BaHHOW BOJIHBI;, I oOpasma (D) wm3mepenHoe
noryouieHue cocraBisieT 99,98% na wacrore 0,87 TI'w a1t Y-1oasipu30BaHHOM BOJIHBI U

98,68% na wacrore 0,33 TI'11 411 X-TIOASAPHU30BAHHOM BOJIHBI.

2} qc) OnopHSIH cUrHaI
; 6=0°
Eo T\ 8=45°
1o} A (a) o B2 e
ke AP R N PN N N
s [u (W A yadrres, grbery 8 | = P
©0.75 @ 1 | g Bpewms, mic
o t l~ 'J‘\ E‘
e w ¥ }!’f‘ 5
= O0SF |[B k\ =
g £ 't S
0.5}
go2st 1) 04 TT' \ /: | 06 TT
@) 0.89 % ¥ { 0.43 % \'kt’
\'/— e
00 x A 1 i \\.// L L ol
0.25 0.5 0.75 1.0 1.25 1.5 1.75
YacrtoTta, TT11
=
1.0 i (6) 4o .
AP v & = J\ Coprmt orman.
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YacrtoTta, TT'11

02 04 06 08 1 12 14 16

YacrtoTta, TT'11
Pucynox 2.13 — (a) u (6) CnekTpbl OTpaskeHHsI Jis1 Y-TIOJIIPU30BAHHOM (CUHSISL KpUBasi)
U X-TIOJIIPU30BaHHON (KpacHasi kpuBasi) BoJH uis (a) u (D) skcreprMeHTaIbHBIX
00pa31ioB ¢ TEOMETPUUYECKUMH MapameTpamu u3 Tadnuibl 2.4 COOTBETCTBEHHO. (B) U (T)
AMIUTUTYIHBIE CIICKTPHI OTPAKEHUS U BPEMEHHBIE (POPMBI [T Pa3HBIX MOJSPHU3AIHIA
BoutHbI (=0, 45°, 90°) s (@) u (b) 0O6pasIoOB ¢ reOMETPHUECKIUMH TTApaMETPaMH U3

Ta6nuie! 2.4 cooTBeTcTBeHHO. BeTaBku: pororpaduu 3KCriepuMeHTAIBHBIX 00pa3IoB
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Kak Bumno w3 Pucynka 2.13, koddduimueHnts oTpakeHUss 00pasios
MOTJIOTUTENICH, TOTYYCHHBIE B MOJCIMPOBAHUM W B JKCIIEPUMEHTE, OYCHBb TOXOXKH.
Pe3onancHbIe 4acTOTHI OJMU3KK K TOJYYCHHBIM TPU MOJICTUPOBAHUHU, U BCE KPHUBHIC
UMEIOT OJMHAKOBBIA BHI. Kpome TOro, sKCmepuMEHTAIBHO MOJYYCHHBIE 3HAYCHUS
TIOTJIONICHUSI HAa PE30HAHCHBIX YacTOTaxX, MPEBOCXOMAAT IIOJYYCHHBIC 3HAYCHUS B
MOJCIUPOBAHUU. Pasznuuuss MeXIy TEOPETHYSCKUMH W OKCIIEPUMEHTAIbLHBIMU
pe3ylibTaTaMu MOTYT OBITh OOBSCHEHBI OTKJIOHCHHEM I[apaMeTpOB Marepuajia OT

TaOJIMYHBIX 3HAYEHUH U AO0ITyCKaMM IIponecca n3roToBJICHUA.

2.7 BeiBoabl no I'mase 2

B o9rToil rmaBe ObUIO MpPOAHAIM3UPOBAHO  BIUSHUE TE€OMETPUYECKUX
XapaKTEPUCTHK METAIIOBEPXHOCTU Ha IMOIIONIEHUE Y3KOIMOJOCHOTO MOTJIOTUTENS s
TI'n wacTtoTHOro auamna3oHa. KOHCTpyKIMSI cOCTOsiIa M3 JJIEMEHTApHON SYEHWKU Ha
OCHOBE CIBOCHHBIX ANEKTPUYECKUX PE30HATOPOB. [Ipon3BOAUTENBHOCTD
MeTaMaTepuanoB Oblla MPOAHATM3HPOBAHA C MCIOJb30BAaHUEM METOJIa KOHEUYHBIX
pa3HOCTEN B 4aCTOTHOM OOJACTH, JJI TOTO YTOOBI MOJTYYUTh ONTUMAJIbHBIC 3HAYCHUS
reoMerpuueckux mnapametpoB OKP, a Takke TONIIMHBI CIOS JIUAJIEKTPUUECKOU
npocioiku u cios DKP, KoTopsle mpUBEIM K MaKCUMAJIbHOMY IMOTJIOMIEHUIO. bpuin
NOJIy4eHbl 3HAayYeHUs mnoriouieHuss Oosnee 99% mnpu HOpManbHOM  MAJECHUU
AJIEKTPOMArHuTHOM BOJIHBI (mornomienue 99,57% wa wacrore 1,06 TI'm mns Y-
noJisipu3oBaHHoON BOJHBI U 99,11% na yactore 0,4 TI'11 aist X-mosipru30BaHHON BOJTHBI).
CrpykTypa 4yBCTBUTEIbHA K MOJISIPU3ALMH: U3MEHEHHE YIJIa MOJSPU3ALNHA TPUBOIUT K
CABUT'Y YaCTOTbI PE30HAHCHOIO MMMKA U M3MEHEHHUIO NOTJIOIIEHUS PE30HAHCHOTO MTUKA.

DT pe3yabTaThl HE TOJBKO CIyXaT OPUEHTHPOM Jisi OyAyIIUX JTU3aiHOB
CTPYKTYp MeTamMarepuanoB, ocHOBaHHbIX Ha OKP, HO Takke NOKa3bIBAIOT
000CHOBaHHOCTh TMPEIOKEHHBIX CTPYKTYpP MPHU peaiu3alliil Pa3InYHbIX anmlapaTHBIX

KOMITOHEHTOB JIJI1 CUCTEM TeparepuoBoil POTOHUKH.
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I'naBa 3 Pa3zpaboTka 4acTOTHO-U30HUpPATEIHLHON
MOBEPXHOCTH HA OCHOBE MACCHUBA KPECTOOOPa3HbIX
PE30HATOPOB € BO3MOKHOCTHI0O MEXaHUYECKOI0
YIPABJICHUS PE30OHAHCHON YaCTOTOM

B Hacrosimee BpeMsi TeparepuoBBIM JHana3oH 4acTOT MPEACTAaBISET OOJIbIION
MHTEpPEC HAy4YHOro COOOIIECTBA HM3-32 €r0 MHOTOYMCIECHHBIX MPUMEHEHWH, BKIIIOYas
paznuyHble O0JACTH, TaKWE Kak Hepa3pyllawllas BHU3yald3alus, BOCHHbIE,
XUMUYECKUE U MEAUIMHCKUE TPUMEHEHHs. TepareproBasi CHEKTPOCKOIHNS MPUBJICKAET
0co00€ BHHMMAHHE MCCIEA0BATENEH, MOCKOJIBKY Y JUIMH BOJIH CYOMHJIIMMETPOBOIO
Jara3oHa WMEIOTCS JIMHUM IOTJIONIEHUS KaK IPOCTBIX, TaK M CIOXKHBIX MOJEKYI,
KOTOPBIC COOTBETCTBYIOT BpalllaTeJIbHBIM KojieOaHusM MoJieKyJsibl [126]. brmaromaps
TaKOMY pa3HOOOpa3uI0 MNPUMEHEHHN TeparepuoBbIX TEXHOJIOTHM, MOSBISETCS
HEOOXOJMMOCTh pa3padOTaTh HOBBIE MCTOYHUKH, ACTEKTOPHI, (UIBTPBI U JPYyrue
BayKHbIE KOMITOHEHTHI [ 127, 128].

3adacTyro A U3rOTOBJIEHUS (PUIIBTPOB HUCIOIB3YETCS YACTOTHO-U30MpaTesIbHAS
MOBEPXHOCTh (MHOTJIa Ha3bIBacéMasi METAIOBEPXHOCTHIO), MPEICTaBIAIONIAs COOO0M
TOHKYIO METaJUIMYECKYIO TUIEHKY C JIF0OOM reoMeTpuyeckoi (opMoi, BBIPE3aHHON B
HEl B JABYMEpHOM MaccuBe. ONTUYECKHE XapaKTEPUCTUKH Takoro (uiabTpa
ONPENENSAIOTC THUIIOM TeOMeTpuueckoil ¢opmel u ee pasmepoMm. [lpyrum
MPEUMYILECTBOM YaCTOTHO-U30MPATETHbHON MOBEPXHOCTH SABJISIETCS €€ KOMIAKTHOCTh U
IIPOCTOTA MPOLIECCA U3TOTOBJICHMUS.

Opnna w3 HamboJiee pacIpoOCTpaHEHHBIX TEOMETPHUIl pe3oHaTopa dJIeMEHTapPHOU
AYEeHKH UMeeT KpecTooOpaszHyro (opMy, MOCKOJBKY CIEKTp MPOIMYCKAHHUS TaKOIro
bunbTpa HE BOCHPUUMYHMB K TOJSPU3ANMH Tajatomero uinydeHus. [Ipod. Yabppux
[129] siBnisieTca OJTHUM W3 TIEPBBIX ABTOPOB, U3YUMBIIUX TAKYIO CTPYKTYpYy. OH mokasadn,
YTO YACTOTHO-CEJIEKTUBHAS TOBEPXHOCTH 3TOTO THIA MOXHO MPEACTABUThH KaK 3JIEMEHT
CXeMbl JUHUU Tiepenadu. Kpome Toro, ObUIO OMyOJIMKOBAHO MHOTO JIPYTUX padoT,
aBTOPBl KOTOPBIX MCIOJIB30BAIM PA3JIUYHBIC METOJbl W3TOTOBJIEHUS W HCIBITHIBAIN

(GHIBTPBI HA OCHOBE KpecTooOpa3HbiX pe3oHaTopoB Ha TI'm yacrorax [130-135].
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OTa ri1aBa mocBsIIeHa pa3padoTKe YIPABIIEMOTO Y3KOTIOJIOCHOTO TEParepIioBOTO
¢unbTpa Ha OCHOBE KpPECTOOOPA3HBIX PE30HATOPOB ISl UYETHIPEX pPa3HBIX YaCTOT.
CriekTpaJibHbIE  XapaKTEePUCTUKH (PHIBTPAa MOXHO IEPEKII0YaTh MEXaHHYCCKH,
TIEpeCTaBIsisi KpeCTOOOpa3HBIE PE30HATOPHI Pa3HBIX Pa3MEPOB U U3MEHSS YTOJl MaJICHUS

H3JIYYCHH:A Ha IINIOCKOCTDb (1)I/IJII>Tpa.

3.1Pac4éT reomMeTpryecKuX MapaMeTpoOB KPecTOO0Pa3HbIX PE30HATOPOB

['eomeTpuueckue mapaMmeTpsl KpecTOOOpa3HBIX pPE30HATOpOB — JiMHA L,
mpuna K u nepuon G (Pucynok 3.1) — ompenensitoT MoJIoKeHUE Pe30HAHCHOMN
YaCTOTHI IPOITYCKAHUS ITOJI0COBOTO (DUITBTpA.

[Ipu »TOM, 3HaueHHE PE3OHAHCHOM YACTOTHI 3aBUCUT OT TI'E€OMETPUUYECKHX
napaMeTpoB KpectoB jmHeHHO [136]. Mcnomab3ys 3TOT MPUHIMII U OCHOBBIBAsCh Ha
JAHHBIX O (UIBTPE C U3BECTHBIMU T€OMETPUUCCKUMH TapaMeTPaMy M CIICKTPaTbHBIMHU
XapaKTEePUCTUKAMHU, JUIsl KKJOTO napameTpa KodhUuimeHT MacmtabupoBaHus MOKHO
paccuutath 1o Gpopmyine Cp=P/A, rae P — 3HaueHne reoMeTpuyeCcKOro napamerpa, a A -
W3BECTHAs PE30HAHCHAas JUIMHA BOJHBI JIJII OTOTO pe3oHaTtopa. PaccuuTaHHbIe
ko3 dunmeHTsl MacmTaObupoBanuss mnpuBeaeHsl B Taomuie 3.1 (f - wactora
pe3oHaHcHoro mnponyckanus) [131]. VYmHOXkuB MacimTaOHBIA KOIPOUIUCHT Ha
JKEJTaeMyl0 JJIMHY BOJIHBI, MOJY4YalOTCs HOBBIC MapamMeTpbl pe3oHaTopa. Tabmumma 3.2

IMOKa3bIBACT PACUCTHLIC pa3MCPHI.

Pucynox 3.1 — Ilapametpsl punbTpa ¢ KpecTooOpa3HOi TeoMeTpueit



Tab6muma 3.1 — Koaddunuents macmtabupoBaHus
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L =261 mxm; K =76 mxm; G =402 mxm; = 0,585 TT' (A = 512,8 Mkm)

Cu

Ck

Ce

0,509

0,148

0,784

Tabnuua 3.2 — [lapameTpbl KpecTOOOpa3HBIX PE30HATOPOB JJIst GUILTPOB IS

3aJIaHHBIX PC30HAHCHBIX YaCTOT

f, TI'x G, MKM L, MkM K, MKM
0,1 2351 1533 445
0,2 1175 766 222
0,3 784 511 148
0,4 588 383 111

3.2 YucsieHHOE MOJAEJIMPOBAHUE

JIJisi TOCTpoeHusT TPeNBapUTENLHOTO BUAA CIEKTpa MPOIycKaHus (GUibTpa Ha
OCHOBE KPECTOOOpa3HbIX PE30HATOPOB HCIIOIB30BAJICS METOJ] KOHCYHBIX AJICMEHTOB.
MonenupoBaHue OCYIIECTBISAIOCh C HCIOJIB30BAHUEM CJIOKHON WHTETPHPOBAHHOMN
cpenbl nist MmoaenupoBaHus ¢uszndeckux nporeccoB Comsol Multiphysics. Ucnonb3ys
3HAQYCHUSl TapaMETPOB KPECTOOOpa3HBIX pe30HATOpPOB U3 Tabmuibl 3.2, CHEKTPHI
nponyckanus GpuiabTpa ObUTH MOCTpoeHBI s yeThipex dactot (0,1; 0,2; 0,3; 0,4 TI'm).
Pe3oHaHCHBIE 4YACTOTHI CIEKTPOB, TMOJIYYEHHbIE B pe3yjbTaTe MOJCIUPOBAHUS,
MPAKTUYCCKA COBIAIM C TOJYYCHHBIMH Teoperndeckn. KoaddumuenT mpomyckaHus

OJIN30K K EIUHUIIE.

3.2.1 MoaeJb K0/1€0aTeILHOT0 KOHTYPA

HeCMOTpH Ha TO, 4YTO YHUCJICHHOC MOACIUPOBAHHUC NMCCT OOJIBIIION IMIOTCHOMUAJI 1

JaeT JOBOJBHO TOYHBIE PE3YJbTaThl, 3TO IJUTEIbHBIA W PECYpCOEMKHUM mMpolecc.
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[TosTOMYy nJi1 MPOrHO3UPOBAHMS BUJA CIEKTpPa MPOIYCKAHHS MOKHO HCIOJIb30BaTh
TEOPETHYCCKYIO MOJICNb KOJIeOaTeIbHOTO KOHTYpa, KoTopas mnpejcraieHa B [130].

KoadduimenT nponyckanus MOKHO pacCYUTHIBATH C IIOMOIIBIO 3TOW MOJIEIH:

i — _ |(Zgrid||Z0)_Z0| 2
Pin ZgriallZo)+ 2o (3.1)
Zgria = (R +]'wL)||(ja)C)‘1 , (3.2)

rae Py — MOIIHOCTh MajaloIIero U3IydeHus, Pt — MOIIHOCTH MPOIIEANIErO
m3myaeHus, Zg=377 OM — HMIegaHc CBOGOJHOrO mpocTpaHcTBa, R=7,8x1072 Om —
OMHYECKHE TMOTEepH B ceTke, L — MHAYKTUBHOCTh, C — €MKOCTh, @ — LMKJIHYECKas
9acTOTa, Zgrig — AMIIEIAaHC DIIEMEHTAPHON AYECHKH.

JIoOpOTHOCTH K0J1€6aTeTbHOTO KOHTYpa COCTABJISIET:

wTCZO
2 ’

Q:

rac wy — PE30HaHCHAsA 4aCTOTa, paBHAsA:

(3.3)

1
Wy = \/? . (34)

st GuiIbTPOB € MOJJIOKKON €MKOCTH M MHIYKTUBHOCTH ObUIM pPacCUMTaHbI Ha
OCHOBE Pe3yJIbTaTOB MOJEIMPOBAHHSA. EMKOCTh MOKHO paccyutath 1o opmyie (3.3),
3Has JOOPOTHOCTH, OJJEKTPUYECKUH HMIIEIaHC CBOOOJHOTO TMPOCTPAHCTBA H
PE30HAHCHYIO YacTOTYy, a 3aT€M, UCMOJIb3ysl PACCUMTAHHYI0 €MKOCTh, HHAYKTUBHOCTD
paccuutath 1o gopmyie (3.4). [lonyuus, TakuM 00pa3om, 3HAUCHUS UHIYKTUBHOCTH H
E€MKOCTH JIJI1 OJHOTO (PUIIBTPA, IMTyTEM MPOMOPIIMOHAIBHOTO U3MEHEHUS OTHOCUTEIBHO
PE30HAaHCHOM YacTOThI, MOKHO paccuutath L u C mis apyrux GuiabTpoB, KOTOpbIE HAM

HYKHBI.
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3.3 MeToauka IKCIepuMeHTa

OKCIIEpUMEHT TIPOBOTUIICS METOJIOM TeparepIioBOM UMITYJIbCHOU
crieKkTpockonuu. [IpuHIMN reHepanuy aHAJIOTHYeH TOMY, YTO TPEJACTaBICH B CTAaThe
[137]. B 210t cxeMe HW3iIyueHUE TCHEPHPYETCS C MCIOJIBb30BAHUEM HEJICTUPOBAHHOTO
KpUcCTayula apceHujga wuHaus Omaromaps »ddexty JlemObepa B MarHUTHOM TIOJE.
Herextop mpencrasisier coboii kpuctamn CdTe. Korma demrocekyHmHBIN Jyd ©
TeparepioBoe u3inydeHue naaarT Ha kKpuctami CdTe ogHOBpeMeHHO, TeparepioBbIii
UMITYJIEC BBI3BIBAET B HEM JIBYJIydenperoMieHue u3-3a ag¢ekra [lokkennca, mpu 3ToMm
JBYJIYYETIPEIIOMJICHUE TMPSMO MPOMOPIMOHAIBHO HAMPSHKEHHOCTH DJIEKTPUYECKOTO
noyis TeparepueBodl BOJHBL. C MOMOIIBIO 3JEKTPOONTHYECKOrO0 CTPOOMPOBAHUS
perucTpupoBaiuch BpemMeHHbie GopMmbl TI' UMIyIbCOB MPOIIECAIINX YEpe3 BO3IYX
(omopHbIi curHan) u odbpaser; guibTpa (00BEKTHBINM curHam). JnurensHocTh TI'IY
MMIyJibCa cocTaBisiia 2,7 mc, MomHocTh TI'm m3nmyuenuss no 1 MxBt. /Inana3zon
pabounx 4acTOT TEepareproBOr0 UMITYJIbCHOTO CIEKTPOMETpPA HAXOAUTCA B JAUANa30HE
0,1-1,0 Tru. C mnomomp ObicTporo dDypbe-ipeoOpa3oBaHUs  MMOTYYATUCh
KOMITJIEKCHBIE aMILIUTY/IbI OMOPHOTO U 00BEKTHOTO curHajioB. OTHOIIIEHUE KBaJApPaTOB
MoayJell OOBEKTHOr0O ¥ ONOPHOTO CHUTHaJla COOTBETCTBYET KOI(PPHUIIUECHTY

MPOITYCKAHUS (PUIBTPA.
3.3.1 DOkcnepuMeHTAIbHBIN 00pa3en

TecToBbIN 00pa3zel mpeacTaBisieT OO0 Kpyr, pa3ie/ieHHbIM Ha 4 yacTu, Kaxaas
U3 KOTOPBIX COJEPKUT MACCUB KPECTOOOpa3HBIX PE30HATOPOB C Pa3MEpPHBIMU
napaMmeTpamu, mnpeacraBieHHbIMU B Tabmuie 3.2. Takum o6pa3zoM, Kaxkaas 4acTh
MMEET MHUKOBOE MPOMYCKAaHWE Ha Pa3HBbIX PE30HAHCHBIX YACTOTaX, 4TO oOecredrBaeT
MexaHu4ecKoe yrpasieHue. OUabTp U3TOTOBJICH METOJAOM MPSIMOU JTa3epHOUN aOsaIuu
METAJTMYECKOM TUICHKM TMOBEpX MoJuMepHOU mojioxku [138]. Marepuanom

IIOJJIOXKKH SABJIACTCA J1IaBCaH TOHHIHHOﬁ 65 MKM, €TI0 JUIJICKTPHUYCCKAA IIPOHUIACMOCTDb
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paBHa 3. MeTainnueckasi MJIEHKAa C BBIPE3aHHBIMU KPECTOOOpPa3HBIMU PE30HATOpaAMU

MIPECTaBIIACT COOOM CIION alFOMUHUS TOJIUHOMN 0,5 MKM.

(a) (6)
1,0

[Iponyckanue

IIponnyckanme
=
n

3
3 _
D 0 1 |
0.0 0,1 0,2 0,3
Yactora, TI'L
(T)
1,0
= :
3 505
. [
g 3
— J" —
0__0 e ] 0.0 ] ]
0,0 02 0.4 0,00 0.25 0,50

Yacrora, TI'o YacTora, TI'L,

Pucynok 3.2 — CriekTpbl pOoIMyCKaHusl, OJy4YeHHbIC YrcieHHO (1), ananutruecku (2) u

AKCIIEPUMEHTAIBHO (3) 71 ucciaemyeMoro odpasia

CrexTpbl MPOMYCKaHUS KaKIOM YacTU TaKOW CTPYKTYpbl ObUIA TOJTYYEHBI
nyTéM 4uciieHHoro mojaenupoBanus B cpeae Comsol Multiphysics ¢ ucnonszoBanuem
METO/Ja KOHEUYHBIX JJIEMEHTOB, AaHATUTHYECKH C MCIOJb30BAaHUEM  MOJICTHU
KOJIeOATEeTLHOTO KOHTYpa M OKCIEPUMEHTAIBbHO C HCIOJb30BAaHUEM HWMITYJILCHOU
TeparepuoBoii ciekTpockonuu (PucyHok 3.2). Pesonancusie yacToThl f 1 KO3UIIUEHTHI

MMPpONNYCKaHUA Ha JTHX YaCTOTax T, ITOJIYUCHHBIC PAa3HBIMHU MCTOIAMH, YKA3aHbI B



Tabmune 3.3 (fi u T— Teopernueckoe ananuTHyeckoe uccienoBanue, fgm w0 Tsm—

PE3YIIbTAThl YHUCJIICHHOTI'O MOACITIUPOBAHUA, fexp u Texp — OKCIICPUMCHTAJIbHBIC I[aHHBIQ).

Tabnuua 3.3 — CriekTpalibHble XapaKTePUCTUKU (PUIIBTPOB, MOTYyYEHHBIE YUCIEHHO,

AHAJIMTHYCCKH U SKCIICPUMCHTAJIBHO

CunekrpajibHble DuiabTp PuiabTp DuiabTp PuiabTp
XapPaKTePUCTUKHU Nel Ne2 Ne3 Ne4
fi 0,087 0,155 0,219 0,285
f, Tl fsim 0,086 0,160 0,227 0,291
fexo — 0,154 0,226 0,288
T 1 1 1 1

T Tsim 0,98 0,99 0,99 0,98
Texp — 0,91 0,88 0,82

['eomeTprueckue mapamMeTpbl KpecTooOpasHeix pe3onatopoB (G, K, L) mis

GUIBTPOB  TNEPBOHAYAJIBHO  PACCUUTHIBAIMCH  JUII  PE30OHAHCHBIX  YacTOT
0,1; 0,2; 0,3; 0,4 TT'y (Tabnuma 3.2), ogHAKO B pe3ynbTrare A00aBIICHUS JTaBCAHOBOM
IIOJIJTIOKKU BCE PE30HAHCHBIC YaCTOThI CMECTHIINCH B CTOPOHY 0Oo0Jieeé HM3KHX YacTOT.
M3-3a 3TOro CrekTp MpoIycKaHus NepBoro (GUabTpa HE MoNaaai B IUana3oH padoyux

yacToT umiyibcHoro cnekrpomerpa (0,1-1,0 TI').

3.3.2 YnpaBJjieHHe XapaKTepucTUKaMu GUIbTPA

NmnynbcHasi TeparepiioBas CHEKTPOCKOMHUSI MCIOJIb30Bajlach JJIsI U3MEPEHUs
CIIEKTPOB TMPOMYyCKaHUsi (QWiIbTpa TMOJ pa3HbIMH yriaMud B IIJIOCKOCTH (UIBTpa
(Pucynoxk 3.3 (a)). Cnextp mpomyckanus (QpuiabTpa NpaKkTUYECKH HE HW3MEHSETCs, TaK
KaK OH HE 3aBUCHUT OT MOJISIPU3ALIUY MAJA0IIEr0 U3TyUYeHHUS.

Opnnako, €clii M3MEHHTHh YTOJ TMAJCHUS W3JIYYCHHS Ha IUIOCKOCTh (UIIBTpA,
u3MeHUTCs (opma KpecTooOpa3HOro pe30oHaTopa OTHOCHUTENBbHO W3JIYYEHHS W,

ciefoBaTeNbHo, crektp npomnyckanus (Pucynok 3.3 (0)). Kpome Toro, yem Oosblire
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yroJi majieHus (yroa u3MepsieTcss 0T HOpMallv K MJIOCKOCTH), TeM 00JIbllie T0OPOTHOCTD

N TCM HHIKC PC30HAHCHAA 4aCTOTaA.

(a) (6)

| ] |
0,12 0,14 0,16 0,18 01 0,2 0,3
Yacrora, TI'1g Yacrora, TI'ng

Pucynok 3.3 — CriekTpbl MPOMYyCKaHUs SKCIIEPUMEHTATILHOTO 00pa3lia, MOJTyYEeHHbIC B
3aBHCHUMOCTH OT () yIjia MajeHus U3aydeHUs Ha MI0cKocTh (huibTpa: 60° (1), 45° (2),

30° ( 3), 0° ( 4); (0) yrita moBopota B tiockocTH ¢uisTpa: 0° (1), 30° (2), 60° (3)
3.4 BeiBoawl no I'1aBe 3

bein pa3paboTaH W W3TOTOBJICH MEXaHWYECKH YIPABIACMBIA TepareprioBbIid
GbuIBTP, € BO3MOXXHOCTBIO TMEPEKIIOUCHHUS] MEXKIYy YETHIPbMSI PE30HAHCHBIMHU
gacToTaMu. ['eomeTpudeckre mapaMeTpbl KpecTOOOpa3HBIX PE30HATOPOB (DHIBTPOB
pacCUMTaHbl JJIsl YETBIPEX YacTOT, Jexamux B auamna3zone 0,1-0,4 TI'u. Ha ocHoBanun
JTAHHBIX, PACCYUTAHHBIX METOJIOM KOHEUHbIX d1eMeHToB B Comsol Multiphysics, 6b111
MOJIYYCHBI CIIEKTPBI TPOITYCKaHMsI TOJOCOBBIX (uiabTpoB. Ha ocHoBe wmomenu
K0J1e0aTeIbHOTO KOHTYpa TMOCTPOCHBI aHATUTHYCCKUE CIEKTphl mporryckanus. [locie
pacdeTra eMKOCTH W MHAYKTHBHOCTH JUIsl OJHOTO (PYIIBTpa M UX JIMHEWHOTO U3MECHEHHS
OTHOCUTEIHHO PE30HAHCHOW YacTOTHI OBUIM TOCTPOCHBI CHEKTPHI APYTHX (PHIBTPOB,

KOTOpPBIC MOI'YT 3HAYUTCIIbBHO COKOHOMHUTHL BPEMs II0 CPABHCHHUIO C YHMCIICHHBIM
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MOJICTTMPOBAaHUEM. DKCIIEPUMEHTANIBHBIN o0pasen (¢uiabTpa ObLT HM3TOTOBIEH MyTEM
NpsSMOM  JITa3epHOM aOJIAIMU  METAJTU3UPOBAHHON TONMMEPHON TUIeHKH. DuibTp
COCTOHT M3 YETHIPEX YaCTeH C Pa3IUYHBIMU pa3MepaMu KpeCcTOOOpa3HbIX pe30HATOPOB,
410 00eCneYnBaeT MEXaHMUECKOE YIPaBIECHUE PE30HAHCHONW YyacTOTOM npomyckanus. C
IOMOUIbI0 HMMITYJIbCHOM TeparepruoBOi CHEKTPOCKONMM OBLIM IOJIYYEHBl CIEKTPbI
npornyckanus. [lokazaHo, 4To ko3¢ duumeHT nponyckaHus (uiIbTpa COCTaBIseT 82—
91%. Pe3ynpTaThl 3KCHEpPUMEHTa XOPOILIO COIJIACYIOTCA C AHAIUTUYECKUM U
YHUCIIEHHBIM MOJICTUPOBAHUEM.

W3ydyeHo BiusHHE BpamieHUs oOpasla B IUIOCKOCTH (UIBTpAa Ha CHEKTP
nponyckanus. [Ipu Takoil TEXHOJOTMU U3TOTOBJIEHMS CIIEKTP OCTAETCS MPAKTHUYECKU
HeM3MeHHbIM. OJHAKO €cld M3MEHUTh YroJl TaJCHHUS W3IyYeHHs Ha IUIOCKOCTb
¢uibTpa, CHEKTP CYLIECTBEHHO M3MEHHUTCS, U C YBEJIMYEHUEM YIJIa PE30HAHCHAs
4acToTa MPOITyCKaHUSI CMECTUTCS B CTOPOHY OoJjiee HHU3KUX YacTOT, a JOOPOTHOCTH

BO3pACTET.
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I'naBa 4 YunpagjieHue ONTUHYECKUMHU CBOMCTBAMU

YIJIEPOAHBIX HAHOTPYOOK

TepareprioBeie TEXHOJIOTHH B HACTOSIIEEC BPEMsI HCHBITHIBAIOT YBEIMUYCHUE
aKaJeMUYecKoro © mpombinuieHHoro wuHTepeca [139]. Pa3paboTka OCHOBHBIX
KOMMNOHEHTOB B auamna3zoHe yactor 0,1-1,0 TI'u HeoOxoauma ajisi MIKUPOKOTO CIEKTpa
MPWIOKEHUHN, TaKWX KaK TEICKOMMYHHKAIIMW, PaJapbl M CHCTEMBI BHU3yaJIH3alIluH,
CIIEKTPOCKOIUS MaTePHAIOB M MEIUIIMHCKIE BU3yaau3alys 1 auarHoctuka [140-144].
B ToM umcie nOMPICKTPUYECKHWE BOJHOBOABI W, B YACTHOCTH, JWAJICKTPUUICCKUE
cTep>kHeBble BOTHOBOJBI ([ICB) ABIsOTCS OHOM M3 MEPCHEKTUBHBIX IUIATHOPM IS
TeparepioBoil snexkTpoHuku [145]. B udacTtHOCTH, pa3paboTaHHBIE M HU3TOTOBJICHHBIC
dazoBpamaTeny, YCHUIUTEIH, AaKTUBHBIE M TIACCUBHBIE AHTEHHBI M JJICKTPUUYECKH
yIpaBisSseMble  aTTCHIOATOPHI  y)Ke ObulM  TpojaeMoHcTpupoBanbl  [146-150].
JIMdIeKTprYeCcKre BOTHOBOJIBI TTOKA3BIBAIOT 3HAYNUTEIHLHOE yYMEHBIIICHUE TOTEPh MpHU
pacmpocTpaHEHUHU IO CPABHEHUIO CO CTaHJAPTHBIMU METAJUIMYECKMMHU BOJIHOBOJAMU
[151,152]. Eme oauuMm mnpumMeyaTenbHbiM cBoiictBoM JICB sBisercs 1O, 4YTO
TIOJTYITPOBOTHUKOBBIC TTPUOOPHI, TAaKWE Kak Auoa ['aHHA WM TaBUHHO-TIPOJICTHBIN JHO/,
CMECHUTENH U JIETEKTOPBI, MOAYJSTOPHl U T€HEPATOPHI MOTYT OBITh MHTETPUPOBAHBI Ha
MOJIYIIPOBOTHUKOBOM ~ BostHOBOAe [153,154]. Kpome Toro, audlIeKTpUYeCKUE
BOJTHOBOJIbI HE HMEIOT YacTOTy OTCEYKH, 4YTO TO3BOJIIET UM paboTath B
CBEPXIIMPOKONOIOCHOM Auama3zone vactoT [155]. JICB sBisercs OTKpPBITOH, T. €.
HEMETAJUINYECKON HDKPAaHMPOBAHHOW BOJHOBOIAHOM CHUCTEMOW, Ha KOTOPYK) MOKHO
BO3/ICICTBOBATh BHEIIHUMH JJICKTPOMATHUTHBIMU TIOJSIMH, BKJIIOUas cBeT. Kak
CJIC/ICTBHE, TOKPHIB CTEHKY BOJHOBOJA CJIOEM C IEPEMEHHBIM COIMPOTHBICHHUEM,
MIOCTOSTHHAS pacIIPOCTPAHCHUSI MOKET OBITh TMHAMHUYECKH HacTpoeHa. OIHO U3 TIEPBBIX
MPUMEHEHUN ONTHUYECKU YMPaBIsAeMbIX (Da3zoBpaiarencii Ha OCHOBE T€HEPUPYEMOTO
1a3MeHHoro c¢iiosi B kpeMHueBbix JICB coobmaercs B ctatbe nipod. Jlu [156].

Martepuainsl ¢ 3JIEKTPUYSCKHA W/UITH ONITHYECKH MePECTPanBacMbIMU CBOHCTBAMH,

TAaKHC KaK ITIOBCPXHOCTHU C OOIBIINM UMIICAaHCOM, TaKUM 06pa30M, HUMCIOT MHOZKCCTBO
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NPUMEHEHUH, TaKUX Kak (as3oBpamiaTeny, aTTEHIOATOPhl M YINpaBisieMble AHTEHHBI
[157,158]. OmHako CymIECTBYIOIIME MaTepUabl C MEPECTPAUBACMBIM HMIICIAHCOM
OOBIYHO C CEPHbE3HBIMU MOTEPSIMHU /IS MUJUTMMETPOBOTO JIMana3oHa JUIMH BojHa U Tl
yacToTHOro juamazonHa [159]. Takum oOpa3oM, HOBble HaHOMATEpHAlbl M
MeTaMarepuanbl MOAPOOHO U3Y4YeHBbl, W OBUIO TOKa3aHO, 4YTO OHHU OO0JaJal0T
NPUBJICKATCIFHBIMU  DJICKTPOHHBIMH M ONTOAJIEKTPOHHBIMU  cBoiicTBamu  [160].
Hampumep, ciou oaHOCTEHHBIX yriepoaHbix HaHoTpyOok (OCYHT) Obutn
WCITOJI30BAHBI JIJII ONTHYECKH YIpaBisieMbix ¢azoBpamiatenei [161,162]. IIpocroTa
ocaxnaeHuss OCYHT Ha mupokuil IWama3zoH MOMJIOKEK MOAXOAUT I YCTPOWCTB C
OOMBIION MJIOLIAAbI0 MOBEPXHOCTH, HAaNpUMEp A H3TOTOBJICHUS IMOBEPXHOCTHBIX
MOKPBITHH OTpa)KaTeliel, IOTJIOTUTENICH, MaTpHUIl JaTYMKOB W aHTeHH [163, 164].
Komnonentsl Ha ocHoBe OCYHT Ttaxke MOryT ObITh MHTEIPUPOBAHBI C 3JIEMEHTAMHU
autennsl JICB s npumenenus B ympaBienun Tl wm3nydenuem  [165].
Xapakrepuctuku pacnpocrpanenus JICB, ¢ nanecéanpivu OCYHT Ha noamoxke u3
nosudyTHieHTepedranara (I19T) OblIM M3yueHbl TEOPETUUYECKU U IKCIEPUMEHTAIBHO
[166]. beuto moka3aHo, 4TO MOTEPHU MPH PACIPOCTPAHCHUN YMEHBIIAIOTCS B TUAITA30HE
75-320 I'Tu uz-3a OeicTporo ymenslnenus npoBoaumoctu cioss OCYHT ¢ gactoroit
[166]. Opnako mepectparBaeMocTh audsiekTpuueckux cBoiictB OCYHT B TI'n
JMarna3oHe dYacTOT emle He TMOATBepXKACHAa WM OrpaHWYeHa CTaTHYeCKOH
XapaKTepUCTUKOW B BUJE U3MEPEHUN (POTOTOKA B KaUECTBE OTKJIMKA JJISi ONTUYECKOTO
u TI'n ocBemenus [167, 168].

B »T0i1 r11aBe ObLIM SKciepuMeHTalnbHO uccaeaoBansl cion OCYHT B mmupokom
nuanaszone TT'1p yacToT pa3HbIMU METOJaMU, C IEIbI0 UX MHTErpallii Ha MOBEPXHOCTH
C TepecTpanBaeMbIM HMIICIAaHCOM [Isl TPUMEHEHUH B TepareploBoil (oTOHHKeE.
Pe3ynbrathl, IpeacTaBiICHHbIE 3/1€Ch, BKIIOUAIOT B C€0sl XapaKTePUCTUKHU, MOTYUSHHbIE
C TMOMOUIIPIO CKAHUPYIOLIEW AJIEKTPOHHOM  MHUKPOCKOIMH, MNPOCBECUHUBAIOMIEH
aneKTpoHHON Mukpockonuu (IITOM), ontuueckoi criekTpockonuu B auamnasone 200-—
2500 HM &O7TWUH BOJIH M TEPareplioBOd CHEKTPOCKOMHH BO BPEMEHHOW 00JIacTh B
nuanazone yactor 0,2—1 TI'm. Takxe Obuta mpemioxkeHa KOHCTPYKIUS ONTHYECKU

yIOpaBisieMoro TeparepioBoro ¢asoppamarenss Ha ocHoBe JICB HarpyxeHHOro Ha
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OCVYHT. VYcrpoiicTBa oxapakTepu30BaHbl HM3MEPEHHUSIMH S-MIapaMETPOB BEKTOPHOTO
aHajgu3aTopa cetei B auarnaszone yactor 75-500 I'Tu. B Teyenue mccrnenoBanus Oblia
MpoJIeMOHCTpUpoBaHa yMecTHOCTh mnpumeHeHus OCYHT pns ux wuHTerpanuu B
KauecTBE HAaCTPauBaEMbIX UMIIEIAHCHBIX TOBEPXHOCTEN [JIsl TeparepiuoBoil (POTOHUKHU.
[TpoBOIMMOCTH TOHKUX CJIO€B YIIEPOJHBIX HAHOTPYOOK MOMXHO ONTHUMH3UPOBATH IS
YMEHBIIICHUSI UHAYIIUPOBAHHBIX MOTEPh MNP PACIIPOCTPAHEHUU U CBETOBOE OCBEILICHHE
MOKET OBITh HCIOJIb30BAHO [JIi WM3MEHEHUS WX KOMIUIEKCHON JUAJIEKTPUUYECKOU

IMPOHNIACMOCTH.

4.1 Uccaenyembie 00pa3ibl yriiepoIHbIX HAHOTPYOOK

Yraepoauble  HAHOTPYOKM  OBLIM  CHHTE3UPOBAHBI MYTEM  XHUMHUYECKOTO
OCaXKIICHUS W3 Ta30BOH (as3bl, C TOYHBIM KOHTPOJIEM HX Mopdosorun, GopMUpOBaHUS
cBs130K W ToJmuHbl ciost [169]. Croco6 mpousBoactBa OCYHT B aspozonsHO# (daze

no3BoJister noiydath OCYHT ¢ oueHb BeicOKMM KauecTBoM [170].

(a) (B

o
o

o
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ITornouesHne

o
N

(=]

500 1000 1500 2000 2500
JUmiHA BOHBI, HM

Pucynox 4.1 — Xapakrepucrtuka Tonkux cioeB OCYHT: (a) ciekTp onTu4eckoro
nornomenus oopazia OCYHT; (6) COM-uzobpaxenue OCYHT; (B) [IOM-
n3obpaxxenne OCYHT

CrnexTp mormomieHust 00pasiia, MOArOTOBICHHOTO METOJ0OM CYyXOTO TMEepeHoca Ha
KBapIlEBYIO MOJUIOKKY, TokazaH Ha Pucynke 4.1 (a). HaOmiomarorcs, mpucymme
YTIEPOIHBIM HAaHOTPYOKaM: T-TUTa3MOHHBINA TTHK (~260 HM) OT SP, THOPUAM30BAHHBIX
CBSI3€d, MUK S;; 3a CYET MEPBOTO DJIEKTPOHHOTO TEepexoia B MOJYIMPOBOTHUKOBBIX
OCVYHT wu nuk Mj; u3-3a niepBbix nepexoaoB B metaumyeckux OCYHT. Ucxons us

9TUX PEC3YJIbTATOB, ANAMCTP HaHOTp}I6KI/I, INIOTHOCTH U TOJINIUHY CJIOSA MOKHO OLICHUTDH
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B cootBeTcTBHH C [171]. Cpennue quamerpsr ucciieayeMbix oopasios OCYHT 1,0-2,0
HM OBLIM pacCUYMTaHbI 10 IMOJIOKECHHIO MHKa Si; coracHo rpaduky Karayper [172].
Tonmmunsl cnoeB OCYHT onpeaensivch U3 ONTHUYECKOTO TMOIJIONIEHUS HA JIJIMHE
BoiaHbl 488 um [179]. Hdmuna OVYHT O6puta Bu3yanusupoBaHa C IOMOIIBIO
MPOCBEUMBAIOLIEH DJIEKTPOHHOM MMKPOCKONHM, a paclpeieieHuss JIMH ObLIU
U3MEpPEeHBl C HCIIOJIb30BaHWEM aHaim3a u3oOpaxeHuit. Ha Pucynke 4.1 (0) m (B)
MOKa3aHbl COOTBETCTBEHHO H300pa’KEHUE, MOJYYEHHOE C TOMOIIbI0 CKaHUPYIOUIEH
ANEKTPOHHON Mukpockonuu, CcTpykrypel OCYHT Ha KBapueBoll NOMJIOXKKE H
U300pakKeHne, TMOJYYeHHOE C  [OMOIINBI0  MPOCBEYMBAIONMIEH  SJICKTPOHHOMU
MHUKPOCKOIIHH, OTICIBHBIX HAaHOTPYOOK. Bbicokoe oTHorienue uHTeHcuBHOCTeH G/D
(D-nuk accomumpyercs ¢ AeGeKTaMu B CTPYKType HAaHOTPYOKH, yeM Ooubiie 1e(eKToB
B CTPYKType — TeM 0ojiee MHTEHCUBHBINA MUK. G-TIMK OTHOCUTCS K TaHTeHIIMAIbHBIM C-
C BaJeHTHBIM KOJEOAHHMSIM) B CHEKTpax KOMOWHAIIMOHHOTO PpACCESHUsSI, IIUPOKO
ucnone3yemble s oueHku kadectBa OCYHT mo3BossieT mpeamnosIoKUTh YTO BECh
yrinepon BkiatoueH B pemietky OCYHT [171,173]. Cnou OCYHT Obuin HaHECCHBI
MyTEeM CYXOro MepeHoca W3 HUTPOIEIUIIONO03HOTO (QuibTpa Ha oOpa3iel. PazmudHble
oOpasibl BKIIOYAIU KBApIIEBbIC TMOIOKKH C 30JI0TBIMH KOHTAKTHBIMHU JJIEKTPOJAMH,

cangupossiMu JICB u nonurerpadropatuneHoBsiMu (IITDID) moanoxkamu.

4.2 BausiHue reoMeTpHUYeCcKUX MapaMeTPoB ¢JI0sl YIJIEPOJAHbIX HAHOTPYOOK Ha MX
ONTHYECKHE CBOWCTBA B TePArepioBoM IMana3oHe 4acToT

[Tepen Tem Kak nccaea0BaTh BIMSHUE ONITHYECKOTO BO30OYXICHHUS HA ONITHYCCKUEC
CBOMCTBA YIJIEPOJAHBIX HAHOTPYOOK, OBLIO MPOBEACHO HCCIASIOBAHUE BIIUSHUS
TCOMETPUYCCKUX IMapaMETPOB CJIOSI YTIEPOJIHBIX HAHOTPYOOK HA €ro ONTHYECKUE
napameTpsl. beutn uccienoBansl Tpu Habopa obpasmoB OCYHT: (1) amuaa OCYHT:
20-40 mxm, muamerp OCYHT: 1,0-1,3 um, Tommmua ciaos OCYHT: 1323 um; (2) nouHa
OCVYHT: 20 mxm, muamerp OCYHT: 1,5-2,0 M, Tommuna ciiost OCYHT: 1647 uwm; (3)
nnmana OCYHT: 10-15 mxm, nauamerp OCYHT: 1,3-1,5 um, tonmuna cinos OCYHT:
606,8 HM. Jlng 0o0pa3lioB ¢ HAHOTPYOKaMH pa3IudHOM JIMHBI OBUIM TOJYYEHBI

JTUCTICPCUU JICHCTBUTEILHOM M MHUMOM vactu mpoBoaumMoctu (Pucynok 4.2 (a), (0));
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(Pucynok 4.4 (a), (6)). MeToa moaydyeHus: TUCIIEPCHH KOMILICKCHOM MPOBOJUMOCTH U
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JTUAJIEKTPUYECKON MPOHUIIaeMOCTH onucaH B Pazzaene 4.4.

Pucynok 4.2 — Jlucniepcust AeicTBUTENbHOM (a) 1 MHUMOM (0) 9YacTH KOMIUIEKCHOU

[DeiicTBUTenbHas YacTs
yAensHoit nposogumocTti, Om'm™!

yAelbHOU TpoBoauMocTH npu pasubix jiuHax OCYHT: (1) oOpasel — yepHas TuHUS;

[eiicTBUTENbHAN YacTb NPOBOAMMOCTH, MOM™!

1 L
02 03 04 05 06 07 08 09

= T — T T— T T
f 1=20-40 mkm,d=1.0-1.3 m,th=1323 Hm

B 1=20 mxkm,  d=1.5-2.0 Hm,th=1647 um f

}'—I=10-15 MkM,d=1.3-1.5 Hm,th=606.8 Hm,

Yacrora, Tly

(a)

MHumas yacTb nposoagumocTi, MOm™”

T T T T T

1=20-40 mMkm,d=1.0-1.3 Hm,th=1323 Hm
1=20 Mkm,  d=1.5-2.0 Hm,th=1647 Hm
—1=10-15 mkm,d=1.3-1.5 Hm,th=606.8 Hm

0,2 03 0,

4 05 06 07 08
YacroTa, Tly

(6)

09

npoBoauMOCTH TipH pasHbix JmHax OCYHT: (1) o6paser — uepHas auHus; (2)

Pucynox 4.3 — Jluctiepcust AeiicTBUTENBHOM (a) 1 MHUMOM (0) YaCTH KOMITJICKCHOMN

14000

12000 [=—=1=10-15 mkm,d=1.3-1.5 um,th=606.8 Hm

10000 //
8000 /—/—-

6000 B

4000 B

2000 s

0 1 1 L 1 1 1

oOpaserr - kpacHast JiuHus; (3) oOpaszell - CUHUS JTMHUS

T T T T
1=20-40 mim,d=1.0-1.3 Hm,th=1323 Hm
1=20 mkm,  d=1.5-2.0 Hm,th=1647 Hm

0,2 03 0,4 05 06 07 0,8 09
Yacrora, Tly

(a)

MHuMasn 4acTb
yaensHoi nposogumocTti, Om'm™!

2000

1000

-1000

-2000

-3000

-4000

-5000

T
—=2040m
e |=20 MM,
——I=10-15m

T T T T

K,d=1.0-1.3 Hwt,th=1323 Hm |
d=1.5-2.0 Hm,th=1647 um

KkM,d=1.3-1.5 Hm,th=606.8 Hm

03

. .
0.4 0,5 0,6 0,7 08
YactoTa, Tly

(0)

(2) obpasen - kpacHast muHUS; (3) oOpaselr - CHHUS JTUHUS

0.9
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T T T T T — 1000 T T T T T T
140 12040 MKkM,d=1.0-1.3 HM,th=1323 Hm [ |——1=20-40 mkm,d=1.0-1.3 Hm,th=1323 Hm

b 1220 MM,  d=1.5-2.0 Hm,th=1647 Hm 900 - 1220 kM, d=1.5-2.0 HM,th=1647 Hm [T
120 |- f=——1=10-15 mMkm,d=1.3-1.5 HM,th=606.8 HM 1=10-15 mkm,d=1.3-1.5 Hm,th=606.8 Hm|

MHumMas yacTb
AVN3NEKTPUYECKON NPOHNLIGEMOCTH

[ewcTBuTenbHas YacTb
AV3NEKTPUYECKON NPOHULIAEMOCTH

62 03 04 05 06 07 08 08 02 03 04 05 06 07 08 09
Yacrota, Tly Yacrorta. Tlu

(a) (0)

Pucynok 4.4 — Jlucnepcust 1edcTBUTEIBHOM (a) 1 MHUMOH (0) YaCTH KOMIUIEKCHOM
TUAJIEKTPUYECKON mpoHuIiaeMocT ipu pasubix anuHax OCYHT: (1) oOpazer; — uepHas

nmuHus; (2) obpaszer - kpacHas nuHus; (3) oOpaser] - CUHUSI JIMHUS

[To rpaduxam BumHo, uto c¢ yBenuuenuem anuHbl OCYHT yBenuuuBaercs
NEeUCTBUTENbHAS 4YacTh KoMruiekcHOW mpoBoaumocTtu ciogs OCYHT wu naGmromaercs
oOpaTrHasi 3aBUCUMOCTbD JIJII MHUMOM 9acTH KOMIUIEKCHOU mpoBoguMocTtu ciioss OCYHT
(Pucynok 4.2 (a), (0), Pucynox 4.3 (a), (0)). [eiicTBuTenbHAsT W MHHMAas 4YacTH
KOMIUIEKCHOM nuanieKkTpudeckor npoHunaemoctu ciost OCYHT Takxke yBeInynuBaroTCs
¢ yeanuenueM auuasl OCYHT, uro xopoiiro 3ametHo Ha Pucynke 4.4 (a), (0).

Ha onTuueckue cBOWCTBA MaccuBa YIJEPOJHBIX HAHOTPYOOK BIHSIET Psia
dbakTopoB Takux Kak: MOpQOJIOTHS  HAHOTPYOOK  (KHUPAJIBHOCTH), TPHUMECH
METaJUIMYECKUX  HAaHOTPYOOK.  OCIHWUIALMOHHBIA  XapakTep  AUDIEKTPUYECKOU
MIPOHUIIAEMOCTH BbI3BaH UHTEp(dEepeHMeN Ha TONHUHE CTPYKTYphl (3 dhexTtom Dadpu-

[epo).

4.3 N3mepeHue UMIIETAHCA YIJIEPOAHBIX HAHOTPYOOK

JIns  Toro  4YtoObl  MPOJAEMOHCTPUPOBATH  ONTHYECKOE  YIIPaBIICHUE
TURJIEKTpUUecKor mporuiiaeMoctbio ciios OCYHT, Ob110 BBITTOTHEHO CHaYajia IMpsiMoe
U3MEpeHue wuMIlenanca Ha Hu3kux dacrorax. Cmoir OCYHT Obul HaHeceH Ha
KBapLEBYIO MOJIOXKKY C JBYMS MapajuieIbHBIMU 30JI0TBIMU 3JIEKTPOJIAMU M OCBEIAJICS

Ja3epoM C JUTMHOW BOJHBI 532 HM, Kak MOKa3aHO Ha cxeme Ha Pucynke 4.5 (a).
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H3mepsiemasi eMKOCTh M CONPOTHBIICHHE OOpaslia YMEHBIIAINCh TPH ITUKINICCKOM
ocemenun (Pucynok 4.5 (0)). Habmromaemoe mM3MEHEHHE DJIEKTPUYCCKON EMKOCTH
coctaBisieT okoyio 10%, B TO Bpemsi Kak M3MEHEHHUE COTPOTHUBIICHUS COCTABIISICT MEHEE
0,2%. DT u3MepeHus: MO3BOJISIIOT MPEAINOI0XKUTh, YTO HACTPOMKA UAIEKTPUUIECKOM
MIPOHUIIAEMOCTHU 00JIee YyBCTBUTENbHA K CBETY, YEM K MPOBOJAUMOCTH.

(a) (6) oo BKJT BKJI 1088

D Herowsnx ceera
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Bpema, ¢

Pucynok 4.5 — (a) CxemaTuueckoe n300pakeHHe YCTAHOBKHM H3MEPEHUS UMITEAaHCA
cinost OCYHT nHa kBap1ieBo# MOI0OKKE IIPH OCBEIICHUN CBETOM; (0) U3MEpEHHOE

BJIMSTHUE [IUKJIMYECKOTO OCBEIIEHUS HA EMKOCTh U conpoTuBiieHue ciost OCYHT

4.4 TT'y uMIyIbCHAsI CHEKTPOCKONUS YIJIEPOAHBIX HAHOTPYOOK

UtoOb1 MCCIIEI0BATh ONTUYECKOE yIIpaBJIEHUE TADJICKTPUYECKON
nponunaemMoctbto OCYHT B MmHMpPOKOM 4YacTOTHOM JMamna3oHe, Oblla MpPUMEHEHa
TeparepiioBas  CIIEKTPOCKONUs BO BpeMeHHOM oOmactu  (ummynbcHas TIn
cnekrpockonusi, WTC). WUTC sBasercs MOLIHBIM HWHCTPYMEHTOM, AaKTUBHO
paspabateiBaeMoro ¢ 1990-x romoB, Jjig U3MEPEHUS KOMIUIEKCHBIX TUAICKTPUUYECKUX
CBOMCTB Pa3JIMYHBIX MATEPUATIOB (IMIJICKTPUYECKAss MPOHUIIAEMOCTb, MPOBOJIUMOCTD,
MarHMTHas MIPOHUIIAEMOCTD U MOKa3aTelb IPEIOMIICHUS).

NTC ocHOBaHa Ha reHepaluy U JETEKTUPOBAHUU CBEPXKOPOTKUX KOTE€PEHTHBIX
UMITYJIbCOB M METOJIC  BPEMEHHOTO  CTPOOMPOBAHUS TIPU  HCMOJb30BAHUU
unppakpacuoro (MK) demrocexkynanoro mazepa. KomruiekcHash audieKTpuueckas
MIPOHUIIAEMOCTh MaTeprania MOXET ObITh BBIYKCIICHA U3 U3MEPEHHBIX aMIUUTY U (a3
KOMIUIEKCHBIX aMIUIUTYJ 3JeKTpudeckoro nosisi T’ uMmysnbCoOB MPOIIEAIINX 4Yepe3
OTIOPHBIA MaTepuasl (C WM3BECTHHIMA ONTHUYECKUMH CBOWCTBAMH) U OOBEKTHBIN

MaTepHal (C HeM3BECTHBIMU ONTUYECKUMU CBoWcTBaMu)[174]. [TpuHimnuansHas cxema
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yctaHoBkH TI'II UMITyJILCHOTO CIIEKTpoMeTpa Mmokazana Ha Pucynke 4.6 (a) [175,176].
UK demTOoCceKyHIHBIN Ta3epHbI UMITYJIbC ObUT pa3/ielieH Ha JIBa JIy4a B COOTHOILICHUU
1:9. «3onaupyrommii my4ok» coxaepxkan 10% suepruu, a «mydok Hakaukm»- 90%.
['enepanus TT'i curnana ocymectBisiach 3a cuet gpororddexra Ipmbepa B Kpucrauie
InAs B marautHoMm mojie 2 T. I[locne mpoxoxaenust dyepe3 UK ¢unstp TI'm mydoxk
nomaman Ha oOpaszern. Jlerekrop mnpencraBmser coboit kpuctaur CdTe. Korma
dbemtocexkyHaHbIN 30HAupYomKi MK nydok u Tl u3nydeHne mamarT Ha KpUCTaILI
CdTe omnoBpeMeHnHo, TI'm WMMIyIbC BBI3BIBAET B HEM JBYJIy4YeIpPEIOMIICHUE H3-3a
apdexra Ilokkenbca, HpU 3TOM ABYIYUEHPEIOMIICHHE MPAMOIPONOPIUOHAIBHO
HaIPSKEHHOCTH 3eKTpudeckoro noiist TT'n BonHbl. C MOMOIIBIO 31EKTPOONTHYECKOTO
CTPOOUPOBAHUS PETUCTPUPOBATUCH BpeMeHHbIE (popMbl TI'II UMITYJIHCOB MPOIISAIINX
gyepe3 MojyIokKy (omopHbii curHan) u ciaoit OCYHT nHa mommoxke (0OBEKTHBIM
curnan). JnurensHocts TT11 uMIynbca cocrasisiia 2,7 nc, MomHocTh 111 usinydyeHus
10 1 mxBT. C nomonisto Obictporo @ypse-npeodpazoBaHus MOIyYaIUCh KOMILUIEKCHBIE

aMIUTATYAbI curHasioB. Pabounii yactotueiit auanazon UTC: 0,2—1,0 TI'.

C) (6)
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Pucynok 4.6 — Xapakrepuctuka OCYHT c nomomsto UTC: (a) cxematuueckoe
uzo0paxenue ycranopku MUTC. Ch - ontuueckuii npepeiBarens, InAs - TI' rereparop
(xkpuctait InAs B MarautHOM 110j1e 2 To1), G - npusma ['nana, CdTe - HenuHeHHbI#H

KpucTai, A/2 u A4 — nony- 1 4eTBEPTHBOJIHOBa MIacTUHBI, W - npu3ma Boinactona;
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(0) n3MeHeHne MIKOBOW aMILTUTYAbI m3MepeHHoro TI'1] curHana Bo BKIFOYEHHOM U
BBIKITIOUEHHOM COCTOSIHUSIX OcBenieHus. BeraBka - oguHounbtit T mmmysibe; (B, T)
JNEHUCTBUTENbHAS U MHUMAsl YaCTU KOMILJIEKCHON AUAJIEKTPUYECKON TPOHUIIAEMOCTH
obopaszna OCYHT (mmuua OCYHT 15 mxm, nuamerp OCYHT 1,3-2,0 HM, ToIIMHA

cinost OYHT 55 um), nonydernsie metogom UTC

B ycranoBke oOpasel Takke OCBEHIACs Ja3epoM B HEMPEPHIBHOM pEXUME Ha

uHe BOJMHBI 980 HM C MOIIHOCTBIO ONTHUYECKOTO BO30OYKIEHUs Bapbupyemoil oT 1
2

MBT 1o 2 Bt. O6nacte 06iyueHust Obuta nopsigka 4 cm”. KommiekcHast mpoBOJUMOCTD

OCVYHT (6;y7) Obuta omydena u3 BpeMeHHbIX ¢popM TI ' UMITyTECOB, M3MEPEHHBIX HA

nponyckanue[177]:
. 1 Eo(f)
6ent () =Z_0(nsub+1) E(f) -1, (4.1)
rne Z, — UMIENaHC CBOOOJHOTO TIPOCTPAHCTBA, f — YaCTOTa, Ngyp

KOMIIIEKCHBIH TMoKa3aTens npenomuenns nomioxkkn, E(f) u Ey(f) — komIuiekcHsie
aMILTUTYAbI ipeoOpazoBanus Oypbe TI't uMnysIbcoB mporueamux uepes ciod OCYHT
Ha Te(JIOHOBOH TMOMJIOXKKE M d4epe3 TE(PIOHOBYIO MMOMIOXKKY  OTIACIBHO,
CcOOTBETCTBEHHO. KoMmrekcHass nuanekrpuueckas nponurnaeMocts cioss OCYHT
(écnT) BBIpOXKaeTes kak [178]:

i6cnr ()
2nfegdeny’

TJIe £y — MUPJICKTPUYECKas MPOHUIIAEMOCTh CBOOOJHOTO MPOCTPAHCTBA, d oyt —

Eent(f) =1+ (4.2)

tomuHa cios OCYHT (doyr = 55 HM, BBIUMCJICHHAS W3 ONTHYSCKOTO IMOTJIOMICHUS
Ha 550 uMm [179]).

[TukoBbIC aMILIMTYABI A€TEKTUPOBAHHBIX TI'II MMIYJIbCOB OBLIM 3alKMCaHbl Kak
(GyHKIHMS OT OCBeleHus oOpasna (TMoKka3aHo BO BioKeHHMM Ha Pucynke 4.6 (0)).
Cpennee BO3pacTaHuE aMmIUIMTYAbl B TMPOLIECCE OCBENIIEHUs cocTaBisieT 8%, Kak
nokazaHo Ha Pucynke 4.6 (0). [ymHa BOJHBI BO3OYXICHHUS 3/1€Ch OTIMYACTCS OT
JUTMHBI BOJIHBI J1a3epa, WCIOJIB30BAaHHOTO JUIS MPSMOTO H3MEpPEHHUsS WMIISIaHCa,

COOTBETCTBYIOIIUX Pa3JIMYHBIM 3HAYEHUSIM onThuueckoro noriomenus cnos OCYHT.
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IIpy  OTCyTCTBMM  OCBEILIEHHWs, JEUCTBUTENIbBHAS  YacTb  KOMILIEKCHOM
JUAJIEKTPUUECKONW MTPOHUIIAEMOCTH NMPUHUMAET OTPULIATEIbHbIC 3HAUEHHs] Ha YaCTOTaX
Hwke 0,3 TI'u. bonee Toro, aucnepcus IUAIEKTPUUECKOM TPOHUIIAEMOCTH TTOKA3bIBAET
PE30HaHCHOE TMOBEJEHUE, YTO O3HAYAET, YTO MPOBOJMMOCTh HE MOXKET OBbITh ONMUCaHa
npoctoit monensio pyne. Bzamen monenu [pyne, MoxkeT ObITh MpUMEHEHA MOJIETh
Hpyne-Jlopennia B komOmHanmu ¢ Teopued MakcBemna-I'apuerra [180]. Tlox
BO3JICUCTBUEM OCBEIICHUS JCHCTBUTEIbHAS YacTh KOMIUIEKCHOW AMAJIEKTPUUYECKON
MPOHUIIAEMOCTH BO3pPACTa€T, B TO BpPEeMs KaK MHHUMAas 4YacTh YMEHBIIAETCS, MPHU
YBEIMYHUBAIONTUXCS HHTeHCUBHOCTAX ocBemenus 0,312; 0,47 u 0,7 Br/cm?’. UsMeHeHne
JUDJICKTPUUECKOM  MPOHUIIAEMOCTH TMPU  OCBEUICHUU OOBSCHSETCS  ONTUYECKU
UHIYIIUPYEMOH TOJSpU3aIeld yriaepoaHbix HaHOTpYyOOok [181] w  aiekTpoHHBIX
nepexogax MexIy cUHTyspHocTaMu Ban XoBa. UToObl moaTBepAauTh 3TOT 3DPEKT,
HEO0OXOIMMBI TaJIbHEUIITNE CUCTEMAaTHUYECKUE UCCIIECOBAaHUS TApaMETPOB OCBEIICHUS U
tunoB OCYHT, Takux Kak JjuHA, TAAMETP, KUPAIBHOCTh U TOJIIMHA CIOs. TemM He
MeHee, B HacTosIIee BpeMs HabJto1aeTcsa 3HAaUUTENbHAs MEePEeCcTPOKa B UCCIEAYEMOM
YaCTOTHOM Juamna3zoHe. BeposTHO 3TOT 3¢Q(}EeKT MOJyduT MPUMEHEHHE B HOBBIX

TEPArepLOBBIX U ONTOIEKTPOHHBIX YCTPOMUCTBAX.

4.5 TT'u HenpepbIBHAS CHIEKTPOCKONUS YIJIEPOAHBIX HAHOTPYOOK

bruta mpemnokeHa IpakTUUYECKas peanu3auus HACTPOMKH JUBJIEKTPUYECKON
nponuiaemoctd B Tl (a3oBpaimarensx ¢ ONTHYECKUM YIpaBlieHHEeM. TOHKHE CIIOU
OCYHT nHaHOCMINCH HAa CTEHKY AUAJIEKTPUYECKOTO BOJHOBOJIHOIO CTEPKHS, Kak
MOKa3aHO Ha CXeMe KCIEPUMEHTAIbHON ycTaHOBKH Ha Pucynke 4.7(a) u potorpaduu
Ha Pucynke 4.7(0). [TogBecHble KOHUYECKHE CTEPXKHM 3aTeM OBLIM BCTABJICHBI B JIBa
CTAHJAPTHBIX METAUIMYECKUX BOJIHOBOJHBIX TMOpTa. bBbUIM BBIMOJHEHBI TOJIHBIC
JIBYXIIOPTOBBIC U3MEPEHHUS S-TIApaMETPOB C BEKTOPHBIM aHanm3aTopoMm remneit (BAILL) B
nuamnazone yactot 75-500 I'T'u. PesynpraTel uamepennit BALl npuBenens Ha Pucynke
4.7. Cnur amrutyasl, BbI3BaHHbIM ocBenieHueM OCYHT-narpyxennsim JICB,

nokazaH Ha Pucynke 4.7 (B). M3MeneHuss oOpaTHBIX IOTEPh M IOTEPh MPH
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pacnpocTpaHeHuH 11l o0onx 3HaueHuid He mnpesbimaer 0,8 n1b Bo BceM m3MepeHHOM
nuanazoHe 4actoT. OTHOCUTENbHBIA cABUT  (a3bl MEXKIY OCBEIICHHBIM U
HeocBemeHHbIM cocTosinueM ciosi OCYHT mpuBenen Ha Pucysnke 4.7(r).
HabGmrogaeTcss npuOIU3UTENBHO JIMHEWHAST 3aBUCUMOCTh MEXIY CIABUTOM (a3bl U
yactoTtoi.  HacTtpoiika  nuanektpuueckoit — mponunaemoctu  cinos  OCYHT,
pacrionoxkeHHoro Ha  crenke JICB, BbI3bIBa€T  U3MEHEHHE  MOCTOSHHOM
pacmpocTpaHeHus BHYTPH BOJIHOBOJA. VI3MeHeHHast pa3oBast CKOPOCTh MO JIJTMHE CJIOs
OCYHT nposormupyeT (ha30BbIii CABHUT TI0 CPABHEHHUIO C HEOCBEIICHHBIM COCTOSTHUEM.
Mexay TeMm, HW3MEHEHHWE MPOBOAUMOCTH HE3HAUYUTEIBbHO M TOYTH HHUKAKHUX
JOTIOJTHUTENBHBIX TIOTEPh H3-32 HAHOTPYOOK HE OOHAPYKEHO, YTO MOATBEPKIAIOT
u3MepeHus umrnenanca Ha Pucynke 4.5 (0). Bpemennas 3aBucumoctb 3 dekTa
dazoBoro caBura ObUla Takke HU3MepeHa C HacTpoilkoii BAIl Ha HECKOIbKUX

JTUCKpETHBIX yactoTax: 150, 220, 400 u 500 I'T'.
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Pucynox 4.7 — Ilpemnoxennas cxema TI'11 ha3zoBpaiiaTesns Ha OCHOBE ONTHYECKU
ynpasisiemoro ciosgs OCYHT: (a) cxemaTuueckoe n300pakeHUe IBYXIOPTOBOTO
BEKTOPHOT0 aHaym3aropa tenei (BALL) mis u3mepenunii S-napaMeTpos.

JIByxcTopoHHHI cuMMeTpuuHO-KoHnueckuid JICB, Harpyxennsiii cnoem OCYHT,
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MOJIBEPraeTcs BO3ACHCTBUIO Pa3IMYHBIX yCiIoBUi ocBetenus; (6) ¢otorpadus JICB Bo
BpeMsI Ipoliecca u3MepeHus; (B) M3MEPEHHBIN CIIBUT aMIUTHTY/IbI S-TlapamMeTpa u3-3a
ocsemenus ciioss OCYHT; (r) u3mepennsiii (pa30BbIi cIBHT; (J1) HK3MEPEHHOE BITHSIHHC

IUKJIMYECKOT0 OCBEIIeHHs Ha ¢aBUT (pa3 Ha yactoTtax 150; 220; 400; 500 I'T1t

Ocgemenne cnoss OCYHT Owuto mpoBeneHo B 2, 4 u 20 MHUHYTHBIX IUKJIAX
BKJIIOYCHHUSI / BBIKIIIOYCHHS JUIS 3alucu JUHAMHUKU d]dexTa. Pe3ynpraTthl (a3zoBbIX
u3MepeHuil npuBeneHsl Ha Pucynke 4.8 (m). dnuTenbHble CMENICHHS, BbI3BAaHHBIC
CKOpee Bcero KojaeOaHusIMU KOMHATHON TEMIEpaTyphl, ObLTH BBIUTEHBI JISI 00JIETYeHuUs
CpaBHEHHUs Mexay uaMepeHusmu. HaOmoganuck yBenuueHus/yMeHbIIeHUs (asbl MpU
COOTBETCTBYIOIIEM BKIIOYCHHUW/BBIKIIFOUEHUN  OCBEHICHHS. AMIUATYIA (Ha30BOTO
C/IBUra TAK)K€ YBEJIUYMBAETCS C YACTOTOM, UYTO MOJATBEPKIAET ONTHUECKUNA KOHTPOJIb

¢dazoBoro casura.

4.6 BuiBoasbl o I'1aBe 4

DKCNEPUMEHTATIBHO MPOAEMOHCTPUPOBAHO yIIPaBJICHUE JIUCTIEpCUEH
KOMIUJIEKCHOM  JIMRJICKTPUYECKOW  MPOHUIAEMOCTH  OJIHOCIOWHBIX  YIJIEPOJHBIX
HAHOTPYOOK IO CBETOBBIM OCBelIeHHEM. D (HEKT OblI MOKa3aH MPSIMbIM U3MEPEHUEM
MMIIEJJaHCa HAa HU3KOW YacTOTE, a TAKKE M3MEPEHUEM KOMIUICKCHOW JTUAJICKTPUUECKON
MIPOHUIIAEMOCTH B MMUPOKOM nuarazone yactot 0,2-1 T ¢ momoIpio TeparepioBoi
MMIYJIbCHOM CHEKTPOCKONUU. JIUdNEeKTpudecKass IPOHUIAEMOCTh HACTPauBaETCA
Oyarogapsi yYHUKaJIbHBIM ONTHYECKMM TOTJIOMIAIOIIMM  CBOMCTBAM  yTJIEPOJHBIX
HAHOTPYOOK, TaKMX KaK CBETOMHAYIIMPOBAHHOE H3MEHEHHWE mojisipu3anuu. Tem He
MEHEe, JaJTbHEUIINE MCCIENOBAaHUS C U3MEHSIOUMMUCA MapaMeTpaMu OCBEIICHUS U
oopasuamu OCYHT nomksbl OyAyT NOATBEPAUTH Teopuio. DPdekt OblT1 TaKxke
npuMeHeH s KoHCTpykmuu TI'1p ¢azoBpamiareneld Ha OCHOBE JAMAIEKTPUUYECKOTO
CTEP>KHEBOT'0 BOJIHOBO/IAa MIOKPHITOI'O TOHKUMHU CIIOSIMH YTJIEPOJIHBIX HAHOTPYOOK. BbL10
nmokaszaHo, 4To (¢aszoBpamatenn padoTtatoT B amamnazoHe yactor 75-500 [T wuz-3a

U3MEHEHUsl UMIIe/IaHCa CJI0sl YIIIePOJAHbIX HAHOTPYOOK CBETOBOI MmojacBeTkon. DddexT
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YOPaBJIEHUsI KOMIUIEKCHOM JUAIEKTPUYECKOW IIPOHULAEMOCTBIO MPH OCBEIEHHUU
COIPOBOXKIAE€TCS. HU3KMM YPOBHEM IIOTEPH MPHU pacrpocTpaHeHnu BoJb ciost OCYHT
B TaKOW CBEPXIIUPOKON 4acTOTHOM mosioce. J(aHHbI 3 (EeKT OTKPOET HOBBIE MOAXOIbI
JUISL IPOCKTUPOBAHMS M U3TOTOBJICHHS] HOBBIX M KOMIIAKTHBIX TI'I M ONTO3JIEKTPOHHBIX

CUCTEM C HU3KHUM YPOBHCM IIOTCPb.
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I'naBa 5 Pa3pa0doTka onTuyecKu-nepecTpanBaeMbix
PEeKEKTOPHBIX (PUJILTPOB HA OCHOBE METAINOBEPXHOCTH

CO CJI0EM YTIJIEPOJAHBIX HAHOTPYOOK

Bonubl  teparepuioBoro (TI'm) dwactotrHoro amanazona (0,1-10 TI'm),
pacloJIOKEHHBIE MEXKAY MHKPOBOJHOBBIM U HUH(PPAKPACHBIM  CHEKTPAIbHBIMU
uarna3oHaMu, 00IagaloT CIeAYIOIMMU CBOMCTBAMU: HU3Kas SHEPrusl (POTOHOB; ATUHA
BOJIHBI OOJIbIlIE, YEM Yy BHUIUMOTO W HWH(PAKPACHOTO CIEKTPAJIbHBIX JHAMAa30HOB;
CUJIBHOE TMOIJIOMICHUE MOJIEKYJaMH; 4YPE3BbIYAHO BBICOKOE TOTJIOIMIEHUE BOJOU.
brmarogapst stum cBorctBaMm, TI'l u3MydeHHME HMMEIOT MHOXKECTBO NPHUMEHECHHU B
oOnacTsXx OMOMETUIIMHCKOW JuarHocTuku, Tl cucrem O0€30MaCHOCTH, KOHTPOJIS
KadyecTBa MPU MPOU3BOJICTBE OCCIPOBOAHBIX TEICKOMMYHUKAIMOHHBIX CUCTEM U T. [I.
[182—185].

Bor mouemy 3a mociennue Heckonbko aecatwietuid Tl texHonorus crana
MpeaMETOM MPUCTAIBLHOTO BHMMaHUA. HecMoTps Ha TO, 4TO MpOOJIEMbl T€HEpALUU U
nerektupoBanuss TI'T-BOoJMH OBLIM pEUICHBI, MO-TIPEKHEMY CYIIECTBYET BaKHas
npobnema B ynpaeieHud TI'L-BOJHAMHM N0 CpPAaBHEHHIO C XOPOLIO H3YyYEHHBIMU
COCEIHUMHU MHKPOBOJHOBBIMH M HWH(GPAKPACHBIMH CHEKTPAIbHBIMU JIHANIa30HAMH.
[TomuMo TOTrO, (PYHKIIMOHAJILHBIE YCTPOMCTBA ISl HEMOCPEACTBEHHOTO KOHTPOJS U
00paboTku TeparepuoBbiMi BoHAMH ((puiabTper [186], MOIyIATOPHI, MOTIOTHTETH
[187], mepexirouarenu [188] u AaTyMKH) MO-MIPESKHEMY HE HMEIOT TpPeOYyeMBbIX
xapaktepuctuk. [IpoGnema pa3pabOTKM ONTHYECKH YIPABISIEMBIX MOJYJISITOPOB
CTAHOBUTCS Bce OoJiee akTyalabHON U BocTpeOboBaHHOM. TI 11 MOIYIATOPEI HEOOXOIUMBI
KaK BaKHbIC (PYHKIIMOHAIBHBIEC YCTPOUCTBA i peanu3anuu T 6ecpoBOaHON CBS3H
Ha KOPOTKHMX PACCTOSIHHUSAX W BU3yalu3anuu. Mcnosib3ys Takue MOIYISTOPBI, MOMXKHO
BBITIOJIHUTDh aMIUTUTYJHYI0 U (ha30BYIO MOMAYJISIMIO, CABUT PE30HAHCHOW YaCTOTHI U

MNCPCKIIIOYCHUC COCTOSAHHA ITOJIIPHU3aAIlHUH. I[J'IH COBPEMCHHBIX MOJAYJIATOPOB BCC CHIC
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OCTaeTcss MHOTO TpoOJjeM: Mayiasg TiayOWHa MOIYJSINH, TOTPEOHOCTh B KPHOTECHHOM
TeMrepaType U HU3Kasi CKOPOCTh MOIYJISIINH.

Hust TI'm Mopmynsiiui MOTYT OBITh WCIOJB30BaHBl TaKWE MaTEpHAIbl, Kak:
kpemauit [189], apcennn rammus [190], rpaden [191] u nuokcua Banamus [192]. B
JAHHOM HCCJICIOBAaHUM TMpEIJaraeTcs ONTHYECKOE YIpaBJICHUE CHEKTPaJbHBIMU
xapakrepuctukamu TI'1l yCTpOWCTB C HAHECEHHBIM HA HHUX CIIOEM OJHOCIOMHBIX

YTIEPOIHBIX HAHOTPYOOK.

B nanHoll riaBe Oblna MccieOBaHa BO3MOKHOCTh CO3JAHMS YIPABIISEMbIX
(UIBTPOB HAa OCHOBE METAllOBEPXHOCTH H3 KPECTOOOpPA3HBIX PpE30HATOPOB U

YTIEPOJIHBIX HAHOTPYOOK.

5.1 Crpykrypa ¢puiabrpa

['eomeTtpus ucciaeayeMoi METaroBEPXHOCTH, padoTarolieil B kauyecTBe GUibTpa,
3a7aéTCsl CIeAYIONIMM HaOOpOM mapaMeTpoB: P — mepuoj CTpyKTyphl KpecTOOOpa3HbIX
pe3oHaTopoB; L — mirHa JTUHUN KpecTooOpa3HbIX pe3oHaropoB; W — mmpuHa JMHUMA
KPECTOOOPa3HbIX pe30HATOPOB; N — TOMIIMHA TUAIEKTPUYECKON TIOJTOKKH.

CymectByer nBa THna (UIBTPOB HAa OCHOBE KpPECTOOOPA3HBIX PE30HATOPOB:
MOJIOCOBBIE (pabOTaeT Ha MPOIYCKAHHE) U PEKEKTOpHbIe (GUIBTPHI (TOIJIOXKKA W3
nomvdTieHTepedTanata ([I9T) ¢ MaccMBOM METaUIMYECKUX KPeCcTOOOpa3HBIX
pPE30HATOPOB, HAHECEHHBIX Ha HEro - paboTaeT Ha oOTpaxkeHue). B aToil TnaBe
paccMmaTpuBaroTcs pekekropHblie (uiabTpel. Ha Pucynke 5.1 (a), (0) mokasana
KOHCTPYKIIUS TOJIOCOBBIX U PEKEKTOPHBIX (puibTpoB, a Ha Pucynke 5.1 (B), (r) — ux
cnekTpel mpomyckanus. Ha Pucynke 5.2 mokazana ¢ortorpadusi W3roToBICHHOTO

oOpasiia pekeKTOpHOro (GUIIbTpA.
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Pucynox 5.1 — Konctpykuuu (@) mojaocoBoro u (6) pexkeKTOpHOTO (DUIBTPOB;

CXEMAaTUYECKHUE CIIEKTPHI MPOITYCKaHUs (8) TOIOCOBOTO U (2) PEKEKTOPHOTO (QUIBTPOB

Pucynox 5.2 — ®ortorpadus U3roToBICHHOr0 00pasiia peKeKTOPHOTO (HUIBTpA.

Pa3zmep maccuBa, conepkaiiero 756 pe3oHaropos: 31,5%32,5x68 MkM

CrexTppl TPOIyCKaHHWS (UIBTPOB ONMHUCHIBAIOTCS PE30HAHCHON YacTOTOH f, ,
nosioco mporyckanust Af wu  goOpotHOCTRIO @ = f/Af , KOTOpBIE 3aBUCAT OT
reoMeTprUYeCKuX napameTpoB P, L u W u Takux CBOMCTB MOJJIOKKH KaK: €€ MOKa3aTelb

IPEIOMJICHUS Mg U TOJIINHA h.
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5.2 PacyeTr reomMeTpr4ecKux napamMeTpon puiabTpa

[Tpu mponopHHOHATLHOM W3MEHEHHMH BCEX MapaMeTpoB pe3oHaropa (P = kP,
L = kLy, W = kW,) pesonarcHas dactora m3mensiercs B 1/k pas (1. e. f.° = kf., tie

f. — pesoHaHcHas yactora QuubTpa ¢ mapamerpamu P, L u W, a f.° — pesonarcHas
gacTtoTa (uibTtpa ¢ mapamerpamu Pg, Lo u Wy, mpu 3ToOM 100pOTHOCTH (DUIIBTpA HE
U3MEHSETCS.

BnusHue reomMeTpuueckuxX MapaMeTpoB Ha JOOPOTHOCTh OBLIO HCCIEIOBAHO
YUCJIIEHHO METOJIOM KOHEYHBbIX 31eMeHTOB B cpeae COMSOL Multiphysics. Pacuerst
MPOBOAMIIMCH C MTOCTOSIHHOM JITMHOM Y IIMPUHOM MOJIOC KPECTOOOpa3HOro pe30HATOpa,
cocrapisitorumu L=400 mxm 1 W=100 mxMm, ¢ nepuosiom P, Bapsupytomumcs ot 500
MKM 710 900 MkM. CHekTpbl MpOIYCKAaHHS IOJIOCOBBIX (DUIBTPOB C PA3IHYHBIMU

cootHomenusimu P: L: W nipeacrasienst Ha Pucynke 5.3.

P:L:W=5:4:1"

P:L:W=7:4:1;

Koaddumnment
MPOITYCKaHHUSI, OTH. €]I.

P:L:W=9:4:1

00000 0000 0000
ORI NPRO® NAD0O

030 035 040 045 050
Yacrota, TT'11

o
[N
o

Pucynox 5.3 — CriekTpbl MpomycKaHus MOJIOCOBBIX (DUITBTPOB HA OCHOBE
KpecTOOOpa3HbIX PE30HATOPOB, MOJYUYEHHBIE C TOMOLIBIO YUCIEHHOTO MOJIETUPOBAHMS,

C pa3JIMYHbIMHU COOTHOIICHUSAMU I'COMCTPHUUICCKUX ITapaMETPOB

BugHo, 4Tto pe3oHaHCHas 4YacToTa W TMOJOCa MPOMYCKAHUS YMEHBIIACTCS C
yBenuuenneM tnepuonga (Pucynox 5.4, (6)). Ilomoca mnpomycKaHHS YMEHBIIACTCS
ObIcTpee, YeM pE30HAHCHAs YacTOTa, YTO MPUBOIAUT K YBEIMYCHHUIO JOOPOTHOCTH

¢unbTpa. Ha 100pOoTHOCTH (hUIbTpa BIMSIET HE CTOJBKO MEPUOJ, HO U COOTHOLIEHHE
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reomerpuyeckux napamerpoB P:L:W. Eciu B3SThb NOCTOSIHHOE COOTHOIIEHHE MEXKITY
JUIMHOW M IMpUHOM pe3oHaropa L:W=4, To MOXHO moKa3aTh 3aBUCUMOCTh OTHOILICHUS

P:L ot no6potHOocTH punbTpa (Pucynok 5.4, (a)).

0,40 , v : : :
=Y
2,2t 5 l
20l 038f
: = \.\
o
I 50,36
18 3 N
=n
6l = 0,34} .
< N
jan} ®,
14} £0,32} ~.
= ~
Y2748 12 16 20 24 28 50,30 : : : :
L 500 600 700 800 900
HoGpotHocTs, 0.€. Ilepnon pe30HaTOPOB, MKM
a b

PucyHOK 5.4 — 3aBUCMMOCTB COOTHOIIEHUS MEKTY IEPUOJIOM PE30HATOPOB U JIIMHON
kpecta P:L ot no6potHOCTH ubTpa ¢ anmpokcumaiuen (a); 3aBUCUMOCTb
PE30HAaHCHOM YacTOThI MOJI0COBOTO (PUIIBTPa OT nepuojia pe3oHaTopoB npu L=400 mxm

u W=100 mxm (0)
OueBHIHO, YTO 3aBUCHUMOCTh, IMOKa3aHHyi0 Ha Pucynke 5.4 (0), MOXHO

anmpoOKCUMUPOBaTh JUHEHHOW (QyHkimeil. Pe3onancHas wactota f. , KoTOpas

CMECTHTCS, KOT/Ia IEPUOJ PeE30HaTOpa u3Menurcs ¢ Py Ha P:
f.' = £.°[ITy] — 0,2 [[Tu/MrM] - (P — Py)[MxwM]. (5.1)
CooTHOLIEHME  MEXKAY IEpUOJIOM  PE30HATOPOB W JUJIMHOM  TOJIOCHI

KpEeCTOOOpa3HOIro pe3oHaTropa Mo JAOOPOTHOCTH (PHIIbTpa MOXKHO armpOKCUMUPOBATH

KPHUBOH, MpejicTaBieHHoM Ha Pucynke 5.4 (a):

(5.2)
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Ncnonb3yst puiabTp ¢ 3apaHee M3BECTHBIMU XapakTepuctukamu: Py = 600 Mk,

Ly =400 mxm, W, = 100 MKwm, fro = 0,37 TI'nu — MOXHO, BO-IIEPBBIX, U3MEHUTH
nepuoA P' nist momydeHust TpedyemMoit ToOpOTHOCTH B COOTBETCTBHHU ¢ (hopmyioit (5.2);
BO-BTOPBIX, pPAaCcCUUTATh, HACKOJIbKO CHJIBHO H3MEHHUTCS pPE30HAaHCHAs 4YacToTa B
cooTBeTcTBUM C dopmysoit (5.1). B pesynbrare Mbl nonydaeM QUIBTP C U3BECTHBIMU
reoMeTpuyeckuMu Tapamerpamu P’ , L, , W, M M3BECTHBIMH CIEKTPaJbHBIMU
XapaKTepUCTHKaMH, TAKUMHU KaK: Pe30HAaHCHAs 4acToTa f,.', paccuuTanHas 1mno gopmyse
(5.1), m nodbpotHOCTE. KpOomMe TOTO, ATOT HUIBTp OyAET UMETh JOOPOTHOCTH, KOTOpas
ObUTa yCTaHOBJIEHA W3HAYANbHO. UTOOBI AOCTUYH 33aJaHHOTO 3HAYCHHS PE30HAHCHOU
94acTOTHI f,, HEOOXOIUMO TPOCTO MPOMOPIIMOHANIBHO W3MEHUTh BCE T€OMETPUUECKHUE

mapameTpsl B k = f,.'/f, pa3 [193, 194], t.e.

P =kP, (5.3)
L = kL,, (5.4)
W = kW,. (5.5)

B popmymax (5.3) - (5.5) HEOOXOIUMO TOJICTABUTH PE30HAHCHYIO YaCTOTY f,- B

TeparepiioBoil pa3MEepHOCTH.
5.3 Yuer BIMSAHUSA NMOIOKKH

Yem Oosbllie TONIIMHA TOJJIOKKH, T€M OOJIbIIIE OHAa BIMAET HA TMOJOXKEHHUE
PE30HAHCHON 4acTOThl (DUIIBTPA, CMEIAsi ero B CTOPOHY Ooyiee HU3KUX YacCTOT, HE
BIMSAS Ha J00poTHOCTh. OJHAKO TMoOCHe JOCTUKEHHS OINPEAeIeHHONW TOJIIUHBI
HACBIIIEHUS h, TOIJIOXKKAa TPAKTHUYECKH TEePecTaeT BIHWATh, PE30HAHCHAs YacToTa
TNEPECTAET CIBHUTAThC M OCTAHABIMBAETCS HA 3HAYCHHMH fr/Merr , THE Mepp -
7 (EeKTUBHBIN TTOKa3aTellb MPETOMIICHUS TOJJIOKKH, paBHBINA [195], onpenensercs mo
bopmyiie:

ng2+1

neff = > (56)
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Ha Pucynke 5.5 npeacraBnena 3aBUCUMOCTb KO3 (UIIMEHTA BIAUSHUS MOJI0KKA

kshife OT TONIIMHBI OUIOKKH.
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PI/ICYHOK 5.5 — 3aBUCUMOCTh KOZ)(l)(i)I/II_[I/IeHTa BIIWAHUWSA ITIOJJIOXKKH OT TOJIITMHBI
ITOAJIOXKKH. Touku — JaHHBIC, TTIOJTYYCHHBIC C ITIOMOIIBIO YUCIICHHOI'0O MOACIIMPOBAHNA,

JIMHUA — allIIpOKCHUMAalA

ToJKUHY HACHIIEHUSI MOKHO BBIUMCIUTH 1O (popMmyIie:

(neff+2)-S-c
" 100 mep S S

(5.7)

rje S — IUIOmaab MOJHOW DJIEMEHTapHOH SYEHKH, S, — IUIOMAadb METANIMIECKOro
TIOKPBITUSL  DJIEMEHTapHOW sueiikw, f,*° — pe3oHaHCHass dactora (uibTpa ¢
reOMETPUUCCKUMU MapaMeTpamu 0e3 moioxku f,V° = 196 I'T, ¢ - ckopocTh cBeTa.
Ecimu rtommumHa mnomioxku yBemuuuBaercss or 0 go h, , TO 3aBUCHMOCTH
anIpOKCHMMHUPYETCS KBAJPATHYHOH (yHKIMEH ¢ KOOpAMHaTaMu BepiMHbI (h,; Nefr).
[ToMHMO TOTO, XOPOIIIO M3BECTHO, YTO B OTCYTCTBHE MOIOKKH (TO ecTh h = 0) BIusHUE
MOJJIOKKH OTCYTCTBYET (T.€. kgpirr = 1). COOTBETCTBEHHO, KOIPDHUIMEHT BIUSHUSA

MOJJIOKKH C TOJIITUHOMN, MEHBIIIEH TOJMIIMHBI Hackimenus (h < h,,), paBeH:

2
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Hns paccmarpuBaeMoro (uiabTpa TOJNIIMHA TMOMJIOKKH MEHBIIE TONIIUHBI
HACBIIMECHUsI, TO3TOMY 3(ddexT paccunthiBaeTcs no dopmyne (5.8). B pesynbrare,
4TOOBl pPacCUUTaTh TEOMETPUYECKHE TapaMeTpbl KPecTOOOpa3HBIX PE30HATOPOB IS
3aJJaHHOW PE30HAHCHOW YacTOTHl U JOOPOTHOCTH, CHadaja HEOOXOJUMO pPacCUUTAThH
P,L u W , ucnons3ys dopmynsr (5.3)-(5.5), 3arem Kod)PUIMEHT BIUSHUS IS
TOJJIOKKA  Kgpire CHENYET pacCUMTBIBATL MO (popmyne (5.8) M IEpeCUMTHIBATH

napaMeTpsl B COOTBETCTBUU ¢ Qopmynamu (5.3)-(5.5), HO yke 1O pPE30HAHCHYIO

qacToTy fr/Kspift-
5.4 U3roToBJjieHHE IKCIIEPUMEHTATbHBIX 00pa310B

MetanoBepXHOCTh OblJIa HM3rOTOBJIEHAa Ha mnoJudTWiIeHTepedTanatHoit (I19T)
MOJ/IJIOKKE C MAaCCHBOM alIFOMHMHHUEBBIX KpecTooOpa3HbIX pe3oHatopoB. Tommmua [19T
COCTaBIISIET 68 MKM, TOJIIMHA ATFOMUHUEBBIX KPECTOOOPA3HBIX pe30HATOPOB — 0,5 MKM.
Pe3oHatopsl BbIpe3aii METOJOM JIa3€pHOW aOJsLMU C HUCHOJIb30BAHUEM JIA3€PHOTO
rpasepa LaserGraver LG2500 SP47, ucnosib3yst TEPMUYECKYIO TEXHOJIOTHIO JIJISl 3aITUCH
M300paXeHuil ¢ pazpeiieHuem 15 Mm.

VYrneponnusie HaHoTpyOku (YHT) Obuiv cUHTE3UpOBAaHBI MYyTEM XHUMHUYECKOTO
ocaxaeHus [196] u3 razoBoi ¢asbl ¢ TOYHBIM KOHTPOJEM MX MOP(HOIOTUU: IITUHBI U
qyaMeTpa HaHOTPYyOOK, a TakKe TOJILIUMHBI HMX CJOS OCaXACHUS. IJTOT METOJ
npou3BoauT ToHkue eHku YHT wa nHutpouemtonosHom ¢uibtpe. C MOBEPXHOCTH
HUTPOINEIUTION03HOTO GuibTpa ciio YHT nerko nepeHoCUTCsl MpakTUYECKH Ha JTH00YI0
00€3KUPEHHYIO TIOBEPXHOCTHb TOJ] CWIbHBIM JaBjieHUEeM. B »3Toit pabore ObuUIH
nostydeHsl ogHocTeHHble Y HT, koTophie ObLIM MepeHeceHbl Ha HEMETaUTM3UPOBAHHYIO

cropony [1OT.
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5.5 DkcnepuMeHTANIbHAS YCTAHOBKA

9KCHepI/IMCHTaJII>HOG HCCICO0OBAHUC IIPOBOJNIIOCH C HUCIIOJIB30BaHHNCM

TepaFCpHOBOﬁ I/IMHYJILCHOﬁ CIICKTPOCKOIINH. BKCHepI/IMeHTaJIBHaH YCTAaHOBKaA ITOKa3aHa

WK-nasep
M InAs 980 Hm
- B n
oY
n3 o -
B,
B i)

CdTe

Ha Pucynke 5.6.

)\/2 BSAEPMK

n3

Pucynok 5.6 — CxeMa uMIyJIbCHOTO TeparepuoBoro cnekrpomerpa. CJI —
CBETOJICTUTENb, 3 — 3epKajo, I — npusma ['nana, M — monynsitop, @ — punetp, [13 —
napabonnueckue 3epkana, O — odpasen, B — npusma Bomnacrona, BJ[ — 6anancHbIi

JIETEKTOP

Jlazepuwiii  snyd  ¢demrocekyHaHoro Yb:KYW-nazepa (¢ IIMTENBHOCTHIO
umiysbea 200 ¢c, neHTpanbHoi IrMHOM BosHBI u3nydeHus: 1040 um, momHocTh 1 BT)
py NpoXoxkaeHuHn yepe3 cBeroaenutens (CJ) aenurcs Ha Jiyd HaKaukd W MPOOHBIN
(3onaupytomMit) ay4d B cooTHoreHUu 9:1. Jlyd Hakauku MPOXOAMT JIMHUIO 3aJCPIKKH
Moxaynaropa (M) u magaeT Ha KpucTaul apceHuaa uHaus (InAs), mOMEIICHHBIN B
MOCTOSIHHOE MarHUTHOE I0JIe, KOTOPOE T'e€HEPUPYET TepareplioBoe U3IydeHHE. 3aTeM
oH npoxoauT yepe3 puibTp (D), oopesas undpakpacusiii (MK) nuamazon nmuH BOIH, U
dokycupyercs Ha obpasiie (O) ¢ MOMOIIBI0 CUCTEMBbI Tapadonudeckux 3epkan (I13).
O6pa3er Takxke ocpemaercs MK-nazepom ¢ niauHOM BostHBI 980 HM U MOIITHOCTHIO OT 1
MBT 10 2 Br. [Ipoiias uepes TpeThe mapabonueckoe 3epKao, Jyd najacT Ha JCTEKTOP
Tl'u-u3nyyenuss - kpuctamn temnrypuaa kaamus (CdTe). B sto ke Bpems

30HUPYIONINN JIyd MPOXOUT Yepe3 CUCTEMY 3epKall, OJYBOJIHOBYIO IIACTUHY (A/2) 1
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npusmy ['nana (I'). Ilocneanue nBa sneMeHTa HEOOXOIUMBI JJISI MOJTYYEHHS] CTPOTO
JUHEWHOU BepTUKanbHOM mosspusanuu. [Ipoias vepes A2 u I', sonaupyromuii UK
ny4yok Taike magaetr Ha kpuctamn CdTe. CoBmemenue 3ouaupytomero MK mydka u
TI'u myuyka Ha snektpoorntuyeckoM kpuctaiuie CdTe uHAynHMpyeT aHU3O0TPOIUIO B
anekTpoontuiaeckom kpuctamie CdTe mis 3onaupyromiero UK nyda, B pesynbraTe yero
HK ny4y MeHseT NOIApU3aluIo ¢ JIMHEMHON Ha 3uMNTHYecKyro. [locie npoxoxnenus
3onupytomiero MK myyka uyepe3 ueTBepTHBOIHOBYIO IACTUHY (A/4), €ro nmossipu3alus
CTAHOBUTCSI DJUIMNTHUYECKOM (KpyroBoil, B cjydae OTCYTCTBUSI TeparepioBOro
U3JIydeHus), 3areM mnpusMa Bosutactona (B) nmenuT snyd Ha JBa OpTOTOHAIBHBIX
JMHEWHO MOJISIPU30BAHHBIE MTyYKa C PA3IUYHON MHTEHCUBHOCTHIO. Pa3HOCTHBIN CUTHAI
peructpupyercst OanmancHbiM jaeTektopoMm (bJ]). Benuuuna aBymydenpenoMieHUs
NpsIMO  TIPOTIOPIIMOHAIEHA WHTEHCHBHOCTH E(t) TepareprnioBoro wu3mydeHus. JIuHus
3aJIepKKU HeoOxomuma st 3anucu Gopmel Bpemenu E(t). Bpemennoit npoduins TI'
MMITYJIbCA 3aIIMCHIBAECTCS HA KOMIIBIOTED.

st Toro, 94TOOBI TOJYYUTh CIEKTPhl MPOMYyCKaHUs (UIHTPOB, BPEMEHHbBIC
npoduin onopHoro (0e3 ¢punpTpa) 1 00BbEKTHOTrO (C GUIBTPOM) CUTHATIOB U3MEPSIOTCS
C MOCJEAYIOIUM MPUMEHEHHEM ObIcTporo npeoOpazoBaHuss Pypbe U BBIUUCICHUEM

OTHOIICHMUA MO,Z[y.]'IGﬁ KOMIUICKCHBIX CIICKTPAJIBbHBIX aMIIJIMTY.

5.6 Pe3yabTarsl

OnucaHHbIM BBIILIE METOJAOM ObUI CO3JaH PEXKEKTOPHBIM (UIBTP HAa OCHOBE
KpecTooOpa3HbIX pPE30HATOPOB (reomerpuyeckue napamerpbl L = 741 mxm; W =
199 mxMm; P = 1164 MxMm) ¢ pe3oHancHOUM yactoTol f,, = 0,15 TI'm u 106pOTHOCTHIO.
Q = 16.

3atem cioit YHT (nnmuna HanotpyOku 0,3 MkM, nuametp 1,3 HM) TOJIIUHOMN
nopsigka 1 MKM ObLT HaHECeH Ha (UIBTP CO CTOPOHBI MOJJIOXKKU. DTOT olpaser ¢
HaHeceHHbIM cjoeM YHT OblT SKCIEpUMEHTAIBHO HCCIEAOBaH C OTKIIOYEHHOM

ONTHYECKON HAKAYKOM M ONTUYESCKOM HAaKAaYKOM Ha JJIMHE BOJIHBI 980 HM M INIOTHOCTH
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morHocTH 0,75 Br/cM®. BosHOBBIE (JOPMBI BOTHBI BO3AYXA, MyCTOM (GHIBTP ¥ GHIBTP
co cmoem YHT moka3zanbl Ha Pucynke 5.7(a). UToObl BBIYHMCINTH IMOTPEIIHOCTD
U3MEPEHHsS] CHUTHAJIOB, KaXIbIM oOpaszer; u3Mepsuid 5 pa3, B KaKIOM H3MEPEHUU
KaKIYI0 TOYKY BpeMeHHOH (opmbl usmepsuin 500 pa3. Ha Pucynke 5.7 (a) mokasano
CpeIHEE 3HAUYCHHE B Ka)KJIOM TOYKE, OTHOCHUTENIbHAS MOTPEIIHOCTh HEe MpeBbImaet 3%.
Bce tpu cnekrpa npomnyckanusi (0e3 cnosi YHT, co cinoem YHT 06e3 nHakauku u co
cioeM YHT c¢ onrtudeckoit nHakaukodt (OH)), momydeHHBIE C HCMOJIB30BAHUEM
npeoOpaszoBanus Pypre, mokazansl Ha Pucynke 5.7 (0).

B skcneprMEHTanpbHO NOJYYEHHOM CIIEKTPE IPOIYCKAaHWsS BUIHBI JBa IHKA
MOTJIONIEHUS: OCHOBHOM (¢ "yacTtoToit okoiso 0,15 TI'r) u mobouHbIH (¢ 4acTOTOM OKOJIO
0,275 TI'u). B otcyrcTBUE NOHMAIEKTPUYECKON MOMIOKKUA 3PPeKT (uiabTpanuu
(OCHOBHOM mNHK) CBsi3aH € OTKIMKOM Tl BONHBI, MPOXOJAIIEH Yepe3 MaTpHUILly
KpECTOOOpa3HbIX pPE30HATOPOB M3-3a pPE30HAHCA HAa T'€OMETPUUYECKOM pasMepe
KpeCcTOOOpa3HbIX PE30HATOPOB, KOTOPHI MMEET MAKCUMYM aMIUTATY/bl Ha YacTOTE f;
0OyCIIOBJIEH COTJIACOBAaHHEM MMIIEIAaHCOB METANIOBEPXHOCTU U OKPY’KaloLEeH cpesibl Ha
atoit wacrore [197]. Cioii HaHOTPYOOK, HAHECEHHBIN Ha THUIBHYIO CTOPOHY TIOJUTOKKH,
c1abo BIUSIET HA PE30HAHCHYIO YACTOTY M3-3a Majioi Toimwuubl cinost YHT, npu stom
ONTHUYECKYI0O HAKA4YKy MOHO HCIOJIb30BaTh [Ji YIPABICHHUS IPOIYCKAHUEM Ha

PE30HAHCHOM 4acCTOTE.
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[losiBienne mMOOOYHOrO pe30HAaHCA OCHOBAaHO Ha B3aWMOJAEWCTBUU BOJH,
nudparupoBaHHbIX ~ HAa  TMEPUOJAMYECKOM  CTPYKType  METaloOBEPXHOCTHU,  C
pacupoCTPaHSAIOIMMUCA BOJTHOBBIMH MOJAMU B MOAJIOKKE, IIPH 3TOM METANIOBEPXHOCTh
BeJleT ce0sl Kak AMAJICKTPUYECKUM BOJIHOBO (3 PeKT pe3oHaHca BOJTHOBOIHOM MOJIbI).

YacTtoTra pe30HAHCHOW MOJbI JTUAJIEKTPUUYECKOTO BOJIHOBOAA (MOMAJIOKKHU) Oynaer
3aBUCETh OT IIOBEPXHOCTHOIO HMIIEAAHCA BEPXHEM M HIWKHEW IOBEPXHOCTEU
BOJIHOBOZa. COOTBETCTBEHHO, NPU  ONTHUYECKOM  BO30OYKIEHUM  CYIIECTBYET
BO3MOYKHOCTh W3MEHUTh HMIIEIAHC HM)KHEM MOBEPXHOCTH MOMJIOKKUA (Ha KOTOPYIO
HaHeceH ciod YHT) u, cienoBarenbHO, U3MEHUThH YCJIOBHUE MOSBICHHUS PE30HAHCHOMN

MOJIBL.

5.7 BeiBoabl o I'imaBe 5

Paccuntanbl reoMeTpuUYECKHE MapaMeTpbl KPEeCTOOOpa3HBIX PE30HATOPOB
pexekTopHoro ¢uibTpa ¢ pesoHaHcHor dacroroil 0,15 TI'm m moOGpotHOCTBIO 16.
OKCIepUMEHTaIBHBIN ~ oOpasery ¢GuiabTpa OBUT M3rOTOBJIEH Ha TOMJIOKKE U3
noMdTHWICHTEpedTagaTa TOMMMUHON 68 MKM U aTIOMHUHUEBOIO MOKPBITHS TOJIIUHON
0,5 MKM MeTOJ0M J1azepHOU TpaBUPOBKHU. CIION YIJIepOAHBIX HAHOTPYOOK TOJIITMHOM
oK0JI0 1 MKM OBLT HAaHECEH Ha ThUIBHYIO CTOPOHY MOJJI0XKU. CHEeKTphl MpOIyCKaHUs
nycroro ¢uiubtpa, QUIbTpa CO CJIOEM YTIJIEPOIHBIX HAHOTPYOOK 0O€3 ONTHYECKOTO
BO3OYXXJIeHUsT U (UIbTpa CO CJIOEM YIJIEPOJHBIX HAHOTPYOOK C ONTHYECKUM
BO30yXX/IeHHEeM Ha JiMHe BOJHBI 980 HM OBUIM HM3MEPEHbl METOJIOM HUMITYJIbCHOM
TEepPareploBOil CIEKTPOCKOMUU. DKCIEPUMEHTAIBHO MOKA3aHO, YTO OCAXKJICHHBIN CIION
YTJIEPOAHBIX HAHOTPYOOK BIIMSET Ha MpoITyckaHue ocHOBHOro makcumyma (0,15 TI') u
pE30HaHCHYI0 4acToTy OokoBoro makcumyma (0,275 TI'm), caBuras ero Ha 9 I'T B

CTOpPOHY 00Jiee BRICOKHX YaCTOT.
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3aKJII0YCHHE
TaKI/IM O6p8,30M, p8,3pa6OTaHLI YACTOTHO-CCJIICKTUBHBIC (1)I/IJ'ILTpI>I, ITO3BOJIAOIIINUX

YOPaBISATh CIEKTPAJIbHBIMU XapakTepucTukamu 1111 u3myyeHus, a UMEHHO:

1. Pa3zpaboTaHa KOHCTPYKLHMS Y3KOMOJOCHBIX YaCTOTHO-CENIEKTHBHBIX 3epkan TIm
U3JIy4YEHUsT Ha OCHOBE YETHIPEXCIOWHOW CTPYKTYpbl M3 MacCHMBa CIBOCHHBIX
AIEKTPUYECKUX  KOJBLEBBIX PE30HATOPOB, MOJUUMUIHON  JTUAJIEKTPUUECKOM
MPOCJIONKH, OTPAXKAIOUIEr0 MEIHOTO CJIOS M KPEMHHUEBOW MOIJIOXKH. Metoaom
YUCJIEHHOTO MOJICTMPOBAHUS TOKAa3aHO, YTO MAaKCHUMaJbHOE TMOTJIOIICHUE
JIOCTUTAECTCSA TPU TOJIIMHE IUICKTPUUECKOW MPOCIOMKU 21,6 MKM M TOJIIWHE
OKP 0,55 mMKM, Takke MOKa3aHO KPaCHOE CMEIIECHHE PE30HAHCHOM 4acTOThI NpHU
YBEIIMYEHUH  TEOMETPUYECKUX  [apaMeTpOB OKP. DKCIIEpUMEHTAIBHO
MPOAEMOHCTPUPOBAHO noriouieHue 99,57% na pesonancHoit yacrore 1,06 TI'y qost
y-nionsipu3oBaHHOM BOIHBI U 99,11% npu 0,4 Tl oyt X-1OAsIpU30BaHHON BOJIHBI.
[TomyuenHsie B paboTe 3aBUCUMOCTH CHEKTPAIbHBIX XapaKTEPHUCTHK MOTYT OBIThH
WCITIOJIb30BAHBI VIS pa3pabOTKU TEParepIioBbIX HACATBHBIX YACTOTHO-CEIEKTUBHBIX
IOTJIOTUTENIE C BO3MOKHOCTBIO MEPEKIIOYEHUS PE30HAHCHOM 4YaCTOTHI 3a CYET
VM3MEHEHHUS yIJia NOJISIPU3ALNN MOJAOIIETO U3IIYYEHNUS.

2. Pazpaborana  KOHCTpyKIMsS  MOJOCOBbIX  (uimbrpoB Tl u3mydeHwus,
MPEACTABIAIONINI CO00M NBYXCIOWHYIO CTPYKTYpYy W3 aIlOMUHHEBOM IUIEHKH
TonmuHoN 0,5 MKM C BBIPE3aHHBIMH KPECTOOOpa3HbIMH PE3OHATOpPaMHU MOBEPX
MOJJIOKKM M3 MaTepuajia JjaBcaH TOJIIMHOM 65 MKM. MeToI0oM 4YHCIEHHOTO
MOJEIUPOBAHUSA, A TaKXKE DOKCIHEPUMEHTAIIBHO C IOMOLIBIO TEpareproBoOi
UMITYJIbCHOW CIIEKTPOCKOIMH MTOKa3aHa BO3MOKHOCTb MEPEKIFOUEHUS] PE30HAHCHOM
yactoTel B auanazone 0,1-0,4 TI'm, ¢ mpomyckaHueM Ha pe30HAHCHOW 4YacTOTE B
nuanaszone ot 82% 1o 91%. IlonyueHHble B paboTe 3aBUCUMOCTH CIEKTPAJIbHBIX
XapaKTEPUCTHK MOTYT OBITh WCIOIB30BAHBI I Ppa3pabOTKH  TepareprioBbIX
MOJIOCOBBIX  (PUIBTPOB C  BO3MOMKHOCTBIO MEXaHUYECKOTO  MEPEKIIOUCHHUS
PE30HAHCHOM YaCTOTBHI.

3. DKCHepuMEHTAIbHO MOKa3aHO ONTHYECKOE YIpaBJICHHUE AUCIEPCUE KOMILIEKCHOM

JTURJIEKTPUUECKON MPOHUIIAEMOCTH CJIOSI OJHOCTEHHBIX YIJIEPOJIHBIX HAHOTPYOOK
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nuameTpoM 1,3-2 HM Ha OIUTETpadTOPITHUICHOBON MOAJIOKKE B TUATIA30HE YACTOT
ot 0,2 no 1 TT'y npu Bo30ykAeHUN UHPPAKPACHBIM U3IIYYEHHEM C JJIMHOMN BOJIHBI
980 HM pa3IMYHOM HWHTEHCUBHOCTH. IIpOoIeMOHCTpHpPOBAHO  yBEJIWYEHHE
BEILIECTBEHHOW M YMEHBIICHHNE MHUMOW 4acTel OUAJIEKTPUYECKOW MPOHUIIAEMOCTH
CJI0s, TOJIIMHON 55 HM, OTHOCTEHHBIX YTJIEPOJHBIX HAHOTPYOOK MPHU yBEIHUUYECHUU
WHTEHCUBHOCTM  ONTHYECKOW  HAKa4yKd, YTO  MPOJAEMOHCTPUPOBAHO IS
unTeHcuBHOCcTell 0,312; 0,47 u 0,7 Br/em’ [IpoeMOHCTPUPOBAHO YBEIUUYCHUE
BEIICCTBEHHOW W YMEHBIICHHUE MHUMOM YaCTEd KOMILUIEKCHOW MPOBOJUMOCTHU CIIOS
OJIHOCTCHHBIX HAHOTPYOOK, a TaKXe pPOCT BEIIECTBEHHOM W MHUMOW YacTeu
KOMIIJIEKCHOM ~ JTM2JIEKTPUYECKOM IPOHUIAEMOCTH IIPU  YBEJIWYEHUW  JUUIMHBI
HaHOTpyOOK oT 10 g0 40 um. [lonydenHsie B paboTe 3aBUCUMOCTH ONTHUYECKUX
CBOMCTB OJIHOCTEHHBIX YTJIEPOJHBIX HAHOTPYOOK OT WX JIMHBI U MHTEHCHUBHOCTH
U3ITy4YeHHUs] HAKa4Kd MOTYT OBITh HCIIOJIB30BaHBI JJIsl Pa3pabOTKU KOMIAKTHBIX
yHOpaBIsIEeMbIX ycTpoicTB Ay TI'1 Anana3zoHa 4acToT, TaKUX Kak: (pazoBpaiiarenu u
GUIBTPEIL.

Pa3pabotana  KOHCTpyKuus  MOJOCOBBIX  ¢GuiabTpoB  TI'm  u3iydeHws,
IPEJCTaBISIIOIIYI0 COOOM TPEXCIONHYIO CTPYKTYpPY M3 MaccuBa KpecTOOOpa3HbIX
pe3oHaTopoB ToaIMHON 0,5 MKM MOBEpX MOJJIOKKH W3 MOJUATUIIEHTepedTanara
TONIIUHON 68 MKM, CHU3Y NOMJIOKKH HAHECEH CIIOM YTIEPOJHBIX OJHOCTEHHBIX
HAHOTPYOOK TonmmHONH 1 MkM (mauHa HaHOTpyOOokK 0,3 MM, muamerp 1,3 HM)
DKCNEPUMEHTAIBHO TMOKA3aHO YIPABJICHUE CIEKTPAIbHBIMU XapaKTePUCTUKAMHU
PEXKEKTOPHOTO (UIBTpAa HA OCHOBE KPECTOOOPa3HbIX PE30HATOPOB M CIIOS
HaHOTPYOOK C TIOMOIIBIO BO3OYXKIEHUS HM3Ty4YCHHEM C JIMHON BOMHBI 980 HM.
[TokazaHo, 4yTO CNOM TOMMMHON 1 MKM yIiIepOJHBIX HAHOTPYOOK nquamerpom 1,3 HM
YBEJIIMYUBAET MPOIMyCKaHNE OCHOBHOTO M TOOOYHOTO PE30HAHCHBIX MAaKCUMYyMOB Ha
yacrtotax 0,155 u 0,275 TI'u COOTBETCTBEHHO MNPH WHTEHCUBHOCTU W3ITy4YCHUS
nakauku 0.75 Br/cm®. TlomydeHHbIe B pabOTe 3aBHCHMOCTH CIICKTPATbHBIX
XapaKTePUCTHK METAIIOBEPXHOCTH MOTYT OBITh MCIOJIB30BaHbI Il pa3padbotku TI1y
PEXKEKTOPHBIX  (PUIBTPOB C  BO3MOKHOCTBIO  HAcCTpOWKM  Kod(duimeHTa

MPOMYCKaHHs HA PE30HAHCHOW YacTOTE.
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Cnucok coKkpaneHn U YCJIOBHBIX 0003HAYEHHU

BJI - GanmaHCHBII 1€TEKTOP;

B - npusma Bonnacrtona;

BAII - BeKTOpHBIN aHATK3aTOP LETEH;

I' - mpusma [ nnana;

JCB - 1M3J1eKTpUYECKHIl CTEPKHEBOM BOJIHOBOI;

UK - undpakpacHslii;

M - monpynsToOp;

MMII - mornorurens Ha OCHOBE METaMAaTEPUAJIOB;

O — oOpaszer;

OCVYHT - onHOCTEHHBIE YTIIEPOAHbIC HAHOTPYOKHU;
[13 - mapabonuyeckue 3epkaia;

[I9M - npocBeunBaromas MEKTPOHHAS MUKPOCKOIIHS;
[19T — nonusTUneHTepedranar;

CJ1 — cBeTOACINTEIb;

COM - ckaHupyromas EeKTPOHHAs MUKPOCKOIIHS;
NTC - TeparepuoBasi UMITyJIbCHasl CIIEKTPOCKOIHS;
TI 11 — TeparepuoBbIil;

VYHT - yrnepoanbie HAHOTPYOKH;

® — dunpTp;

OUII - 351eKTpOMarHuTHO UHAYLIMPOBAHHAsS IMPO3PAYHOCTB;
OKP - sanexTpuyeckuii KOJIbLIEBOW pe30HATOP;

FDFD - MeTo1 KOHEUHBIX Pa3HOCTEN B YaCTOTHOM 00JIaCTH,

PET - polyethylene terephthalate.
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Cnucoxk WIIOCTPATUBHOTO0 MaTepHuaJjia
Pucynok 1.1 — Ilpumepbl MeXaHM3MOB HACTPOMKH MeTaMaTEepUaOB HAHECEHBbI B
3aBUCUMOCTH OT UX pabodeit 4acToThl [5]

Pucynok 1.2 — Onrudecku nepectpanBaemMble Tl MeTaI-moJynIpOBOJHUKOBBIE
ruOpuaHble  MeTanoBepxHOCTH. (a) WM3o0pakeHWe CHBOCHHOTO DJIEKTPUYECKOTO
pe3oHaropa co menbl0 Tl 9acTOTHO-IEpPECTpaMBAEMOW  METANIOBEPXHOCTH,
MOJIYYCHHOE C TIOMOIIBI0 CKaHHUPYIOMIEH 3eKkTpoHHON Mukpockormuu (COM); (0)
CIEKTpPbl TMPOMYCKAHUS JTAHHBIX PE30HATOPOB MPU PA3JIMYHBIX 3HAYEHUSAX HAKAUKU
dboToBo30yxaeHU [47]; (B) n300pakeHue yapTparnupokononocHoro TI'm moxymsitopa,
MOJIYYEHHOE C MTOMOIIBI0 ONTUYECKON MUKPOCKOIMHHU; (T) U €ro CIEKTPhl MPOMYyCKAHUS
0e3 ONTHUYEeCKOro BO30YXKIEHUS M C Ppa3IUYHBIMU 3HAYECHUSIMH HHTECHCUBHOCTH
ontuyeckoro Bo3OyxkaeHus [47]; (@) cxema Meramarepuana M H300pakKeHHE
DJIEMEHTAPHOM SYEUKH, MOJYYEHHOE C MOMOIIBIK) ONTUYECKOM MHKpockomuu, Tl
MOTJIOTUTENISE HA OCHOBE MeTamaTepuana; (€) U CIEeKTPhbl MPOIMyCKaHUs MeTaMarepuana
0e3 ONTHUYEeCKOro BO30YXKJEHHUSA M C Pa3IMYHBIMU 3HAYCHUSIMH HWHTCHCUBHOCTH
onTHYECKOro Bo30yxaeHus [50]

Pucynok 1.3 — Dnektpuueckass MOIYJALMS IMOJTYIPOBOJIHUKOBBIX TMOPHUIIHBIX MeETa-
noBepxHocTed. (a) CxeMa CTPYKTypbl YCTPONCTBA BHYTPH 3JIEMEHTApPHOU SYEUKHU
BBICOKOCKOpOCTHOTO TI'11 METaMaTeprallbHOrO MOJYJIATOPA HA OCHOBE ABYXKaHAIbHBIX
reTepocTpyKTYyp; (0) XapaKTepUCTHKHA MOAYJSIIMM Ha pa3HbIX dvactoTax; [58] (B)
CTPYKTypHasi CX€Ma METanoBEepXHOCTHM akTUBHOM TI'n AuPpakuuOHHOW pEIIEeTKH,
oOpazoBaHHOM 32 crosi0llamMu, yOpaBISIEMbIMU HE3aBUCUMBIMH  CMEILCHUSIMU
HaIpsHKEHUS, TNIe pa3HbIe 1[BETa YKA3bIBAIOT HA pa3HbIe CMEIICHUS HampsoKeHus; (T)
TUHAMUYECKast MU(PPAKIUs BKIIOYACTCS MyTeM MPUMEHEHUsT OOpaTHOTO HAIpPSIKEHUS
CMEIICHHS K albTepHATUBHBIM cTOjI011aM; [59] (1) mpoctpancTBennbiit TI ' MmoaynsTop
71 pa3smepom 8%8 s4eek, OCHOBAaHHBIH Ha DJIEKTPUUYECKH MEPEKIYaEMOM
TEpareploBOM METaMaTEPUAIIBHOM IIOTJIOTUTENIC, KOTOPBIA HCIHOJIB30BAJICS  JUIS
dbopmupoBaHus u300pakeHud ¢ Kommpeccuedr B Tl aumamasone wdacror; (e)
COOTBETCTBYIOIIAsA CXE€Ma CTPYKTYPhI, COCTOSIAsA U3 CBA3aHHOTO MACCHBA PE30HATOPOB,
ciyxammx KoHTaktamu LoTTKH, N-IerupoBaHHas MOJYIPOBOJHUKOBAS MPOCIIOWKA,
MeTajuInyecKasi 3a3eMJIIONIAsl TIOCKOCTh, CIyKalllas OMUYECKUM KOHTAKTOM, a TaKkKe
BCIIOMOTaTelNIbHAs CTPYKTYypa, 00€CleunBaroiasi HE3aBUCUMOE CMEILEHUE HANPSHKEHUS
Ha JJIEMEHTAapHBIX stuciikax [60]

Pucynok 1.4 — DnexkrpuyecKu-IepecTpauBacMble METAIIOBEPXHOCTH Ha OCHOBE
rpadena. (a) Cxema yIbTpaTOHKOTO MOAYJISATOpPA CpeaHero HHGPAKPACHOTO U3ITYUCHUS
Ha OCHOBE MEpPECTPauBaeMOI0 METAOBEPXHOCTHOIO MorioTuTens; (0) mzobpaxeHue,
NOJIy4EHHOE  C  IOMOIIBIKO  CKAaHUPYIOLIEH  3JEKTPOHHOW  MUKPOCKOIWH,
METAIIOBEPXHOCTHOTO MOTJIOTUTENSl. BCTaBka: yBEIWYEHHBIM BHUJ 3JIEMEHTapHOMU
SYEUKH YCTpPOWCTBA; (B) HM3MEPEHHBIC CIIEKTPHl OTpPaX€HUs (HOPMHUPOBAHHBIE K
CIIEKTpaM OTPAKCHHS aFOMHUHHEBOTO 3€pKajia) MOTJIOTUTENS METOMOBEPXHOCTH B (0)
JUISL pa3fIMYHbIX HampsbkeHui 3atBopa |V - Venp|, TH€ Venp — HampsiKeHUE 3aTBOPA,
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KOT/Ia KOHIIEHTPAIMKM JJICKTPOHOB W JBIPOK B JUCTe rpadeHa paBHBI 3apsay
HelTpanbHOU ToYkH; [73] (I) M300paxkeHue, MOIYYCHHOS C MTOMOIIBI0 CKAaHUPYIOIICH
AJIEKTPOHHON MUKPOCKOIHUH, CTPYKTYPhl METAITOBEPXHOCTH C IBOWHBIMU PE30HAHCAMU
®dano; (o) ycwieHHWe CpeAHe WHTEHCHUBHOCTH OJMKHETO TOJii Ha IMOBEPXHOCTU
rpadena. BcraBku: IIPOCTPAHCTBEHHOE pacnpeseneHme HANPSHKEHHOCTH
AJIEKTPUYECKOTO TOJIsI BHYTPH 3a30pa JJIs IBYX pe3oHaHcoB PDaHo; (€) W3MepeHHbIC
CIICKTPBI OTPaKEHUsS YCTpoKcTBa B (1), Kak pyukuus sHeprun @epmu; [74] (k) cxema
METATNOBEPXHOCTHOTO MOJYJIATOpa Ha OCHOBe rpadeHoBoro 3kpana ConcOepu. Ha
BCTaBKE M300PaKEHO YCTPOMCTBO C ONTUYCCKUMHU BOJTHAMU B COCTOSTHUM pe30HaHCa; (3)
U3MCHEHHUE TMOTJIOMIEHUSI M0 OTHOIICHHWIO K TIOTJIONICHHIO B TOYKE HEUTPATbHOCTU
3apsfga B HaHoamepTypax TrpadeHa mupuHodi 40 HM TIpU pa3IUYHBIX YPOBHSIX
nerupoBanus. CIUIONIHAS YepHAsh KpUBas COOTBETCTBYET OAHOCIOWHOMY Tpadeny. Ha
BCTaBKe: H300pakeHHe, TOJYyYEHHOE C TMOMOIIBI0 AaTOMHO-CHJIOBOM MHKPOCKOIHUH,
rpadeHOBBIX HaHOaNepTyp mupuHou 40 HM [75]

Pucynok 1.5 — (a) Cxema 3JIEKTPOJUTHIECKOTO 3aTBOPA METAIIOBEPXHOCTEH HAa OCHOBE
VO2; (0) dazosas quarpamma it VO,, BKIIOYast 3aBUCUMOCTh OT CTCIICHH OKHCIICHUS
BaHaaus, (B) 3aBHCMMBIC OT HanpsbkeHus Tl croektpsl mpomyckanus Tl
MeranoBepxHoctd Ha ocHoBe VO, mpu 315K. BceraBku: ¢ortorpaduum 3010TOTO
KOJIbLIEBOTO pe3oHaTopa Ha VO, nepei HaHECEHUEM HOHHOTO Teist [77]

Pucynok 1.6 — (a) BepxHss maHenb: ONTHYECKOE H300paKECHHE MAacCHUBa 30JIOTHIX
KOJIBLIEBBIX PE30HATOPOB CO IIENbI0, M3rOTOBIEHHOTO moBepx MIEHKH VOo,
NOKa3bIBAIOIIEE IMOBPEXkKACHUE, BbI3BaHHOE TIT-mojieM, WILUTIOCTPHPYEMOE YEpPHBIMH
NSTHAMU Ha pas3pbiBax. [IyHKTHpHAS CHHSS OKPYKHOCTH allPOKCUMHUPYET MEPETHKKY
T myya, a KpacHasi KpuBasi almpOKCUMHPYET pacnpezesieHine WHTeHCHBHOCTH Tl
u3inydeHus. HkHss nmaHens: n300pakeHHe, MOJyYeHHOE C MOMOIIBI0 CKaHUPYIOIIEH
JJIEKTPOHHOW MHKPOCKOIUH, OJUHOYHOTO KOJBIIEBOIO pPE30HATOpa CO  IIEJBIO
nokaszpiBaeT, 4yt0 VO, TOBpEXIEH BEPTHKAIBHO MOJIAPU30BaHHBIM Tl mojeM, c
YBEIMYCHHBIM BUIOM IOBpEXAcHUs Ha Kpato TI'm syda (cripaBa BBEpXy) U OKOJIO
neHtpa ayda (cmpaBa BHH3Y); (0) DKCIEpUMEHTAJbHBIC JaHHBIC, IMOKA3bIBAIOIIUC
3aBUCUMOCTh HEJIMHEHHBIX CIIEKTPOB MPOMYCKAHUS KOJIBIIEBBIX PE30HATOPOB CO IIETHIO

ot nanaroriero nois npu 324 K nis noneit ¢ marencuBHocTsiMu ot 0,3 1o 3,3 MB/cM?
[97]

Pucynok 1.7 — (a) DneMmeHTapHasi sA4eiika METAlOBEPXHOCTH JiI T'€HEpPALMU BTOPOM
rapMOHUKH. Pa3mepsl 30J10TOr0 HAHOKPECTA 1aHbl B HM, a 3JIEMEHTapHas siYeiika UMeeT
pasmep 1000 am x 1300 mM; (6) auarpamMma 30HBI MPOBOJUMOCTH OIHOIO IEpHOjA
CTPYKTYPBI CBSI3aHHBIX KBAHTOBBIX 5IM Ing53Gag 47AS / Alg 481N 52AS, ClIpOeKTHPOBAHHOM
KaK HeJMHeHas cpena sl BBICOKOA((GEKTHUBHON TeHepaldd BTOPOM TapMOHHKHU.
KBampaTel MOTyJIel JE€KTPOHHBIX BOJHOBBIX (DYHKIMH JJis TOA30H 1, 2 U 3 moka3aHbl
U 0003HAYEHbI COOTBETCTBEHHO. llepexonbl MeXIy mapaMu SJEKTPOHHBIX TMOI30H
OTMEYEHBI IByXCTOPOHHUMHU KPACHBIMHU CTpPEJIKaMH, a 3HaUeHUs sHepruil nepexosa (Ey;
U E3) U TUNOIBHBIX MOMEHTOB (231, Z3; W Z31) TIOKa3aHbI PSAJOM C KaKJIOW CTPETIKOM;
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(B) TeHepaIusi BTOPOM TapMOHHMKHK METarmoBepxHocTe Ha ocHOBE (a) u (0). [lokazaHbl
MAKOBAasi MOIIHOCTh BTOPOM TapMOHUKH (JieBasi OChb) W BBIXOJHAsi WHTEHCUBHOCTH
(mpaBast 0cb), Kak (PyHKITUS KBaJpaTa MUKOBON MOIIHOCTH ONTHYECKOTO BO30OYKICHHUS
(HWKHSIS OChb) WJIM KBaJpaTa MUKOBOW MHTEHCUBHOCTH (BEPXHSASI OCh) MPU BOJHOBOM
YuCclIe€ ONTHUYECKOro Bo30Oyxiaenus 1240 et JUISL  Pa3HBIX BXOJOB/BBIXOOB
HOJISIPU3aMOHHBIX KoMOuHanuii; [102] (r) neBas maHenb: cXeMa METAllOBEPXHOCTH Ha
OCHOBE KOJIBLEBBIX PE30HATOPOB CO IIEJIbI0 HA BEPUIMHE CTEKA MHOYKECTBA KBAaHTOBBIX
aM. BepxHsis mpaBas maHesb: BUJ CBEPXY OJHOTO pe3oHaropa. HWHss npaBasi MaHeb:
Cxema, MOKa3bpIBaOIIAsl IBE OCHOBHBIE PE30HAHCHBIE MOJBI KOJBILIEBOTO PE30HATOPA CO
HIEJIbI0 HAa YAaCTOTE ONTHUYECKOTO BO30YXKEHUS M BTOPOW TaPMOHHKH COOTBETCTBEHHO;
(1) MHTEHCHBHOCTh CHTHAJIa BTOPOW TapMOHHMKH, PACHPOCTPAHSIOIIEIOCS B MPSIMOM U
0OpaTHOM HANpAaBJICHHUSX IO OTHOIICHUIO K HEJIMHEWHOW MeTanmoBepXHOCTH B (T), B
3aBHCHMOCTH OT HHTEHCHBHOCTH ONTHYECKOTr0 Bo30yxkacHus [103]

Pucynox 1.8 — (a) M3oOpakeHwe dYacTH HETWHEHHOW METArOBEPXHOCTH, KOTOpas
U3Jy4aeT CUTHAJI BTOPOW TapMOHUKH pa3HbIX MOJSpU3alUid B pPa3HbIE CTOPOHBI,
noJiyueHHoe ¢ nomoibio COM, (TO ecTh NONSPU3AUUOHHBIA PACHIEHUTENb ITy4YKa JJIs
CUTHAJIa BTOPOW FapMOHMKHM). DJIEMEHTapHas suelKa METarlOBEpPXHOCTH 0003HAYAETCs
KpPacHbIM MPSIMOYTOJIbHUKOM; (0) HOPMHUPOBAHHOE 3KCHEPUMEHTATIbHOE H3MEpPEHUE
quarpaMMmbl  HalpaBiI€HHOCTH  METAllOBEPXHOCTH s JBYX  OPTOrOHAJIbHBIX
NOJIIpU3AIMil BTOPOM TapMOHMKU H3JIy4EHMs, KOTJa OCBEIIAIOIIMM JIyd ONTHYECKOTO
BO30Y)KJICHUS TOJSIPU30BaH BIOJb BEpTHKAIbHOTO HampasieHus; [118] (B)
U300paKeHHE Yy4yacTKa HEJIUMHEHMHONW METaloBEepXHOCTHOM IutacTuHbl Ppenens,
MOJIYYEHHOE C TIOMOUIBI0 CKAaHUPYIOIIEH 3JIEKTPOHHON MHUKPOCKOIINH, MOKa3bIBAOIIEE
3epKAJIbHYIO0 HHBEPCHIO KOJIBLEBOTO PE30HATOPA CO LIEJBIO B CMEXKHBIX 30HaX, KOTOPBIE
U3JTy4aloT BOJIHBI BTOPOMl TapMOHHMKM C MPOTUBOMNOJIOKHBIMH (pazamu. Crpenkamu
orMedeHO 3(h(PEKTUBHOE HaIpaBIICHHUE XZ); (r) 3amucaHHBIE HOPMAaJIM30BAHHBIC
M300paKEHHsI CUTHAjla BTOPOM TapMOHUKM Ha pacctosHun Z=0 u Z=1 MM oOT
METarOBEPXHOCTH, N300paxxEHHor Ha Pucynke 1.7 (B); (1) BEpXHSS M HYWOKHSS MMaHEIH
ABJIAIOTCSI,  COOTBETCTBEHHO, pE3yJbTaTaMH  MOJCIMPOBAaHUS U  M3MEPEHUs,
MOKAa3bIBAIOIIMMU  (POKYCHUPOBKY CHUTHaJa BTOPOM TapMOHHUKHM C  [OMOIIbIO
METaNoOBEPXHOCTHOM miacTuHbl @penens (M 00603HauaeT mopsiaok GokycupoBku) [119]

Pucynoxk 2.1 — CTpykTypa MOTJI0TUTENS HA OCHOBE MeTaMarepuaioB. 1 - KpeMHHUEBas
nomaoxka (20 Mxm); 2 - meaubiid otpaxkaromuii cioit (0,5 mxm); 3 - mmdaextpux (12
MkM); 4 - meanbie DKP (0,5 Mxm)

Pucynok 2.2 — Jlucnepcusi mokasatesst mpesiomiieHust (KpacHbIi) u KoddduimeHTa
norsonienus (depusbrii) SU-8

Pucynok 2.3 — CnekTpajibHble XapaKTepUCTUKHU MSATH 00paslloB C reOMETPUUYECKUMU
napaMmerpamu u3 TaOmuubl 2.2 IS y-TIOJSAPU30BaHHBIX (a) M X-TOJIIpU30BaHHBIX (0)
BoJIH. TosuHa croes npupeaeHa B Tadbmuie 2.1
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Pucynok 2.4 — Bnwusaue tonumHbl cinos noiauumuaa SU-8 Ha MOTIOMIAIONIYIO
CIIOCOOHOCTh Ha PE30HAHCHOW YacTOTE METarmoBepXHOCTH (a) U moOpoTHOCTH (0) st
obpasna 1 ¢ rommmuoi cinos IKP 0,5 Mxm

Pucynok 2.5 — CnexTpanpHble XapaKTEpUCTHKU oOpa3ma 1 ¢ ONTUMU3UPOBAHHOMN
TOJIIIUHOM MPOCIOWKHU /IS y-TIOJISIPH30BAaHHBIX (a) U X-TTOJSIPU30BaHHBIX (0) BOJH

Pucynok 2.6 — Pacnpenenenue E-monms B oOpasnax morioturens s Y-
HOJIApU30BaHHOM BOJHBI Ha wactoTax: 0,292 TI'm (a), 0,969 TI'n (0) u 1,623 TI'1; (B)
st obpasnia 1 ¢ ONTHMH3WPOBAHHOW TONIMMHOW JUAJICKTPUYECKOW IPOCIIONKH H
tomuHoi cioga DKP 0,5 mxm

Pucynok 2.7 — PacnpenencHue Bektopa E-monst B oOpasiax MOTVIOTHTENS IS X-
noJispu3oBaHHOM BoJiHBI Ha yactoTtax: 0,398 TI'm (a) m 1,332 TI'ry (0) mst oOpasma 1 ¢
TOJIIIAHOMN AUAIIEKTPUICCKOTO ciI0s 23 MKM U TosuHou citost OKP 0,5 mxm

Pucynok 2.8 — Biausaue Tonmunsl ciiost DKP Ha morsoneHne pe3oHaHcHOro muka (a) u
Ha JT0OpOTHOCTH (0) Ju1st 0Opasma 1 ¢ TONIMHON MTOJTUUMHUTHOTO CIIOS 23 MKM

Pucynok 2.9 — Ilarp »3TamoB M3roToBjCHUs oOpasma Morioturens. OuoyieToBbIN -
KPEMHUH; KEThIN - Me/Ib, KPACHBIN - TOJIMUMU/I, YEPHBIH — (POTOPE3UCT

Pucynok 2.10 — M3roroBiieHHbIe 00pa3iibl MOTJIOTHTENS: ciieBa (a) oOpasell U crpaBa
(b) oOpa3zerr ¢ reomeTprueckuMu napamMerpamu u3 Taomuisr 2.4

Pucynok 2.11 — Konctpykumst Tl MMITyJIbCHOTO CIEKTPOMETpa, pabOTaromero B
peXHrMe Ha OTpakeHHe: (a) M3MEepPEeHne OMOPHOTO cuTHana, (0) n3MepeHne 0ObEKTHOTO
CUrHaJa

Pucynok 2.12 — Teoperuueckuii k0d(pPHUIMEHT OTpa)keHHs IS X-TIOISPU30BAHHOM
BOJIHBI (KpacHasl KpuBas) M Y-TIOJSPHU30BAHHON BOJIHBI (CHHSAS KpHBas) s oOpasIoB
nororutens (a) cinesa u (b) cipasa

Pucynok 2.13 — (a) u (0) CriekTpsl OTpa)KeHUs IS Y-TIOJIIPU30BAHHOM (CHHSSA KpHBas)
U X-nojsipuzoBaHHON (kpacHas kpuBas) BoaH it (@) u (D) skcrmepuMeHTaIbHBIX
00pas3IoB ¢ reOMETPUIECKUMHU apameTpamu u3 Tadmuipl 2.4 cooTBETCTBEHHO. (B) U (T)
AMIUTATYTHBIC CIIEKTPBI OTPAKECHUS W BpEeMEHHbIC (DOPMBI Ui pa3HbIX MOJAPHU3ALNI
BoJIHBI (@=00, 450, 900) mst (a) u (b) 0Opas3IOB ¢ reOMETPUUESCKUMHU TTapaMeTpaMH K3
Tabnuup! 2.4 cooTBeTcTBEHHO. BeTaBku: pororpadun skcnepuMeHTaIbHBIX 00pa3oB

Pucynok 3.1 — ITapameTtpsl puiibTpa ¢ KpecTooOpa3Hoil reoMeTpueit

Pucynok 3.2 — CrieKTpsl IPOIyCKaHusl, MoyrydeHHbIe uncieHHo (1), ananutnyecku (2) u
SKCIIEpUMEHTaIbHO (3) M1 ucciieayeMoro oopasiia
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Pucynox 3.3 — CnekTpsl IpOITyCKaHUs dKCIIEPUMEHTAIBHOTO 00pasiia, MoJyYeHHBIE B
3aBHCHMOCTH OT (@) yrjia MmajeHus U3JydeHusl Ha TUIOCKOCTh GuibTpa: 60° (1), 45° (2),
30° ( 3), 0° ( 4); (0) yrira moBopora B iockoct ribtpa: 0° (1), 30° (2), 60° (3)

Pucynok 4.1 — Xapakrepuctuka ToHkux cioeB OCYHT: (a) crmekTp ONTHYECKOTro
nomomenuss  oopasma OCYHT; (6) COM-uzobpaxkenue OCYHT; (B) I[IDM-
nzoopaxkenne OCYHT

Pucynok 4.2 — Jlucnepcus aeiictBuTelnbHOM (a) m MHMMOH (0) YacTH KOMILIEKCHOM
npoBoauMocTH nipH pasubix ummHax OCYHT: (1) oOpasen — uepHas nmuHust; (2) oOpasern
- KpacHas JuHus; (3) oOpaselr - CHHUS JTHHHS

Pucynok 4.3 — Jlucnepcus nedictBuTelbHOM (a) m MHMMOH (0) 4acTH KOMIUICKCHOM
yleapHOU poBoauMOcTH npu pasHbiX juymHax OCYHT: (1) oOpaser — yepHas JTUHUS,
(2) oOpasern - kpacHas jvHHS; (3) 0Opasell - CHHUS JTHHHS

Pucynok 4.4 — Jlucnepcus nedicTBuTelbHOM (a) M MHMMOH (0) 4acTH KOMIUIEKCHOM
JTURJIEKTPUIECKON TpoHuIiaeMocty ipu pasubix umHax OCYHT: (1) obpasern — uepHas
nunus; (2) obpaserr - kpacHas uHus; (3) oOpasell - CHHUS JTMHUS

Pucynok 4.5 — (a) Cxematnyeckoe H300pa’keHHE YCTAHOBKH HM3MEPEHHUs HMMIIeIaHCa
cioss OCYHT Ha kBapueBoil IOMJIOKKE IPU OCBEIICHHH cBeToM; (0) HM3MEpeHHOe
BJIUSTHUE [TUKJIMYECKOTO OCBEIIECHUS HA EeMKOCTh M conpoTuBiieHue ciiosgs OCYHT

Pucynok 4.6 — Xapakrepuctuka OCYHT ¢ nomomrsio UTC: (a) cxemartuueckoe
n3o0paxenue ycranopku MUTC. Ch - ontudeckuii ipepeiBatens, INAS - TT' rerepatop
(xkpuctamt INAs B marautaoM nosie 2 Ti), G - npusma ['nana, CdTe - HenmmHEHHBIH

KpucTal, A/2 u A4 — noiry- 1 yeTBepTHBONIHOBAs T1acTuHbl, W - mpusma Bonacrona;
123

(6) W3MeHeHUe MHUKOBOW aMILIMTYAbl m3MepeHHoro TI'I[ curHama BO BKJIFOUYEHHOM M
BBIKJIFOYEHHOM COCTOSIHMSIX OcBemieHus. BeraBka - omamuounsiii TI'ty ummynsc; (B, 1)
JICUCTBUTEIbHASI U MHUMAasi YaCTH KOMIUIEKCHOW IUAJIEKTPUYECKOW MPOHULIAEMOCTH
oopaziia OCYHT (mmurna OCYHT 15 mxM, auamerp OCYHT 1,3-2,0 uM, TonmuHa
ciost OYHT 55 um), nonydennsie Mmetogom UTC

Pucynok 4.7 — Ilpennoxennas cxema TI'11 pazoBpaiiaresnis Ha OCHOBE ONTHYECKU
ynpasisiemoro ciiost OCYHT: (a) cxemaTrueckoe H300pakeHHEe JBYXITOPTOBOTO
BEKTOPHOT0 aHaym3aropa uenei (BAILL) mis u3mepenuit S-mapaMeTpos.
JIByxctoponnuii cummeTpuuHo-koHnueckuit JICB, narpyxennsiit cioem OCYHT, 126

MOJIBEPraeTcs BO3CHCTBHUIO Pa3IMuHbIX yclIoBui ocsemenust; (0) dororpadus JJCB Bo
BpeMsl Tpoliecca u3MepeHus; (B) M3MEPEHHbIH CIBHUI aMIUIATY/bl S-TlapaMeTpa H3-3a
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ocsemenus cioss OCYHT; (r) uamepeHHbIi (a30BbIi ¢IBUT; (1) U3MEPEHHOE BIIMSHHEC
IIUKJIMYECKOTO OCBEIeHUs Ha cABUT (a3 Ha yacTotax 150; 220; 400; 500 I'Tnx

Pucynok 5.1 — Kouctpyknuu (a) monocoBoro u (0) peXeKTOpHOro (GUIBTPOB;
CXEMAaTHYECCKHUE CIICKTPBI MPOITyCKaHus (B) MOJI0COBOTO U (T) peKEKTOPHOTO (BDUIBTPOB

Pucynok 5.2 — ®dortorpadus u3roroBiieHHOro odpasia pexkeKkTopHoro ¢puibtpa. Pazmep
MaccHBa, cojeprkaiero /56 pezonatopon: 31,5%x32,5x68 MxMm

Pucynox 5.3 — Choekrtpel MNpOMyCKaHUs IMOJIOCOBBIX (UIBTPOB Ha OCHOBE
KpeCcToOOpa3HbIX PE30HATOPOB, MOJYYEHHBIE C TOMOIIBIO YHCIEHHOTO MOJIEIMPOBAHNA,
C Pa3JIMYHBIMU COOTHOIICHUSIMU T€OMETPUUECKUX MapaMeTPOB

PucyHnok 5.4 — 3aBUCHMOCTb COOTHOLIEHUSI MEXY MNEPHOJOM PE3OHATOPOB U JUTMHOU
kpecta P:L or moOpoTHOoCcTHM duiabTpa ¢ anmpokcuMaied (a); 3aBHCHMOCTb
PE30HAHCHOM YacTOTHI MOJIOCOBOTO GUIbTPa OT epuoaa pesonatopo mpu L=400 Mmxm
u W=100 mxmM (0)

PI/ICYHOK 5.5 — 3aBucuMocThb KOB(l)(bI/II_[I/IeHTa BJIIMAHHA TIIOMJIOXKKH OT TOJIIIHWHBI
ITOJJIOXKKH. Touku — AaHHBIC, ITOJIYYCHHBIC C ITOMOIIBIO YHUCICHHOI'O MOJCINPOBAHUA,
JIMHUA — alllIpOKCHUMAalA

Pucynok 5.6 — Cxema wumnyinbCcHOro TeparepuoBoro crnekrpomerpa. CJI[ -
CBETOJEIUTEeNh, 3 — 3epKajo, I' — nmpusma ['mana, M — moxynsarop, @ — ¢unstp, I13 —
napaboymueckue 3epkana, O — obpazen, B — npusma Bommacrona, BJl — 6amaHcHBIM
JETEKTOP

Pucynok 5.7 — BosHoBble (opMbl GWIBTPOB (2) U IKCHEPUMEHTAIBHBIC CIEKTPHI
nponyckanusi GribTpoB (0)
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Influence of the geometric parameters of the electrical ring
resonator metasurface on the performance of
metamaterial absorbers for terahertz applications
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ZAITSEV Kirill’, VOZIANOVA Anna', KHODZITSKY Mikhail'
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2. Eindhoven University of Technology ,Eindhoven ,The Netherlands;
3. Bauman Moskow State Technical University ,Moscow 105005 , Russia )
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Abstract: In this paper, the effect of the geometrical parameters of an electrical ring resonator( ERR) on the
total absorptivity of metamaterial absorbers is analyzed. In particular, the effect of electrical ring resonator pa-
rameters, dielectric layer( spacer) thickness and electrical ring resonator thickness on the absorber of metama-
terials are analyzed in detail. On this basis, the orthogonal experiment is set up to analyze the combined
effects of several parameters and finally obtain the theoretical absorptivity of metamaterials. Based on the above
results, the principle prototype of two metamaterial absorbers is prepared. The results show that the narrow-
band absorptivity of the prototype is higher than 98% , which provide guidance for the design of high perform-
ance absorber.

Key words: metamaterials ; spectroscopy ; terahertz ; absorbers
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1 Introduction

Metamaterial devices for terahertz ( THz) fre-
quency band have been a subject of close attention
for the last decade. The reason behind this interest
is the lack of natural materials with strong response
to electromagnetic radiation of terahertz frequencies.
Particularly there is a need for materials with strong
absorption in terahertz frequency range for such ap-
plications as terahertz sensing, hyperspectral ima-
ging and screeningm. The pioneering paper on THz
metamaterial absorbers ( MMA ) based on electrical
ring resonators( ERR) has been published by Tao"*
(his colleague Landy studied the same structure for
far infrared wavelength region'’’ ). The proposed
MMA is based on the idea that a good metamaterial
absorber must minimize both reflection, by matching
the impedance of the structure to one of the sur-
rounding medium, and transmission, by introducing
a metallic array of cut-wires. A bilayer structure sat-

2] is composed of an array

isfying these requirements
of ERRs (‘two split-ring resonators placed back to
back ) separated by a polymide spacer and backed
by an array of metal strips oriented parallel to the
centerline of ERR. Such metamaterial could be
called metasurface because its thickness is less than
the wavelength. Such geometry of structure allows to
tune the permittivity £ (w) and the permeability u
(w) of the metasurface. It can be done by changing
the ERR geometry or varying the substrate thickness
and the cut-wire geometry. This design can have
theoretical absorptivity close to unity (0.99) with
full width at half maximum (FWHM) of 4 percent of
wy- The authors verified this design by obtaining ex-
of 0.7 at

perimentally the absorptivity value

1.4 THz. Such a great difference between theoreti-

doi;10.3788/C0.20181101. 0047

cal and experimental results is explained by a varia-
tion of metasurface constitutive parameters from the
tabular values and by the non-optimized fabrication
process. The transmission line model for this design
is discussed in Ref. [4]. Further the works on THz
MAs have been continued in the following direc-
tions ; designing of polarization-insensitive and inci-
dence angle-insensitive structures; designing of
multiband and broadband absorbers; designing of
absorbers with tunable absorption and center fre-
quency. In the next work Tao">' considered a meta-
surface-dielectric-ground plane structure which was
fabricated on a flexible polyimide substrate and he
experimentally obtained the absorptivity of 0.96 at
1.6 THz. As can be seen from Ref. [5], the struc-
ture is sensitive to both angle of incident electromag-
netic wave and its polarisation. For such structure
the resonant peak frequency experiences a blue shift
as the angle of wave incidence increases. The first
resonant absorption peak has greater absorptivity val-
ue and quality factor for TM polarization of radia-
tion. Also it should be noted the presence of high
frequency peak in the absorption spectrum. In 2009
year, Landy'® proposed another structure, an array
of unit cells, which were comprised of two different
cross-shaped resonators separated by a dielectric

L]
spacer

. This MMA had experimental absorptivity
of 0. 75 at 1. 15 THz. This structure is polarization-
insensitive due to the symmetry of the unit cell. In
2010 year, Ye et al.'”’ performed the numerical
simulation of absorption spectrum of a single band
MMA with a unit cell composed of both cut-wire ( po-
larization sensitive ) and cross-shaped ( polarization
insensitive) resonators backed by a metallic ground
plane with a dielectric spacer, it was shown that the

structure has good wide angle absorption. The struc-

ture had the simulated absorptivity of 0. 98 at 4. 96
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THz. Same year, Shchegolkov et al.'®’ published
the paper with the numerical simulation results on
the same structure and with experimental results on
the similar structure with an unit cell composed of a
metasurface which is an array of holes complementa-
ry to the cut-wires with cross-shaped resonators,
backed by the metallic ground plane with the dielec-
tric spacer. Despite having near unity absorptivity
(greater than 0. 97 for angles up to 70°) the com-
plementary structure has one significant drawback;
its center frequency of absorption peak redshifis by a
decade comparing to the unit cell composed from the

81 Interest towards multi-

cross-shaped resonators
band MMAs has also been sparked. In 2010 year,
Tao et. al. '’ published the paper on a dual band
absorber which had two peaks of absorptivity of 0. 85
at 1.4 THz and 0. 94 at 3. 0 THz. This MMA had a
unit cell comprised of two electric field coupled
(ELC) resonators combined into a single resona-

1 In 2011 year, Shen et al. '™ proposed simi-

tor
lar MMA designs with an unit cell comprised of con-
centric square-ring resonators backed by a layer of
metal and spaced by a dielectric layer. In the con-
text of Ref. [ 10 ], this structure acts like a multi-
band absorber having three absorption peaks equal to
the number of the square ring resonators''’’. This
design is polarisation-insensitive and gives absorptiv-
ity values of 0.99, 0.96, and 0.98 at 4. 02 GHz,
6.75 GHz and 9.24 GHz respectively. Multilayer
absorbers ( composed of 3 metasurfaces and a ground
plane separated by dielectric layers) and supercell
absorbers with an unit cell comprised of several re-
sonators, both based on the metasurfaces composed
of the cross-shaped resonators have also been studied
by Grant''"'. The paper draws a comparison between
multilayer and superpixel structures( the latter being
more technological in a sense of fabrication; layered
structures require several fabrication steps and some-
times there is a need for the precise mask alignment
for the photolithography process, which greatly adds

to manufacturing time and cost and it can potentially

have greater variation of its geometric parameters due
to defect and error accumulation during the fabrica-
tion process). This work states that the superpixel
structure has a disadvantage of being some polariza-
tion dependence and having lower absorption than
the multilayer structure(0. 5 versus 0. 6) , though it
has greater bandwidth than the multilayer MMA
bandwidth (2. 18 THz versus 1.86 THz).

interesting idea to implement a dual-band absorber

Another

was proposed by Wang et al.'"'. the dual-band
MMA ( the metasurface-dielectric-metallic ground
plane structure ) with a cut-wire metasurface unit
cell'. The high-order resonance of the cut-wire
was used to obtain the second absorption band of the
high quality factor( Q =8.4). The simulation results
give the absorptivity of 0.996 7 and 0.997 3 at
1.42 THz and 2.99 THz with FWHM of 0.2 THz
and 0. 05 THz respectively. It is reported that the
amplitude of the high-order absorption peak signifi-
cantly changes with the background medium permit-
tivity, which can be used in biosensing applications.

This work is devoted to investigation of ERR
metasurface parameters such as the unit cell geomet-
ric parameters to obtain perfect absorption in the fre-
quency range of 0.25 —1.75 THz. So the develop-
ment of an ideal absorber for THz spectroscopy and
imaging using metamaterial resonant elements takes
particular interest of scientific community nowadays,
also it’s a promising candidate for selective reflective
mirrors for THz narrowband absorption, that has a

negative influence on biological objects.

2 Description of the structure

The structure studied in this paper is a MMA
with a unit cell based on ERRs, typically used in
the implementation of narrowband absorbers. This
structure consists of 4 layers; 1 is the silicon sub-
strate, 2 is the reflective copper film, 3 is the die-
lectric spacer, 4 is the ERR copper array.

The ERR is composed by 2 split rings connect-
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ed to each other and is defined by the following pa-
rameters : g is the gap of the ERR; w is the width of
the stripes; a, b are the length and the width of the
ERR, respectively; p is the distance between the
ERR boundary and the unit cell border. The struc-

ture is shown in Fig. 1.

z’y\

| A Ll
x 1
Fig. 1 MMA  Structure. 1. the silicic substrate

(20 pm); 2. the copper reflective layer
(0.5 wm); 3. the dielectric spacer ( 12
pm) ; 4. the copper ERR(0.5 pm)

3 Evaluation and design process

To create a MMA with perfect absorptance, the
evaluation process will find the optimal values for the
ERR geometry and analyze the effects of different
layers thicknesses. The silicon layer ( the 1 layer)
is used only as the substrate during the fabrication
process, so it won't impact the total absorptance;
the copper layer( the 2" layer) has to reflect 100% |,
thus its thickness has only to be greater than the skin
depth. Only the thickness of the polyimide SU-8
spacer(the 3" layer) and the ERR ( the 4" layer)
thickness will influence the MMA absorptance.

In order to make an independent analysis of the
influence of each geometric parameter on the MMA
performance, the evaluation process will be per-
formed in the following 5 steps:

(1) Definition of the reference parameters: In
this step the simulation process will be defined and
the standard parameters to be used as reference will
be defined, in order to prepare the simulation envi-

ronment for the next steps of the process.

(2) Analysis of the ERR geometry influence;
This step will define different sets for the ERR geom-
etry in order to evaluate their effect on the final
structure. From this step, a set of geometric parame-
ters for the ERR (a, b, w) will be selected to be
used in the optimization of the next steps.

(3) Analysis of the dielectric layer ( spacer)
thickness; In this step, a parametric sweep of the
spacer thickness will be performed. From the results
the optimum spacer thickness will be selected.

(4) Analysis of the ERR thickness; The similar
one as the previous step, a parametric sweep of the
ERR thickness will be performed to obtain the ERR
thickness optimal value.

(5) Final implementation: All the parameters
will be included in a last optimization of the ERR
geometry. The last results will be simulated to obtain
the theoretical absorptance of the metasurface. The
results obtained here will be used in the MMA proto-
types fabrication process.

In each step, the MMA theoretical absorption
was obtained in the frequency range of 0.25 -
1.75 THz, using the simulation based on the finite-
difference frequency-domain ( FDFD ) method'"’
with tetrahedral fragmentation. The electrical field
was oriented in two directions in order to check the
polarization dependence of the metasurface absorp-
tion: @ =0°(y-polarized wave) and 6 =90° (x-polar-
ized wave). x- and y-polarized waves have different
resonant frequencies because this structure isn’ t
symmetrical in x- and y-directions ( but it allows to
tune the resonant frequency by the sample rotation ).
For each case, the S-parameters were obtained to
calculate the absorptance. When the transmission
coefficient T(T = 185,,17) is equal to zero, the ab-
sorptance depends on the reflection R(R = 15,,1%)
as shown in Eq. (1)

A=1-R. (1)
3.1 Definition of reference parameters

As a first step in our study, the structure was
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designed using the standard set of layers thicknes-
ses, which will be used as a reference in the differ-
ent steps of the evaluation process. These layers

thicknesses are shown in Tab. 1.

Tab.1 Unit cell layer thickness

Layer Material Layer thickness/pm
1 Silicon 20
2 Copper 0.5
3 Polyimide SU-8 12
4 Copper ERR 0.5

We used the typical value of the silicon permit-
tivity of & = 12. The complex copper conductivity
dispersion o (w) was calculated using the Drude
model ™', Eq. (2) :

5 = S5 (2)
v+ iw
where g,-the permittivity of free space, &, = 4.5,
the copper permittivity at infinite frequency, w, = 2
128 THz-the plasma frequency, y =4. 35 THz-the e-
lectron relaxation frequency, w is an angular fre-
quency.
The polyimide SU-8 complex refractive index is

shown in Fig. 2 and it could be calculated according

to Eq. (3) :

where 7 is the complex refractive index; n', n” is its
real and imaginary part respectively; ¢ is the speed

of light in vacuum; « is the absorption coefficient.

1.80 50
>
Z
1.76 40 o
< =
E :
g 17 30 3
L °
2 I
2 1.68 120 &
S [
2 2
1.64 10 g‘
160 NS — ]
02 04 06 08 10 12 14 1.6
Frequency/THz
Fig.2 Dispersion of refractive index(1) and absorption

coefficient(2) of SU-8

The polyimide complex refractive index disper-
sion was obtained experimentally using the standard
time-domain terahertz spectroscopy' "’ .

3.2 Analysis of the ERR geometry influence

To evaluate the ERR geometry influence, the
ERR geometrical parameters were changed to gener-
ate different ERR metasurfaces. The sample 1 corre-
sponded to the reference values, other samples were

obtained by sweeping every 10% of the values in the

sample 1. The total number of samples and the cor-

R . respondin, eometric parameters are shown in
nw) =n'(w) +in"(w) = P g 8 P
calw) Tab. 2.
n'(w) +i°50% (3)
2w
Tab.2 Simulated MMA geometric parameters
MMA samples a/pm b/ pm g/ pm p/ pm w/ pm
1 160 80 15 15 5
2 176 88 15 15 5.5
3 192 96 15 15 6
4 208 104 15 15 6.5
5 224 112 15 15 7

The results of these first simulations (5 struc-
tures with the geometric parameters from Tab. 2 and
the layers thickness given from Tab. 1) are presen-

ted in Fig. 3. They demonstrate relatively low ab-

sorption of THz radiation, with absorptance no high-
er than 55% . Tab. 3 summarizes the obtained reso-

nant frequencies and their calculated absorptance.
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Fig.3 Spectral characteristics of 5 samples with geometric parameters from Table 2 for y-polarized(a) and x-polarized(b)

waves. The layers thicknesses are given from Tab. 1

Tab.3 Simulated results for the 5 absorbers

y-polarized wave
MMA sample

x-polarized wave

Jf./THz A/a. u. Jf./THz A/a. u.
1 0.99 0.377 0.42 0.549
2 0.89 0.338 0.38 0.492
3 0.8 0.318 0.35 0.466
4 0.75 0.279 0.32 0.444
5 0.68 0.275 0.29 0.407

In the simulation results, it can be noted that
the resonant frequency red-shifts proportionally to
the geometric parameters increase, due to the higher
inductivity of the ERR. The MMA sample 1 presents
the best absorptance, with the value of 0.549.
These values are going to be considered optimal and
will be used as a reference in the next steps of evalu-
ation.

After

(0.72 THz) there was disturbance of the cell adhe-
(16

irradiation at 418 um wavelength

sion to surface in 70% —80% of neurons''®’ | after
irradiation at 337-pum wavelength (0. 89 THz) and
intensity of 400 pW/cm’ there was a growth of

tumor[ 17]

, so the samples 2 and 4 show peak of ab-
sorptance at these frequencies, moreover we show
the possibility to change a resonant frequency by the
ERR geometric parameters changing.

3.3 Influence of the spacer thickness

There are 2 types of resonances in this frequen-

cy range : magnetic and electric (in this paper they
are indicated as L.C-mode and plasmonic resonance,
respectively) . We have the optimized parameters for
the plasmonic resonance, due to its resonant fre-
quencies closer to the destructive frequencies for the
biological objects. That is why we concentrate more
attention on the ERR geometric parameters, because
of its influence on plasmonic resonance is much
stronger than that of spacer thickness.

To illustrate the effect of the spacer thickness,
the parametric sweep was performed in the range
from 5 to 35 pm for the sample 1 in Tab. 2 ( because
this sample shows maximal absorption). The theo-
retical values of absorptance and Q-factor of the sam-
ple 1 were obtained and are presented in Fig. 4 ( the
resonant frequency is barely the same as that in
Tab. 3, because the resonant frequency is deter-
mined by the ERR geometric parameters, and the

dielectric layer thickness influence on the resonant
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frequency is neglected low).
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Fig. 4
sample 1 with the ERR layer thickness of 0.5 pm

In these results, we obtained the optimal value
of the spacer layer thickness of 21. 6 pm. The sam-
ple 1, with the optimal thickness presents the best

resonant absorptance. Its value is higher than 90%

1.0

0.8

0.6

0.4

Reflection/a.u.

0.2

0.0 " : L . )
025 050 0.75 1.00 125 1.50 1.75

Frequency/THz
@

Fig. 5

waves

The optimal thickness of the dielectric layer is

. . Aves :
determined by the equation t =——, where ¢ is the

4n g

dielectric layer thickness, A, is the resonant fre-

quency, n.; is the effective refractive index of the di-
electric layer covered by the ERR array. For exam-
ple the optimal spacer thickness for the sample 1
could be calculated using the following data; for y-
=303 pm(v,, =0.99 THz),

=713 pm

polarized wave, A

res

ng ~ 3.9; for x-polarized wave, A

el res

QO-factor

1 1 1

0 10 20 30 40 50 60
Layer thickness/um
(b)

Influence of the polyimide SU-8 layer thickness on the resonant peak absorptance(a) and on the Q-factor(b) for the

for y-polarized wave, ensuring a narrowband reso-
nant peak. Fig. 5 presents the absorptance of the
structure with the optimized spacer thickness for both

wave polarizations.

L0 ‘ \/\.
0.8f 1
3
& 061 1
=
.2
3 04r ]
Q
~
02 .
0.0 1 1 . . A
025 050 075 1.00 125 1.50 1.75
Frequency/THz
(b)

Spectral characteristics of the Sample 1 with the optimized spacer thickness for y-polarized(a) and x-polarized (b)

(v,.=0.42 THz), n, ~8. So the optimal spacer
thickness for both polarizations is ¢ =~ 21.6 um.
There is the dispersion of the metasurface effective
refractive index in this frequency range. The disper-
sion could be calculated by the method given in Ref.
[18].

Next, we obtained and evaluated the E-field
distribution in the MMA at the resonant frequencies
for y-polarized wave;0.292 THz, 0.969 THz and
1.623 THz ( Fig. 6 ); and for x-polarized wave:
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0.398 THz and 1. 322 THz( Fig. 7).

1.22e+07

(@)

—1.22¢+07

¥4

Ve

Fig.6  E-field distribution in MMA samples for y-polarized wave at the frequencies:0.292 THz(a), 0.969 THz(b) and
1.623 THz(c) for the sample 1 with the optimized spacer thickness and the ERR layer thickness of 0. 5 pum

®

5.12e+

Fig.7 E-field vector distribution in the MMA samples
for x-polarized wave at the frequencies: 0. 398
THz(a) and 1.322 THz(b) for the sample 1
with the spacer layer thickness of 23 wm and the
ERR layer thickness of 0.5 pum

These results for the y-polarized wave ( Fig. 6)
lead to conclude that the resonance at 0.292 THz
corresponds to the LC-mode, due to the E-field con-
centrating in the ERR gap; while the resonances at
0.969 THz and 1. 623 THz correspond to the plas-
monic resonance, due to the E-field concentration a-
long ERR borders. For case of x-polarized wave in
Fig. 7, the resonances at both frequencies (0. 398
THz and 1.322 THz) correspond to the plasmonic
resonance, because of the E-field concentrating a-
long each of ERR rings.

The highest absorptance in both cases ( x-polar-

ized and y-polarized waves) corresponds to the first
plasmonic resonance. For this reason we will focus
in the absorptance and Q-factor at this resonant
peak.
3.4 Analysis of the ERR thickness

In order to have the maximum absorptance val-

ue, the ERR thickness should be more than the skin
depth, as expressed in Eq. (4) :

P (4)

where A is a skin depth; u,, is the relative permea-
bility of the copper; p is the copper resistivity. The
skin depth at the resonant frequency is A =
0.13 pm.

Since the ERR thickness has to be larger than
the skin depth, we selected the range from 0.2 pm
to 1 pwm to simulate and evaluate the influence of the
ERR thickness. The results can be observed in
Fig. 8, in both terms of the reflection and the Q-fac-
tor of the metasurface.

In the case of y-polarized wave, the ERR can
be considered as a waveguide, so the enlargement of
the ERR thickness represents the increasing of the
waveguide length. This effect creates the proportion-
al dependence of the MMA absorptance on the ERR
layer thickness. On the other hand, for x-polarized
wave, the ERR will behave as a waveguide with a

bend section. It can be observed that after the peak
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at 0.35 pm in thickness, losses at the bend section
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Fig. 8 Influence of the ERR layer thickness on the resonant peak absorptance(a) and on Q-factor(b) for the sample 1 with

the polyimide layer thickness of 23 pum

The optimal value of the ERR thickness was
0.55 wm, achieving the absorptance higher than
95% for both polarizations.

3.5 Final implementation

Once the values of thickness were obtained for

the different layers, the ERR geometrical values

were optimized to achieve the maximum value of ab-

sorptance at the resonant frequency. In order to test
two different resonance frequencies, the optimized
versions of all 5 samples were fabricated. For the
samples 1 and 4 (the experimental samples a and b
respectively, they have the best fabrication accura-
cy) shown in Fig. 10, their final values are presen-

ted in Tab. 4.

Tab.4 Geometric parameters for the fabricated MMA

MMA samples a/ pm b/ pm p/pum g/ pm w/ pum
159 78 13 17 5
208 98 13 23 6

4  Fabrication process

The ERR metasurfaces were fabricated using
vacuum evaporation and photolithography. The e-
mulsion photomask and the experimental sample
were manufactured in the “Vavilov State Optical In-
stitute”. The manufacturing process is shown in
Fig. 9, consisting of five steps: (1) a thin layer of
chrome and a copper layer were placed on the silicon
substrate , using the ion-vacuum spattering method ;
(2) the liquid polyimide solution ( SU-8) was sput-
tered using a centrifuge force; (3) the photoresist

layer was applied with the centrifuge force, forming

the image; (4)the second copper layer was placed
to use for the ERRs; and finally (5), the photore-

sist layer was deleted.

1 2 3 4 5

Silicon Copper  Polyimide Photoresist Copper

L ﬁ Il e
Fig.9 Five steps of the fabrication of the MMA sample

At the end of the fabrication process, the two
MMA samples were obtained with the optimized geo-
metric parameters in Tab. 4, and the optimal thick-

ness for the ERR(0.55 pm) and the polyimide SU-
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wavelength of 780 nm and the pulse duration of
100 fs. The generation of the THz-wave is performed
in a LT-GaAs photoconductive antenna(PCA) , and

the THz pulses detection is conducted in a ZnSe-

(a) ® electro-optical detector. The setup operates in the
Fig. 10  Fabricated MMA samples: (a) Sample a and reflection mode with a beam splitter, making the in-
(b)sample b cidence radiation perpendicular to the sample. The

measures are performed in the frequency range from
0.25 to 1. 75 THz.

The reflectivity of the metasurface was deter-

8(22.5 wm) layers. Fig. 10 shows the MMA unit

cell microimages with the standard 100 pm bar.

. mined using Eq. (5) ;
5 Experimental setup

E (v) 2
E(v) 7

where E_ is the fourier-domain representation of the

R(v) =1 (5)

To test the performance of the designed MMAs,

we used the compact TPS( terahertz pulsed spectros-

]

s reference waveform E, = E_(t), reflected from the
copy) setup' ).

Fig. 11 presents the experimental
8 P P plane gold mirror placed behind the rigidly fixed
setup and illustrates the TPS waveform detection . ) . )

diaphragm, and E_ is the fourier-domain representa-
process. The setup uses the second harmonic of the )
i ) tion of the sample waveform E, = E_(¢), reflected
Er-doped femtosecond fiber laser for both generation ) ) ]
) from the sample of interest placed behind of dia-
and detection of THz pulses. The laser has the aver-

phragm.
age power of 200 mW. The system uses the central
Femtosecond laser Wire E f'=50 mm
(0.2 W, 50 MHz, THz polarizer a ()
780 nm, 10 fs) PCA 3 TPX
Q lens
] Pump beam -
Polarizing } K d="
beam
splitter Reference Gold
Delay Power \ diaphragm mirror
Computer supply
Function
- generator (b)
| Controller | [Tockan
amplifier \ =
1
£ Si beam
g i : Sample
£ Creckoptiga oot ey Spliuex Rl
2
2
=¥
' Ii
] 2 Wgrigfrtlon c%;slzj Parabolic
mirror
Planx B ) ) ) /
mirror
Fig. 11  Design of reflective THz spectrometer
of two metasurfaces was obtained both theoretical
6 Results and discussion and experimentally, these results can be found in

Fig. 12 and Fig. 13, respectively.

In order to validate the results, the performance
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Fig. 12 Simulated reflection coefficient of samples a(a) and b(b) for x-polarized wave(§ =90°) and y-polarized wave
(6=0°)
the total absorption of 99.57% at the frequency of
1.0 @ 1.06 THz for y-polarized wave and 99. 11% at the
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Fig. 13

Reflection coefficient of the two experimental
MMA samples for y-polarized ( solid curve)
and x-polarized ( dotted curve). The geometric
parameters of the samples are indicated above

in Fig. 10

The theoretical absorption values for the sample
(a) are 95.91% at the frequency of 1.06 THz for
y-polarized wave and 97.56% at the frequency of
0. 43 THz for x-polarized wave; and for the sample
(b) 98.34% at the frequency of 0. 864 THz for y-
polarized wave, 96.56%
0. 337 THz for x-polarized wave.

at the frequency of

The reflection was measured for the fabricated
MMA samples, to obtain the absorptance of each

sample. For the sample (a) the results demonstrate

frequency of 0. 4 THz for x-polarized wave; for sam-
ple (b) the measured absorptance is 99. 98% at the
frequency of 0.87 THz for y-polarized wave and
98.68% at the frequency of 0.33 THz for x-polar-
ized wave.

As it can be seen, the overall performance from
the simulation and the measured samples are very
similar. The resonant frequencies are close to the
ones obtained in the simulation, and all the curves
present the same performance. Moreover, the exper-
imental results appear to outperform the simulated
peaks of absorptance. The differences between theo-
retical and experimental results can be explained by
the variation of material parameters from tabular val-

ues and by tolerances of the fabrication process.

7  Conclusions

In this paper, we analyzed the effects of the ge-
ometric characteristics of the narrowband absorber
for THz frequencies. The structure consisted of a u-
nit cell based on electrical ring resonators. The per-
formance of the MMA was analyzed using the FDFD
method, in order to obtain the values of the ERR ge-
ometrical parameters, the spacer thickness and the

ERR thickness resulting in maximum absorptance.
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We showed that the perfect narrowband absorb-
er can be formed by using Electrical Ring Resonator
metasurface at terahertz frequencies. The resonance
peaks with absorptance more than 99% were ob-
tained under normal incidence ( the absorptance of
99.57% at 1.06 THz for y-polarized wave and
99.11% at 0.4 THz for x-polarized wave ). This
structure is polarization sensitive ; changing of polari-
zation angle leads to shift of resonant peak frequency

and change of resonant peak absorptance.

These results not only serve as a guideline for
future designs and metamaterial structures based on
ERR, but also show the validity of the proposed
structures in the implementation of different hard-

ware components for THz systems.
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BBEOEHUE

B mocienHee BpeMsaA TepareplioBblil AUANIAa30H YaCTOT
IpeacTaBasIeT OOJILIIION HMHTEepec u3-3a MHOKECTBa
€ro IPUMEHEeHWH, BKJIOUAIOIIWEe pasHble 00JacTu,
TaKhe KaK HepaspyIIamoluii KOHTPOJIb, BOEHHAS U
rpaskgasckas obopora, xumus, meauinaa. Ocoben-
HOe BHUMAaHUE yAeJAeTCA TeparepoBoii CIIEKTPOCKO-
1Y, TaK KaK B CyOMUJIJINMETPOBOM JHAIIa30HEe JJINH
BOJIH JIEJKAT JIMHUU IOTJIOIIEHUA KaK IPOCTHIX, TaK
U CJIO’KHBIX MOJIEKYJI, COOTBETCTBYIOIIIME BpaIlaTe/Ib-
HBIM KoJebaHuaM MojeKysabl [1]. BBugy Takoro pas-
HOOOpasusa NPUJIOKEHUI TeparepIioBbIX TeXHOJOTHUHN
HeoO0xXonmMo paspabaThIiBaTh HOBBIE MCTOYHUKHU, Je-
TEeKTOPbI, (PUIABTPLI U APYTrHUe BaKHbIe KOMIIOHEHTbI
[2, 3].

s m3rotoBiieHUA (PUIBTPOB YACTO MCIIOJL3YIOT
YaCTOTHO-U30MPATEJbHYIO IIOBEPXHOCTh (MHOTHA €€
Ha3bIBAIOT METAIIOBEPXHOCTH), KOTOPAA IPEACTABJIIA-
eT U3 cedd TOHKYIO MeTaJIJINUEeCKYIO ILJIEHKY, C BbIpe-
3aHHOUM B Hell KaKOU-TM00 reoMeTpuUecKoi (opmoit
B AByMepHOM MaccuBe. ONTHYECKUE XapaKTepPUCTU-
KJ TaKOro (DUJIbTpPA OIPENeJISIOTCS BUAOM TIeoMe-
Tpudyeckoil (popMbI u e€ pazmepamu. Enié ogHuM mpe-
MMYIIeCTBOM YaCTOTHO-U30MPaATEJIbHOI TOBEPXHOCTU

SIBJISIETCSI KOMIIAKTHOCTD U IIPOCTOTA IIPOIIeCCa U3T0-
TOBJIEHUS.

Haubosee pactipocTpaHeHHAsI TeOMETPUSA dJIeMeH-
TapHOIl AueliKku (pesoHaTopa) — KpecTooOpasHasd,
TaK KaK CIEKTDP IPONYyCKaHUA MOJO00HOTO (GhUIbTpa
He 3aBUCUT OT MOJAPUIAIUY A AI0IIET0 N3y UYeHU .
OnuH u3 MEepBBIX aBTOPOB, WCCJIEMOBABIIHNII MOM00-
HYIO CTPYKTYDPY ABJIgeTcA Yabpux [4]. O moxasad,
YTO YaCTOTHO-m36MpaTeabHass MOBEPXHOCTH TaKOTO
BUIa MOKET OBITH IIPECTABJIEHA KAK 9JI€MEHT CXeMBbI
JuHUi mepegadu. Jlajsee OBIIO OMyOJMKOBAHO MHO-
JKeCTBO APYTruX paboT, aBTOPHI KOTOPBIX BHIABUTAJH
CBOU TE€OPUHU, UCIIOJIH30BAJIU PA3JIUUYHBIE METOMBI 13-
TOTOBJIEHUS U TECTUPOBAIHN (DUJILTPHI Ha OCHOBE Kpe-
CTOOOPABHBIX PE30HATOPOB HA TEPATrePIIOBBIX YaCTO-
Tax [5—10].

JlaHHasa cTaThsa MOCBAIIEHA paspaboTKe yIpas-
JIIEMOTO Y3KOIIOJIOCHOTO TepareplioBoro (puiabTpa Ha
OCHOBE KPecTO00OpasHbIX PE30HATOPOB [JIs UETHIPEX
PasHBIX YaCTOT. YIIPABJIATDH CIEKTPAJbHBIMU XapaK-
TEPUCTUKAMHU (PUIBTPA BO3MOYKHO MeXaHUYECKH,
MeHsAsT KpecToo0pasHbie Pe30HATOPHI PA3HBIX pPasMe-
POB, U YTEéM M3MEHEHUS yIjia HaJeHUsa U3TyUeHUI
Ha ILJIOCKOCTH (puJIbTpa.
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PACYET NAPAMETPOB

KPECTOOBPA3HbIX PESOHATOPOB

ITono:xeHMEe pE30OHAHCHOM YAaCTOTHI IPOIYCKAHUS TI0-
JIOCOBOTO (hMJIBTPA OIpeAesaeTca TreOMeTPUUECKUMU
mapaMeTpaMu KPecTOOOpa3HBIX PE30HATOPOB — JIJIU-
HOU L, mmupunoii K u mepuoaom G (puc. 1).

Ws3BecTHO, uTO 3HAUEHNE PE30HAHCHOMW YACTOTHI
U3MeHsIeTCs JINHEHHO ¢ U3MeHeHeM I'eOMeTPUUYeCKUX
napameTpoB KpecToB [11]. Mcmonbays aTOT IPUHITATI,
¥ OCHOBBLIBASCH Ha (YUJIBTPE C U3BECTHBIMI TeOMeTPH-
YEeCKUMU IIapaMeTpaMy U CHEeKTPAaJbHBIMU XapaKTe-
PUCTHMKAMM MOYKHO PACCUMTATH AJSA KaKJOTO Ilapa-
MeTpa Koa(pGUIneHT MaciiTabnpoBaHus 10 (opMyJie
Cp = P/A, rme P — 3HaueHUe TeOMeTPUUYECKOro mapa-
MeTpa U A — u3BeCTHasA pPe30HAHCHAs IJINHA BOJHBI
IJiS JaHHOTO mapameTrpa. B manHoii paboTe 3a OCHOBY
Obljia B3ATa cTaThs [6], paccunTaHHBIE KOI(DUITIEH-
THI MacCIITa0UPOBaHUA YKasaHbl B Tabi. 1 (f — peso-
HaHCHAaA YacTOTa MPOIIyCKaHUA).

VYMvuO:Kasd KOd(M@OUIIMEHT MaCIITa0UPOBAHUSA Ha
HYKHYIO IJIVHY BOJHBI MOKHO TOJYYUTH HOBBIE TIa-
paMeTphI CEeTKU [Jis U3TOTOBJEeHUA. B Tabi. 2 mpex-
CTaBJIEHBI BBIUNCJIEHHBIE Pa3MephI.

Puc. 1. ITapamerps! ¢puiabTpa ¢ KpecTooOpPasHOil reoMer-
pueii.

Ta6nuua 1. KoadduumeHTsl macwitabupoBaHus [3]

L =261 mgm; K = 76 mxMm; G = 402 MKM;
f=0,585TT' (A = 512,8 MmKMm)

CL CK CG
0,509 0,148 0,784

Ta6nuua 2. MapameTpbl KpecToB (hUNbTPOB ANA 3afaH-
HbIX P€30HAHCHbIX 4YacToOT

f, TI' G, MKEM L, mem K, MM
0,1 2351 1533 445
0,2 1175 766 222
0,3 784 511 148
0,4 588 383 111

YUNCNEHHOE MOAENTNPOBAHUE

s mpenBapuTeIbHOTO IIOCTPOEHUS CIEKTPAa IIPO-
ycKaHuA (QUJIbTPa Ha OCHOBE KPECTOOOPA3HBIX pe-
30HATOPOB OBLJI MCIIOJIB30BAH METOH KOHEUHBIX 9JIe-
MeHTOB. MongenpoBaHre IPOBOAMJIOCH C IIOMOIIBIO
KOMILJI€KCHOI MHTEeIPUPOBAHHON CPeabl I MOIeIU-
poBaHUA (PUBUUECKUX IIPOIECCOB U Pa3pabOTKU Mpu-
no:xenuit Comsol Multiphysics.

Ucmonbp3yst 3HAUEHUSA I1apaMETPOB KPECTOB U3
Taba. 2 OBLIM TOCTPOEHBI CIEKTPHI IIPOMYyCKAHUA
dubTpoB nis yeteipéx vacror (0,15 0,2; 0,3; 0,4 TT').
PesoHaHCHBIE YACTOTHI CIIEKTPOB, IIOJIYUYEHHBIX B pPe-
3yJbTaTe MOOEJIUPOBAHUSA, IPAKTHUUYECKH COBIAJU
¢ TeopeTuuecKMMU. KoadpduiimeHT mpomycKaHmsa
O0JIMB0K K eJUHUIIE.

MOZAEJIb KOJIEBATEJIbHOIMO KOHTYPA
XoTa YmMCIEeHHOEe MOJAEJINPOBaHWE HMEeT OOJIbIIue
BO3MOYKHOCTH ¥ JAET JOBOJIBHO TOYHBIE De3yJIbTa-
ThI, HO ABJAETCA JOJITUM U PECYPCOEMKUM IIPOIeC-
coM. IloaTomy, AJid IpefcKa3aHusA BULA CIIEKTPA IIPO-
NyCKaHUsA, MOKHO HCIIOJIb30BaTh IIPOCTYIO TEOpeTH-
YEeCKYI0 MOJEeJb K0Jie0aTeJIbHOTO KOHTYpa, KoTopasd
ImpejcTaBJieHa B cTaThe [5].

C mOMOIIBIO BTOM MOAENIUW MOKHO PACCUUTHIBATD
KO3(D(PHUIIMEHT IPOIIYCKaHUA

ﬁ:l— |(Zgrid ||Z0)_ZO| ’
Pin (Zeria 1 Z0) + Zo||

Zgria = (R+ joL)| (joC) 2)

1

rae Py — MOIIHOCTL Iajalollero uaayudeHus, Pp —
MOIITHOCTb IIPOIIEIIIEro U3y YeHus, Zy = 377 OM — um-
memaHc CBOOOMHOTO IIPOCTpaHCcTBa, R = 7,8><1072 Om —
OMMUeCKUe IIOTEPH B ceTKe, L— MHIYKTUBHOCTEL, C—
€éMKOCTb, ®— YacToTa, Zgr-ld— WMIIeIaHC dJIeMeHTap-
HOM sTUeiKu.

Jo6poTHOCTH KOJIebaTeILHOTO KOHTYPa paBHA

(DrCZO
2 b

rae o,— Ppe3oHaHCHasd 9acToTa, paBHaAA

1
® = ———. 4
r I C‘ ( )

EMKOCTH M MHIYKTUBHOCTH AJIs (DMIIBTPOB C HOA-
JIOJKKOI OBIIM PAcCUMTAHBI, NCXONA U3 Pe3yJILTATOB
MOJeIUPOBAHUA. 3HaA AOOPOTHOCTh, PE30HAHCHYIO
YacTOTy U MMITeaHC CBOOOJHOTO IIPOCTPAHCTBA MOK-
HO paccyuTaTb EMKOCTb C IIOMOIIbI0 (hopMyJbl (4),
3aTeM, UCIOJIb3Ys BEIUUCIEHHYI0 EMKOCTB, 110 (hopMy-
Je (3) paccunThIBaeTCA MHAYKTUBHOCTD. [loyumB, Ta-
KUM 00pa3oM 3HAUEHUA MHIYKTUBHOCTY 1 EMKOCTHU 1A
OIHOr0 (PUJIBTPA, MOMKHO BEIUKUCIUTE L 1 C [J1d Apyrux
HY’KHBIX HaM (DUJIBTPOB IIYTEM IIPOIIOPIIMOHATIHLHOTO
M3MeHEeHUs OTHOCUTEILHO Pe30HAHCHOM YaCTOTHI.

Q= @)



METOANKA SKCMNMEPUMEHTA

IOKCIIePUMEHT IIPOBOAUJICS METOAOM TeparepIioBOi
UMIIYJIBCHOM CIIeKTpocKonmuu. IIpwHIMIO reHepanmuu
aHajsiornueH cratbe [12]. B qarHO# cxeme u3ryueHme
TeHEepUpPyeTcAa C IMOMOIIBI0 HEJIETMPOBAHHOTO KpPHU-
cTajlyla apceHHJa MHAUA 3a cuéT sdderra Hembepa
B MAarsuTHOM moJie. [[eTeKTOPOM SBJIAETCS KPUCTAILI
CdTe. Ilpu nonagauuu OLHOBPEMEHHO (DEMTOCEKYHI-
HOr0 IMyYKAa ¥ TepareplioBoro M3Jy4YeHUs Ha KpHU-
crana CdTe TepareprioBblii UMITYJILC HABOAUT B HEM
IByaydernpesoMmyeHre 3a cuét sdderra Iloxkesnnb-
ca, IPUUEM BeJIMUYMHA IBYJTYUEIPEJIOMJIEHUS IPIMO
MIPOIOPIIMOHAJIbHA HAIPAKEHHOCTH 3JIEKTPUUECKO-
ro IOJIA TepareproBoii BOJHBI. Pabounii 4acTOTHBINA
IUAala30H TeparepiioBOr0 CIEKTPOMETPa HaXOJUTCH
B puamnasoue 0,1-1,0 TT'1.

3KCMNEPUMEHTAJIbHbIN OBPA3EL]
Uccaenyemsuiii o6pasel; IpeacTaBiasgeT U3 cedsa KpyT,
pasmeaéHHbIN HA 4 YacTH, KayKIasa 13 KOTOPBIX COmep-
SKUT MacCUB KPECTOOOPa3HBIX PE30HATOPOB C pas3Mep-
HBIMU TapaMeTpaMu, IpeAcTaBJeHHBIMU B Tabua. 2.
Takum 00pas3oM KasKJasd JacTh MMeeT Pa3HbIe Pe30-
HAHCHBIE YACTOTHI IPOMYCKAHUSA, UTO U 00ecIeunBa-
eT MeXaHUYeCKoe yIIpaBJieHue.

PUILTP U3TOTOBJIEH METOAOM IIPAMOI JIa3epHOU
A0IANMNE MeTaJJIN3WPOBAHHON MOJMMEPHOH IIJIEH-
ku [13]. Marepuas moAJOKKKU— JIABCAH TOJIIITMHOMN
65 MKM M IU3JIeKTPUUYECKOII ITPOHUIIA€MOCThIO, PaB-
Hoit 3. MeTaiinuecKas MJIEHKA C BBIPe3aHHBIMU Kpe-
cTaMU— aJIIOMUHUEBBIN coi ToamiuHoi 0,5 MKM.

CoeKTphl TPOMYyCKAHUA KaMKIOM dYacTu mOm006-
HOM CTPYKTYPhI OBLIN MOJYYEHBI UMCJIEHHO B cpene
Comsol Multiphysics meTogoM KOHEUHBIX 9JI€MEHTOB,
AHAJUTUYECKHU C IIOMOIILI0 MOJAENHN KO0Jie0aTeIbHOTO

(a) (6)

-
o

ITponyckanue
IIponnyckanue
o
o

k=]
o

0,1 0,2
Yacrora, TT'1,

o
o
o
-
o
N
o
w

Yacrora, TT'1,

(r)

ITponryckanue

007 02 04 %750 025

Yacrora, TT'1 Yacrora, TT'r,

1
0,50

Puc. 2. CrieKkTpbI IPONyCKaHUsA, ITOJyYeHHbIE YrcaeHHo (1),
TeopeTruecKu (2) U sKCIIepUMeHTANbHO (3) IJ1d uccienye-
Moro obpasiia.
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Ta6nuua 3. HekoTopble cnekTpasibHble XapaKTePUCTUKN
hUnbLTPOB, NONYYEHHbIE YNCIEHHO, aHAUTUYECKN N 9KC-
nepuMeHTanbHO

Cnekrpaasubie | ®uaprp | Puasrp | Puastp | Puastp
XapaKTePHCTHKU Nel Ne2 Ne3 Neq
1 0,087 0,155 0,219 0,285
f, TT'g fsim 0,086 0,160 0,227 0,291
fexp - 0,154 0,226 0,288
T, 1 1 1 1
T Tgim 0,98 0,99 0,99 0,98
Texp - 0,91 0,88 0,82

KOHTYpPA U 9KCIEePUMEHTAJIbHO METOIOM MMITYJIbCHOM
TepareprioBoii cneKTpockonuu (puc. 2). PesoHamcHbIe
4acTOThl f U KOI(UIIUEHTHI IPOMYCKAHUA HA 9TUX
vacrorax 7, MOJyueHHBbIe PA3HBIMU METOZaMu, YKa-
3aHbI B Tab1. 3 (f, u T,— Teopus, fg,, u Ty, — Mone-
JIMPOBAHUE; foy, U Ty~ OKCIIEPHMEHT).
Teomerpuueckue mapamerpbl KpectoB (G, K, L)
Iasi (PUIBTPOB M3HAYAJIBHO PACCUUTHIBAJIUCH [JIs
pesoHaHCHBIX YacToT, paBubIxX 0,1; 0,2; 0,3; 0,4 TT'1g
(Tabi. 2), omHAKO B pe3yJibTaTe 100aBJICHUSA MOIJI0MK-
Ku (JTaBcaHA) Bce Pe30HAHCHBIE YACTOTHI CABUHYJINCH
B CTOPOHY MEHBIIIUX YacCTOT. VI3-3a 9TOr0 CIIEKTP IPO-
OyCKAaHUs IIEPBOro (PUILTPa He moIlaj B paboumnii ua-
CTOTHBIH AuamasoH crekTpomerpa (0,1-1,0 TT'm).

YMNPABJIEHUE XAPAKTEPUCTUKAMMU OUJIBTPA
MeTonom nMIIyIbCHOU TeparepoBoi CIEKTPOCKOII NN
OBIIY M3MEPEHbI CIIEKTPLI IPONYCKAHUI (PUIBTPA IO,
pasHBIMHU YIJIAMHU B IIJIOCKOCTU (PuabTpa (pumc. 3(a)).
CroeKkTp mponyckanus GUIbBTPA IPAKTUUYECKU He W3-
MeHseTCs, TaK KaK He 3aBUCUT OT ITOJIAPU3AIUY IIa-
IaIOIero U3JIyUYeHUA.

OpHako, eciiu U3MEHATH yroJ HaZeHus Uajayde-
HHUA Ha OJOCKOCTh (puabTpa (popma KpecTa II0 OTHO-
IIEHUI0 K UBJIYyYEeHUIo OyIeT MeHATHhCHA, a, CJefoBa-
TEJIbHO, U CIIeKTp mponyckauusa (puc. 3(6)). IIpuuém,

(6)

IIponryckanme

n 1 n 1 n 1
0,12 0,14 0,16 0,18 0,1 0,2 0,3
Yacrora, TT'x Yacrora, TT'x

Puc. 3. ChoexTpbl IPONYCKAHUS HSKCIEPUMEHTAJIbLHOI'O
o0pasiia, moJIydueHHBbIe B 3aBUCHUMOCTHU OT (&) yrJia mame-
HUA UBJIYYEeHUA Ha MJIOCKOCTH (puabTpa: 60° (1), 45° (2),
30° (3), 0° (4); (6) yrsia moBopoTa B IJIOCKOCTHU (hUJIBTPA:
0° (1), 30° (2), 60° (3).
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yeM OOJIbITIe YyIroJl mageHusa (YroJa OTCUUTHIBAETCS OT
HOPMAaJHu K IIJIOCKOCTHU), TE€M OO0JIbIle JOOPOTHOCTD,
¥ TeM MEeHbIIIEe Pe30HAHCHA YacTOoTa.

BbIBO4bl

CIpoeKTUpPOBaH ¥ M3TOTOBJIEH MEXaHUUYECKU yIIpaB-
JISIeMbBIM TepareproBbIil (PUIBTP AJA YETHIPEX pPe3o-
HAHCHBIX 4acTOoT. PaccunTaHbl reoMeTpruuecKye mapa-
MeTPBI KPecTooOpa3HbIX PE30HATOPOB (DUJILTPOB MIJIA
YeTBIPEX YACTOT, Jexkainux B guanasone 0,1-0,4 TT .
ITo paccunTaHHBIM JAHHBIM METOLOM KOHEUHBIX 3JIe-
meHTOB B cpene Comsol Multiphysics mosyuens! ciex-
TPBI MIPONYCKAHUS MOJOCOBBIX (puabTpoB. C momo-
IIbI0 MOEJU KO0JIe0aTeJbHOI'0 KOHTYpPa IIOCTPOEHBI
aHAJINTUUYECKNE CIEeKTPbl NPONyCKaHus. Paccuw-
TaB éMKOCTH ¥ WHAYKTUBHOCTH AJIA OSHOTO (hUJILTPA
U JUHENHO UX U3MEHSA OTHOCUTEJIbHO PEe30HAHCHOU
YACTOTHI, OBLIM IIOCTPOEHBI CIEKTPBI IPYIUX (PUJILT-
POB, UTO MO3BOJIAET 3HAUUTEIHHO COKOHOMUTH BPeMs

TI0 CPaBHEHUIO ¢ MojlesinpoBaHueM. MeTomoM mpAMOi
Ja3epHOoll a0JaANNN MEeTAJIN3UPOBAHHONA MOJHMED-
HOM MJIEHKUW M3TOTOBJIEH SKCIEPUMEHTAJLHBIN ob6pa-
3e1l, (puabTpa. PUILTP COCTOUT U3 UETHLIPEX UACTEH
C Pa3HBIMU MaclITabaMu KPecToOOpas3HbIX PE30HATO-
POB, UTO obGecIeunBaeT MeXaHHUYeCKOe yIIpaBJIeHUe
PEe30HAHCHOII YacTOTOM ImpomycKaHus. Metogom mM-
NYJbCHOW TepareprioBOM CIEKTPOCKOIUM ITOJYUYEHBI
ero CIeKTPHI mponyckauus. [lokaszaHo, 4To Koahu-
IIUeHT IponycKaHud (uabrpa paBeH 82-91%. Oxc-
IepUMEHTAJbHBIE PE3YJIbTAThl XOPOIIO COTJIACYIOTCSA
C AaHAJUTUYECKUMU JAHHBIMU U MOAEJIUPOBAHUEM.
WccnenoBano BAWSAHME HA CIEKTD IIPONYCKAHUA
moBopoTa o6pasiia B mirocKkocTu ¢uibtpa. [Ipu manHOMI
METOAMKE UBTOTOBJIEHUS CIEKTD MPAKTUUECKU HE Me-
HaeTcsa. OnHAKO, eCaIU MEHATH YTOoJI TaJeHns U3JIyue-
HUA Ha IIJIOCKOCTh (DMJIBTPA, CIEKTD OyIeT N3MEHATh"
cA BHAUUTEJbHO, IPUUEM C YBEJIUUEHUEM yIJia Pe3o-
HaHCHAA YacTOTA HNPOIYCKAHUA CMEIAeTCA B CTOPO-
HY MEHBIIIUX YaCTOT, & JOOPOTHOCTH YBEJINUNBAETCSH.
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Materials with tunable dielectric properties are valuable for a wide
range of electronic devices, but are often lossy at terahertz fre-
quencies. Here we experimentally report the tuning of the dielec-
tric properties of single-walled carbon nanotubes under light illu-
mination. The effect is demonstrated by measurements of impe-
dance variations at low frequency as well as complex dielectric
constant variations in the wide frequency range of 0.1-1 THz by
time domain spectroscopy. We show that the dielectric constant is
significantly modified for varying light intensities. The effect is also
practically applied to phase shifters based on dielectric rod wave-
guides, loaded with carbon nanotube layers. The carbon nano-
tubes are used as tunable impedance surface controlled by light
illumination, in the frequency range of 75-500 GHz. These results
suggest that the effect of dielectric constant tuning with light,
accompanied by low transmission losses of the carbon nanotube
layer in such an ultra-wide band, may open up new directions for
the design and fabrication of novel Terahertz and optoelectronic
devices.

Introduction

Terahertz (THz) technologies meet nowadays an expanding
academic and industrial interest." The design of basic com-
ponents in the frequency range of 0.1-1.0 THz is relevant for a
wide range of applications, such as telecommunications, radar
and imaging systems, material spectroscopy, and medical
imaging and diagnosis.>® With that development in mind,
dielectric waveguides and in particular dielectric rod wave-
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guides (DRWs) are one of the prospective platforms for THz
electronics.” Notably, designed and fabricated phase shifters,
amplifiers, active and passive antennas, and electrically con-
trollable attenuators have already been demonstrated.®?
Dielectric waveguides offer a considerable reduction of the
propagation losses in comparison to standard metal wave-
guides.”>'* Another noteworthy property of the DRWs is that
semiconductor devices such as Gunn or Impatt diodes, mixers
and detectors, modulators, and oscillators, can be fabricated
in situ on the semiconducting waveguide.">'® Furthermore,
dielectric waveguides do not have a cut-off frequency, enabling
ultra-wide band operation.’”” The DRW is an open, i.e., not
metal-shielded, waveguide system that can be affected with
external electro-magnetic fields including light. Consequently,
by covering a wall of the waveguide with a variable impedance
layer, the propagation constant can be dynamically tuned.’
One of the first applications of optically controlled phase-shif-
ters based on a generated plasma layer in silicon DRWs was
reported by Lee et al.'®

Materials with electrically and/or optically tunable pro-
perties, such as high impedance surfaces, are thus relevant for
a number of applications like phase shifters, attenuators, and
steerable antennas.'®*° However, existing materials with
tunable impedance are usually very lossy at the millimeter-
wave and THz frequencies.>' Therefore, novel nanomaterials
and metamaterials are extensively studied, and have been
shown to display attractive electronic and optoelectronic pro-
perties.”> For instance, single-walled carbon nanotube
(SWCNT) layers were used for optically-controlled phase shif-
ters.>*>* The simplicity of the SWCNTs deposition on a wide
range of substrates is suitable for large surface area devices,
e.g. for the fabrication of reflector surface coatings, absorbers,
sensor matrices, and antennas.””?® SWCNT-based com-
ponents can also be integrated with DRW antenna elements
for THz beam steering applications.>” The propagation charac-
teristics of DRWs loaded with SWCNTs on polyethylene tere-
phthalate (PET) substrates were studied theoretically and
experimentally.”® The propagation losses were shown to
decrease in the range of 75-320 GHz due to rapid decrease of
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the SWCNT layer’s conductivity with the frequency.*® However,
the tunability of the dielectric properties of SWCNT in the THz
range has not been reported yet, or is limited to DC character-
ization in the form of photocurrent measurements in response
to optical and THz illumination.?**°

In this paper, we experimentally investigate SWCNT
layers under light illumination through a wide range of tech-
niques and frequencies, with the aim to integrate them as
tunable impedance surfaces for THz applications. The
results presented here include: characterization with scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), optical spectroscopy in the 200-2500 nm
wavelength range, and Terahertz time domain spectroscopy
(THz TDS) in the 0.2-1 THz frequency range. We also
propose a design of optically-controlled THz phase shifters
based on SWCNT-loaded DRWs. The devices are character-
ized by vector network analyzer (VNA) S-parameter measure-
ments in the 75-500 GHz frequency range. Throughout the
study, we demonstrate the pertinence of SWCNTs for their
integration as tunable impedance surfaces in very broad-
band THz applications. Thin carbon nanotube layers’ con-
ductivity can be optimized to decrease the induced propa-
gation losses; and light illumination is shown to modify
their complex dielectric constant.
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Results and discussion

Carbon nanotubes were synthesized by aerosol chemical vapor
deposition, with precise control over their morphology, bundle
formation, and layer thickness.”" The method of SWCNT pro-
duction in the aerosol phase allows producing SWCNTs with
very high quality.”> The absorbance spectrum of the sample,
prepared by dry transfer method onto a quartz substrate (see
ESI, Fig. S2t) is shown in Fig. 1a. The carbon nanotube intrin-
sic peaks are observed: n-plasmon peak (~260 nm) originating
from sp® hybridized bonds, S;; peak due to the first electron
transitions in semiconducting SWCNTs, and M;; peak due to
the first transitions in metallic SWCNTs. From these results,
the nanotube diameter, density and the thickness of the layer
can be estimated according to ref. 33. The SWCNTs diameters
of 1.3-2.0 nm were calculated from the S;; peak position
according to the Kataura plot.** Fig. 1b and ¢ show respectively
a SEM image of the SWCNT network on quartz substrate and a
TEM image of the individual nanotubes. Raman spectra of the
samples are shown in Fig. S1.f Both high ratio of G/D peak
intensities in the Raman spectra, widely used to estimate the
quality of SWCNTs, and TEM observations allow supposing
that all carbon is incorporated within the SWCNT lattice (see
additional discussion of the SWCNT characterization in the
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Fig. 1 Characterization of thin SWCNT layers: (a) optical absorbance spectrum of the SWCNT sample. The average diameter of the SWCNTs was
calculated from the Sy; peak positions using the Kataura plot.>! (b) SEM image of the SWCNTs. (c) TEM image of the SWCNTSs. (d) Schematic drawing
of the parallel-contacts measurement setup of the SWCNT layer on a quartz substrate under light illumination. (e) Measured influence of cyclic illu-

mination on the capacitance and the resistance of the SWCNT layer.
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ESI{).>*> SWCNT layers were deposited by press dry transfer
from the nitrocellulose filter onto the samples, as illustrated in
Fig. S2.f The different samples included quartz substrates
with gold contact electrodes, sapphire DRWSs, and
polytetrafluoroethylene (PTFE) substrates.

In order to demonstrate the optical tuning of the dielectric
constant, we performed a first direct impedance measurement
at low frequency. A SWCNT layer was applied on a quartz sub-
strate with dual parallel gold electrodes and illuminated by a
laser with a wavelength of 532 nm, as shown in the schematic
drawing in Fig. 1d. The measured capacitance and resistance
of the sample were both decreasing under cyclic illumination
(Fig. 1e). The observed capacitance variation is around 10%,
while the resistance variation is under 0.2%. This measure-
ment allows supposing that the dielectric constant tuning is
more sensitive to light illumination than the conductivity
tuning.

To characterize the optical tuning of the dielectric constant
of the SWCNTs in a wide frequency range, we performed tera-
hertz time domain spectroscopy on the samples. THz TDS is a
powerful tool actively developed since the 1990s for the
measurement of dielectric properties of materials (permittiv-
ity, conductivity and permeability). It is based on the gene-
ration and the detection of ultra-short pulses by a coherent
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and time-gated method using near-infrared femtosecond (fs)
lasers. The complex dielectric constant of materials can be cal-
culated from the amplitude and phase measurements of the
THz pulse’s spectral components.®® A schematic diagram of
the THz TDS setup is shown in Fig. 2a.*”*% A fs infrared laser
pulse was split into two beams with the ratio of 1:9. The
“probe beam” contained 10% of the energy and the “pump
beam” - 90%. The generation of the THz signal occurred on
an InAs crystal in a magnetic field of 2 T. After passing
through an IR filter, the THz beam irradiated the sample. The
sample was simultaneously illuminated with a laser in con-
tinuous wave mode at a wavelength of 980 nm with optical
power varied from 1 mW to 2 W. The illumination area was
approximately 4 cm?® The complex conductivity of the
SWCNTs (6¢cnr) Was obtained from the measured transmission
data:**

bontl(f) = = (noap + 1) (EO(f )_ 1), (1)

Zo E(f)

where Z, is the impedance of free space, fis the frequency, and
Neup is the complex refractive index of the substrate. E(f) and
Eo(f) are the Fourier transforms of the detected THz wave
transmitted through the SWCNT layer on the PTFE substrate,
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Fig. 2 Characterization of SWCNTSs by terahertz time domain spectroscopy: (a) schematic drawing of the THz TDS setup. Ch — optical chopper,
InAs — THz generator (InAs crystal in a magnetic field of 2 T), G — Glan prism, CdTe — nonlinear crystal, /2 and 1/4 — half-wave and quarter-wave
plates, W — Wollaston prism. (b) Variation of the detected THz signal’s peak amplitude in the “on” and “off” illumination states. Inset — single THz
pulse. (c, d) Real and imaginary parts of the SWCNT sample’s dielectric constant, extracted from THz TDS measurements. A significant increase of
the real part and a decrease of the imaginary part are observed with increasing light intensities.
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and the PTFE alone, respectively. The complex dielectric con-
stant of the SWCNTSs (&cnr) was then expressed as:*°

iGenr(f)

R 14 JoentlJ)
éont(f) + 2nfe0 doxs’

(2)

where ¢, is the vacuum permittivity and dcnr is the thickness
of the SWCNT layer (denr = 55 nm, calculated from the optical
absorbance at 550 nm (ref. 41)).

Peak amplitudes of the detected THz pulses (see inset of
Fig. 2b) were recorded as a function of the sample illumina-
tion. An average increase of 8% in the amplitude is observed
during illumination, as shown in Fig. 2b. The excitation wave-
length here is different from the laser wavelength used for the
direct impedance measurements, corresponding to a different
optical absorbance value of the SWCNT layer. We thus
acknowledge that the comparison is only valid qualitatively.
The measured complex dielectric constant of the SWCNTs, cal-
culated from (2), is shown in Fig. 2¢ and d. Without illumina-
tion, the imaginary part of the dielectric constant globally
decreases with the frequency, similar to ref. 28. The real part
of the dielectric constant is negative below 0.3 THz. Moreover,
it exhibits a resonant behavior that suggests that the conduc-
tivity cannot be described by the simple Drude model. Instead,
one can use a Drude-Lorentz model combined with the
Maxwell-Garnett theory.*> Under illumination of the SWCNTs,
the real part of the sample’s dielectric constant is increasing,

(@)
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while the imaginary part is decreasing, with augmenting light
intensities of 0.312, 0.47, and 0.7 W cm™ > We explain the
modification of the dielectric constant under illumination by
an optically induced polarization of the carbon nanotubes*?
and electronic transitions between the Van Hove singularities.
To be confirmed, this effect requires further systematic studies
of the illumination parameters and the SWCNTs types, such as
length, diameter, chirality, and layer thickness. Nevertheless,
the currently observed tuning range is significant and we
believe the effect will see potential applications in novel tera-
hertz and optoelectronic devices.

We propose a practical implementation of the dielectric
constant tuning in optically-controlled THz phase shifters.
Thin SWCNT layers were applied onto the wall of dielectric rod
waveguides, as shown on the schematic of the experimental
setup in Fig. 3a and image in Fig. 3b. The suspended rod
tapers were then inserted in two standard metal waveguide
ports. Full two-port S-parameter measurements were per-
formed with a vector network analyzer in the 75-500 GHz fre-
quency range.

The results of the VNA measurements are given in Fig. 3.
The amplitude shift, induced by light illumination of the
SWCNT-loaded DRW, is shown in Fig. 3c. The variation of the
return losses and the propagation losses is for both values
below 0.8 dB, in the whole measured frequency range. The
relative phase shift between the illuminated and the non-illu-
minated state of the SWCNT layer is given in Fig. 3d. An
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Fig. 3 Proposed terahertz phase shifter design based on optically controlled SWCNT layer: (a) schematic drawing of the VNA two-port S-parameter
measurement setup. A double-sided symmetrically-tapered DRW is loaded with a SWCNT layer and exposed to varying illumination conditions. (b)
Image of the measurement setup. (c) Measured S-parameter amplitude shift due to the illumination of the SWCNT layer. (d) Measured phase shift.
(e) Measured influence of cyclic illumination on the phase shift at the discrete frequencies of 150, 220, 400 and 500 GHz.
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approximately linear relation between the phase shift and the
frequency is observed. The tuning of the dielectric constant of
the SWCNT layer, located on a wall of the DRW, induces the
change of the propagation constant inside the waveguide. The
altered phase velocity over the length of the SWCNT layer pro-
vokes a phase shift compared to the non-illuminated state.
Meanwhile, the conductivity change is negligible and almost
no additional losses due to the nanotubes are detected, con-
firming the impedance measurements in Fig. le. The time
dependence of the phase shifting effect was also measured
with the VNA setup at several discrete frequencies of 150, 220,
400 and 500 GHz. The SWCNT layer illumination was per-
formed in 2, 4 and 20 minute-long on/off cycles to record the
dynamics of the effect. The results of the phase measurements
are given in Fig. 3e and additionally in Fig. S3.7 Long-term
drifts, most probably due to room temperature variations, were
subtracted for easier comparison between the measurements.
The observed phase increases/decreases when the illumination
is respectively activated/deactivated. The amplitude of the
phase shift also increases with the frequency, which confirms
the optical control of the phase shift.

Conclusions

We have experimentally demonstrated the tuning of the dielec-
tric constant of single-walled carbon nanotubes under light
illumination. The effect was illustrated by direct impedance
measurements at low frequency as well as complex dielectric
constant measurements in the wide frequency range of 0.1-1
THz by means of time domain spectroscopy. We suppose that
the dielectric constant is tuned due to the unique optical
absorption properties of carbon nanotubes, such as light-
induced polarization change. However, further studies with
varying illumination parameters and SWCNT samples will be
needed to confirm the theory. The effect was also applied for
the design of terahertz phase shifters based on dielectric rod
waveguides loaded with thin carbon nanotube layers. The
phase shifters were shown to work in the frequency range of
75-500 GHz due to the impedance change of the carbon nano-
tube layer by light illumination. We believe that the effect of
complex dielectric constant tuning under light illumination,
accompanied by low level of propagation losses of the SWCNT
layer in such an ultra-wide band, will open up new approaches
for the design and fabrication of novel low-loss and compact
terahertz and optoelectronic systems.

Experimental details

Experimental details are given in the ESL
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AHHOTALUA
Ipeamet uccaenoBanus. MccnenoBan ONTHYECKH MEPECTPanBACMBIil TeparepuoBblil GUIIBTP Ha OCHOBE KPecTOOOpa3HBIX
PE30HATOPOB C HAHECEHHBIM CJIOEM YITIEPOIHBIX HAHOTPYOOK. DKCIIEPUMEHTAILHO ITOKa3aHa BO3MOKHOCTD YITPABICHUS OIl-
TUYECKUMH CIEKTPAJIbHBIMU XapaKTEPUCTUKAMU TEPAreploBbIX YCTPONUCTB C HAHECEHHBIM HA HUX B OJUH CJIOH YITIEPOTHBIX
HaHOTPYOOK. MeToa. /11 pacyeTa reOMETPHUYCCKUX MTAPAMETPOB KPECTOOOPA3HBIX PE30HATOPOB IS 3aIaHHBIX PE30HAHCHOM
YacTOTHI ¥ JJOOPOTHOCTH (HIIBTPA UCIIOIb30BaHbI IMIKpPUUIecKe HopMyiasl. OOpasibl peKEKTOPHOTO GUIIBTPA H3TOTaBINBA-
JIMCh METOIOM JIa3€pHOM IrpaBUPOBKU. Ha skcneprMeHTanbHbIH 00paser] puibTpa HAaHOCUIICS CIION YITIEPOIHBIX HAHOTPYOOK,
KOTOpPbIE CHHTE3UPOBAHBI ITyTEM a3P030JIbHOT0 XUMHUYECKOTO OCAXKACHH. JKCIIEPIMEHTAIbHbIE CIIEKTPBI TPOITYCKAHHS «ITY-
CTOTO» (QUIBTPa, GUIBTPA CO CIIOEM YITICPOAHBIX HAHOTPYOOK Oe3 HaKaYKH M (PHIBTPaA CO CIOEM YIIIEPOTHBIX HAHOTPYOOK C
JIa3epHOI HaKauKoi Ha JulnHe BOJIHBI 980 HM M3MepsIuch METOAOM UMILYJIbCHOM TeparepLoBoil cnekrpockonuy. OCHOBHbIE
Pe3yJabTaThl. DKCIIEPUMEHTAIBLHO ITOKAa3aHO, YTO ONTHYCCKAs HaKayKa (PHIBTPa CO CIOEM YIIIEPOTHBIX HAHOTPYOOK IPHBOIUT
K YMCHBIICHUIO MPOITYCKaHKsI OCHOBHOTO PE30HAHCHOTO IHKA U CIIBUTY B CTOPOHY OOJIBIIINX YaCTOT MOOOYHOTO PE30HAHCHOTO
nuka. [IpakTnyeckasi 3HA4UMOCTh. PUIBTPHI C HAHECCHHBIM CJIOEM YIIICPOIHBIX HAHOTPYOOK MOTYT HCITOIb30BAThHCS B Kaue-
CTBE HEIOPOTHX U KOMITAaKTHBIX IIepEeCTparBacMbIX KOMIIOHEHTOB /ISl YCTPOICTB TeparepoBoil pOTOHHKY.
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Abstract

Subject of Research. The paper presents the study of optically tunable terahertz filter based on cross resonators coated with a
layer of carbon nanotubes (CNT). We show experimentally control capability of the optical spectral characteristics of terahertz
devices coated with a layer of single-wall carbon nanotubes. Method. The empirical formulas were used for calculation of the
geometrical parameters of a cross-shaped resonator for a given resonant frequency and filter Q-factor. Experimental samples
of the notch filter were made by laser engraving. A layer of carbon nanotubes, which were synthesized by aerosol chemical
deposition, was deposited on an experimental filter sample. Experimental transmission spectra of an “empty” filter, a filter with
a carbon nanotubes layer without pumping, and an optically pumped carbon nanotubes layer filter at a wavelength of 980 nm
were measured by terahertz time-domain spectroscopy. Main Results. We have shown by experiments that optical pumping
of a filter with carbon nanotubes layer leads to a decrease in the transmittance of the main resonance peak and a shift towards
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higher frequencies of the side resonance peak. Practical Relevance. Filters coated with carbon nanotubes layer can be used as
inexpensive and compact tunable components for terahertz photonics devices.

Keywords

terahertz radiation, terahertz filters, metamaterials, carbon nanotubes, cross-shaped resonators, terahertz pulse spectroscopy

BBenenune

Bomast TepareprioBoro (TT'mm) muamazona gactot (0,1-10 TT'1r), pacnonoXeHHOTo MKy MUKPOBOIHOBBIM H
WH(PaKPACHBIM CHEKTPAIbHBIMU THATa30HAMH, 00TaJat0T CIICAYIOIINMHI CBOMCTBAMH: HU3Kas SHEPTrHs ()OTOHOB,
JUIMHA BOJIHBI 6OJ'IBH_IC, Y€MY BUAUMOTO U I/IH(i)paKpaCHOFO CIICKTPAJIbHBIX JUAlla30HOB, CUJIbHOC MMOIMJIOMICHUEC MO-
JIeKyJIaMH, SKCTpEeMajbHO BbICOKOE MOMIolIeHre BoAoi. biiaronaps atum coiictBam T1'1] BOJIHBI IMEIOT MHOKECTBO
NPUMEHCHHUN B 00JIACTSIX OMOMEIUIIMHCKOM AMarHoCTUKH, TTI[ CHCTeMbI 0€30MaCHOCTH, KOHTPOJIS KayecTBa Ha
MPOU3BOJICTBE OECIIPOBOIHBIX TEICKOMMYHHUKAIIMOHHBIX CHCTEM U T. 1. [ 1-4].

[Toatomy 3a mocieHIe HECKOIBKO necsaTmiaeTuil T I TEXHOIOTHH CTajH MPEIMETOM MIPUCTATBHOTO BHU-
MaHUs. XOTs MPOOIIeMBI TeHepaIiy U AeTekTupoBanust TT11 BOIH OBLTIH PEMICHEI, HO 110 CPABHCHUIO C XOPOIIIO
W3yYCHHBIMH CMEKHBIMIA MUKPOBOJHOBBIM M MH(PPAKPACHBIM CIICKTPATBHBIMHE JHATIA30HAMH BCE CIIE CYIIIECTBYET
orpoMHas mpooiema B ynpasieHun 111 Bomaamu. Kpome Toro, GyHKIIMOHAIBHBIC YCTPOWCTBA JUIS IPSIMOTO YTIPaB-
nerns 1 06padotku TT'11 BomH (QUIBTPEI [5], MOTYIATOPHI, TOTIIOTUTENH [6], TepeKITIodaTen [ 7] 1 JaTINKN) BCE
emie He 00J1a1aloT Hy)KHBIMHU XapakTepucTukamu. [Ipodiema pa3pabOTKi ONTHYESCKH YIIPABIIEMBIX MOIYISATOPOB
CTaHOBUTCS Bce Oosiee BaXXKHOHM M BocTpeboBaHHOW. TI'TT MOTynATOPH! KpaiiHe HEOOXOAMMBI B Ka4eCTBE BaYKHBIX
(YHKIIMOHANBHBIX YCTPOMCTB JUIs OCYIIECTBICHUS OecripoBoHOil TI'11 CBSI3M Ha KOPOTKHUX PACCTOSHUSIX U BU3ya-
JM3anuun. C MMOMOMIBIO TAKUX MOAYJIATOPOB MOI'YT OBITH BBITTOJTHEHBI AMIUIMTyaHasA 1 (ba3013a$[ MOAyJIAnusA, CABUT
PE30HAHCHOHN YaCTOTHI M MEPEKIIIOUEHUE COCTOSIHUA MosIpu3auu. [yl COBpeMEHHBIX MOYIATOPOB BCE €Ile Cy-
HIECTBYET MHOTO Tpo0JieM: MaJiasi IIyOrHA MOAYJISIMH, TOTPEOHOCTh B KPUOTCHHOM TeMIlepaType U MeIJICHHAS
CKOPOCTb MOJYJISILTUH.

T TI ' MOy ISIIIMM MOTYT OBITh UCIIONTB30BaHbBI KpeMHU [8], apcenun rayuwms [9], rpaden [ 10] u quokena
BaHaaus [11]. B maHHOM UCCIeNOBaHUY TIpeiaracTcs ONTHICCKOE YIIPABICHNE CIICKTPAIbHBIMU XapaKTEPHCTH-
kamu TI' ycTpoHCTB ¢ HAHECEHHBIM Ha HUX CIIOEM OJHOCIONHBIX YTICPOTHBIX HAHOTPYOOK.

Crpykrypa puabTpa

B nanHoi#i craTbe nccienyeTcss BO3SMOXKHOCTh CO3aHUsl YIPaBISIeMbIX (MIBTPOB Ha OCHOBE METAIlOBEpX-
HOCTH M3 KPeCTOOOpa3HbIX PE30HATOPOB M YIIIEPOIHBIX HAHOTPYOOK. ['eoMeTpust Takol METanoBepXHOCTH OIHCHI-
BaeTcsl CICAYIOIUM HaOOpOM ITapaMeTpoB: P — MepHo]] CTPYKTYPbl KPECTOBBIX PE30HATOPOB, L — JUTMHA JIMHUH
KpecToB, ¥ — mmpHHa JIMHUI KPECTOB, /i — TOJIINHA AUDICKTPUIESCKON ITOTTOKKH.

CymecTByeT JBa BUJa (HIBTPOB HA OCHOBE KPECTOOOPA3HBIX PE30HATOPOB: MOIOCOBOM (QMIIBTP (MeTal-
JIMYecKasi IOBEPXHOCTh C BHIPE3aHHBIMU B HEll KpeCTOOOPa3HBIMU pPEe30HATOPaMu — pabdoTaeT Ha MPOITyCKaHMHeE)
1 PeKEKTOpHBIC GHIBTPHI (ToToXkKa 13 mommyTrieHTepedranara (II9T) ¢ HaHeceHHBIM Ha HETO MacCHBOM Me-
TaJUNTMYECKUX KPECTOOOPa3HBIX PE30HATOPOB — paboTaeT Ha oTpaxkeHne). B maHHOIT paboTe paccMaTpuBaroTCs
pexexropHble GpuisTphl. Ha puc. 1, a, 6 npencrapieHsl KOHCTPYKIUH HOJIOCOBOTO U PEKEKTOPHOTO (DHIBTPOB, a
Ha puc. 1, 8, 2 — HX CHeKTphI nponyckanus. Ha puc. 2 u3obpaxena (ororpadus M3roToBICHHOrO odpasiia pe-
JKEKTOPHOTO (PIIIBTpA.

CrekTpsl POMyCKaHUs (PUIBTPOB OIMUCHIBAIOTCS PE30HAHCHON 9acTOTOI f,, MOJI0COoil mpomyckanus Af u
no6poTHOCTEIO O = f/Af , KOTOpBIE 3aBUCSAT OT FEOMETPUYECKUX NapaMeTpoB P, L 1 W 1 CBOWCTB MOJIOKKH: ee
[OKa3aTesIs IPEeIOMIICHHUS 17 U TONIIUHEI /.

Pacuyer reomerpnyeckux napamMerpos ¢gpuiasrpa

[1pu nponopLroHaIbHOM M3MEHEHUH BCEX IapaMeTpoB pesoHatopa (P = kP, L = kL, W= kW,)) pe3oHaHc-
Has 4acToTa u3MeHsercs B 1/k pas (T. e. £,0 = kf,, tne f, — pe3oHaHcHas yacToTa GUIBTpa ¢ mapaMmeTpamu P, L u
W, a f,0 — pe3oHaHcHas yactora GuisTpa ¢ napamerpamu Py, Ly 1 W) 1 He U3MeHseTcs JOOGPOTHOCTh (DHIIBTpA.

3aBUCHMOCTD JIOOPOTHOCTH OT T€OMETPUUYECKHX MTapaMeTPOB HCCIIeJ0BANIACH YHCIICHHO METOJIOM KOHEUHBIX
anemeHToB B cpee COMSOL Multiphysics. Beranciiennst mpon3BOJUINCh C TIOCTOSHHBIMH JUTMHOM M HIMPUHOMN
kpecta, paBHbIMU L = 400 mxM 1 W = 100 MM, mpu 3toM nepuon P usMensuics ot 500 1o 900 mxm. CnexTpsl
TIPOITYCKaHHsI OJIOCOBBIX (DMIIBTPOB € PA3IMYHBIMU COOTHOUICHUSIMU P:L: W nipeacTaBieHsl Ha puc. 3.

OueBnaHO, YTO MPHU YBEINYSHNH TIEPHUO/IA PE30HATOPOB YMEHBIIIACTCS 1TOJI0CA TPOITYCKaHMsl,  Pe30HAHCHAs
4acTOTa CMEIIAeTCs B CTOPOHY MEHBIINX 4acToT (puc. 4, 06). Ho momoca mpomyckaHus n3MeHseTcs ObICTpee, YeM
PE30HAHCHAs 4acTOTa, TO3TOMY YBEIHUCHHE MIEPUOAA TPUBOIUT CUIC M K YBEIHMUCHNIO JOOPOTHOCTH (HIBTPA.
KoneuHo, 700pOTHOCTD (pUIBTPA 3aBUCUT HE CTOIBKO OT 3HAUCHMS NEPUOA, CKOIBKO OT COOTHOMICHUS MEXKIY
TeOMETPUYECKUMU MapaMeTpamu P:L: W, HO eciii TPUHSTH MOCTOSHHBIM COOTHOIIEHUE MEXAY JJIMHON U IIMPUHOM
KpecTooOpa3Horo pezoHaropa L:W = 4, To MOXHO TIOCTPOUTH 3aBUCUMOCTh COOTHOIIEHUsSI P:L 0T J0OpOTHOCTH
¢unbrpa (puc. 4, a).
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Puc. 4. 3aBHCHUMOCTb COOTHOIICHHUS MEXK]Ty IEPHOIOM PE30HATOPOB U JUIMHOH KpecTa P:L oT 100poTHOCTH GUIbTpa
C anmpoKCHUMAIMeH (a); 3aBUCHMOCTh PE30HAHCHOM YaCTOTHI MOJI0COBOTO (PMIIBTPA OT MEPHOZIa PE30HATOPOB
mpu L =400 mxm u W =100 Mxm (0)

O4eBHIHO, YTO 3aBHCUMOCTb, TIPCACTABICHHAS Ha pUC. 4, 6, aIPOKCUMUPYETCS TMHCIHON (DyHKITUCH.
Pe3onaHcHas 4acToTa f,, Ha KOTOPYIO IPOU30UAET CABUT IIPH U3MEHEHUU NEPUOJa PE30HATOPOB CO 3HAUCHUs P
o P:

£/ =£0[TTu] - 0,2 [TTwmrm]- (P — Py) [MKM]. )

3aBHCUMOCTh COOTHOIICHHUS] MEXK/Y HEPHOIOM PE30HATOPOB M JUIMHOM KpecTa OT JOOpOTHOCTH (GHIbTpa
MOYKHO arpoOKCUMHUPOBATh KpUBOH (puc. 4, a):

LD &>

L 2)
L 1,13
1+( 0 )
6,9

Wcnone3yst GUIBTP ¢ U3BECTHBIMU XapakTepuctukamu — Py = 600 MxM, Ly = 400 MM, W, = 100 MKM,
£,9=0,37 TT't, — MOXHO, BO-IIEPBBIX, H3MEHHTH TIeprHOJ P’ 10 Hy>KHO# 10OpoTHOCTH 110 hopmysie (2), BO-BTOPBIX,
paccumTarh, Ha CKOJIbKO U3MEHMIACh IIPHU 3TOM pEe30HAaHCHas dacToTa o ¢opmyie (1). B pesynbrare nomyuum
(GUIBTP ¢ U3BECTHBIMU T€OMETPHUYECKUMHU HapaMeTpamu P, Ly, W, 1 n3BeCTHBIMU CIEKTPAIbHBIMH XapaKTePH-
CTHKaMH: Pe30HaHCHOM 4acTOTOH f,', paccunteiBaeMoii 1o popmyie (1), n nodpornoctsio Q. [Ipuuem stot huitstp
Oynet oOnmanars 100pPOTHOCTHIO, KOTOpast OblIa 3aJaHa M3HAYAIIBHO. ISl TOCTIIKEHUS 3aJaHHOTO 3HAYECHUS pe30-
HAHCHOH 9acCTOTHI f,. HY’KHO TIPOCTO MPONOPINOHAIFHO N3MEHUTD BCE TEOMETPHUECKHE TTapaMeTpsl B f,'/f,. pa3 [12,
13], 1. e.

JA

p=Itp 3
I (3)
f’

L=7rr,, (4
7 )
f;/

W=, 5
;i Q)

B dopmyist (3)—(5) HeoOXOAUMO MOACTABIATH PE30HAHCHYIO YacToTy f,. B T

Yder BausiHUA MOAJIOKKH

Yewm OoJibliIe TONIIMHA MTOAJIOKKH, TeM OOJbIIE OHA BIMIET Ha TOJIOKEHHE PE30OHAHCHOW 4acTOThl (DUIIBT-
pa, cMeliasi ee B CTOPOHY MEHBUIMX YaCTOT, IIPH ATOM HE BIIHSISL Ha JOOPOTHOCTh. OAHAKO MOCIE JOCTHKEHHUS
HEKOTOPOH1 TOJIIIMHBI HACILIEHUS /1, IOUIOKKA IIPAKTUYECKH II€PeCTaeT BIUATh, Pe30HAHCHAs YacTOTa IIepecTaeT
CMELIATLCS ¥ PAaBHA f,. /Ny 30€Ch N, — 3(QOeKTHBHBIN MOKa3aTelb nperoMiIeHus [14], onpenensemsiii yepes
[OKa3aTesIb IPEIOMICHUS OATOKKHY A,

2
n:+1

N, =4 ——. 6

of 2 (6)

3aBUCHMOCTD KOS(lJ(i)I/IHI/IeHTa BJIIMAHUA ITOAJIOXKN kshift OT TOJIIIUHBI MTOAJIOXKKH ITPEACTABJICHA HA PUC. 5.
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Puc. 5. 3aBucumMocTb K03(pHUIUESHTA BIUSHUS OUIOKKN OT TOIIIMHBI TOATOKKH.

Touxu — JAaHHBIC, ITOJTYUYCHHBIC € [IOMOLILIO YUCICHHOI'O MOACIUPOBAHUSA; TUHUSA — AIIIPOKCUMALIUL

Tommmna HackIeHns Beraucisiercs mo ¢popmyie (7):
(ny+2)-S-c

H ws ? (7)
100- 1S,y -

rne S — miomaab MOJHOM 3JIeMEHTapHOU S4YeiKH, SKp — IUIOIIA/Ib YaCTH 3JIEMEHTAapHOM sUelKH, MOKPHITOM
MmeraioM, £, — pe3oHaHcHas yacTora GuIbTpa 6e3 MOMIOKKU: IS JAHHBIX [€OMETPUUECKHUX I1aPAMETPOB
£, =196 TTw.

Ecnu tommmaa nouoxku ot 0 70 /4, TO 3aBUCHMOCTB alIPOKCUMUPYETCS KBaJApaTHIHON (DyHKIHEH C
KOOP/IMHATAMU BepIUNHBI (/1] 1,77). KpoMe 9Toro, TO4HO M3BECTHO, YTO MPU OTCYTCTBHH MOMIOKKH (T. €. 7 = 0)
BITHSIHIS TIOJUTOKKH HET (T. €. kg, = 1). Takum obpasowm, K03()(DUIUEHT BIMSHUS MOMIOKKH TOJIIIMHOW MEHBIIIC
TONIINHBI HackleHus (7 < h,) paBeH:

% h
kgup = (1= 1) W +2(n€f—l)oh—+1. ®)

H H

Janst paccMarpuBaeMoro (GritbTpa TOJIIMHA MOIOKKHA MEHBIIE TOJIIMHBI HACBIICHHS, TI03TOMY BIUSHUC
paccunTtbiBaetcs mo gopmyne (8). B pesyasrare, s TOTo 9TOOBI pacCUUTATh TEOMETPHUCCKUE TapaMeTPhI Kpe-
CTOOOPa3HBIX PE3OHATOPOB II0]] 33JaHHBIC PE30HAHCHYIO YaCTOTY U IOOPOTHOCTb, HAJIO CHavasla paccyurars P, L
u W no dopmyinam (3)—(5), 3aTem paccuTarTh Ko3bGULUMCHT BIUAHUS TOITOKKH kg, 110 Gopmyiie (8) u ermte pa3
nepecuuTaTh mapameTpsl o popmyiam (3)—(5), HO yxe Mo PEe30HAHCHYIO ‘{aCTOTyfr/kShiﬂ.

H3roroB/ieHne 3KkcNIepUMEHTAIbHBIX 00pa31L 0B

MeranoBepXxHOCTh N3rOTaBINBANIACH HA MOUIOKKe U3 monudTuieHTepedTanara (I19T) ¢ anoMuHNEBBIM
nokpeitieM. TommuHa [19T paBHa 68 MKM, TONIIMHA aTFOMUHUEBOTO MOKPBITUS paBHa 0,5 MKkM. Pe3oHaTopsl BIpe-
3aJTUCh METOJIOM JIa3epHOM a0JIsIMU ¢ TOMOIIIBIO J1a3epHoro rpaBepa LaserGraver LG2500 SP47, ncnonb3yroiero
TETIOBYIO TEXHOJIOTHIO 3aITHCH M300paXeHUs C pa3pereHneM 15 MKM.

VYreponusie HanoTpyOKH (YHT) cuHTE3MpOBaHBI IyTeM a’3p0o30JbHOI0 XMMHYECKOTO ocaxkaeHus [15]
13 ra3a ¢ TOYHBIM KOHTPOJIEM MX MOP(HOJIOTUH: JUIMHBI, THaMeTpa HAHOTPYOOK M TOJIIIMHBI CJIOSI MX HAaHECEHMS.
JlaHHBIM MeTO/IOM MoTydaroTcsi ToHKHE MIeHKH YHT Ha HuTpouemmonosHoM ¢uiastpe. C HUTPOIEIUIIOI03HOTO
¢unerpa cinoit YHT MOXHO JIerKo MEepeHeCcT! Ha MPAKTHYECKH JII00YI0 00€3KMPEHHYIO TIOBEPXHOCTh CHIIbHBIM
Ha)kaTreM. B mannoit pabore OpiH ony4deHsl oqHocTeHHbIe Y HT, KoTOphIe OBLTH ITepeHeceHbl Ha HeMeTa UTH3H-
poBanHyI0 cTopoHy I19T.

JKCIePUMEHTAJIBbHASL YCTAHOBKA

DKCepUMEHTAIBHOE UCCIIEA0BAHUE TIPOBOANIOCH METOIOM TEPArepLoBOil MIMITYJILCHONW CHEKTPOCKOIIHH.
CxeMa 3KCIepUMEHTAIBHON YCTAaHOBKH MPEICTaBIeHa Ha puC. 6.

Jlazepusbiit myuok gemrocexkyrauoro Yb:KYW-nasepa (mmutensHocts ummnyibea 200 de, meHTpanbHas
JUIMHA BOJIHBI u3nydeHus 1,04 MM, momHocTs | BT) ¢ momomnisio cBeropenurensHoro (CII) yerpoiicTsa aenurcs
Ha ITy4OK HaKauKH ¥ 30HIUPYIOLIMI My4oK B cooTHOIeHNH 9: 1. [TyqoKk HaKauKu IMPOXOANT JIMHUIO 3aICPIKKH, MOJLY-
asitop (M) 1 magaet Ha KprcTaiut apceHnaa uHaus (InAs), MoOMEneHHbIH B TOCTOSIHHOE MarHUTHOE 11071, KOTOPBIH
TeHEepHpYyeT TepareploBoe n3iydeHue. 3areM oH npoxoauT yepes punstp (P), orcexarommii nndpaxpacusiii (MK)
JMana3oH JUTHH BOJIH, U cucTeMoi mapabonnueckux 3epkai (I13) poxycupyercs na obpasue (O). Obpazen Tarxxe
ocsemaercs MK nazepom ¢ piunoit BostHbl 980 HM 1 MomHOCTBIO 0T 1 MBT 110 2 BT. Ilocne npoxoxaeHus: TpeTbero
napaboaryecKoro 3epKaia Mmyvok nagaeT Ha gerekrop TI ' usmydenus — kpucraiu tesurypuia kaamus (CdTe).
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HK-nazep
InAs 980 uM

I13

TTHHUST
3a/1€PIKKH

BA

3 CdTe

Puc. 6. CxemMa UMITYJIbCHOTO TEPAareplioBOro CIEKTPOMETPa.

CJ] — cBeropenutensb, 3 — 3epkano, I' — npusma [1ana, M — moaymstop, @ — duisrp, [13 — napabonuydeckue 3epkania,
O — obpa3zen, B — npusma Bomtacrona, bJ] — GanaHcHBIH 1eTekTop

B T0 e Bpemst 30HANPYIONIHHI ITy4OK IPOXOANT Yepe3 CHCTEMY 3€pKall, TOJIyBOJIHOBYIO TNIACTHHKY (A/2) 1
npusmy [ana (I). [Tocnennue n1Ba sanemMenTa TpeOyIOTCs A1 OIyYEHHs CTPOTo JIMHEHHON BEpTUKAIBLHOM MOJIs-
pusarmu. [Tocne mpoxoxkaenus A/2 u I' 30HIupyronwii my4ok Takke namaet Ha kKpuctamwt CdTe. [Tpu coBmenennn
30HANPYIOIIET0 MyYKa U ITyYKa HAKAuYKN TEeParepIioBbI IMy4OK HABOAUT aHU30TPOIHIO B HIEKTPOOIITHIECKOM
kpuctamte CdTe msa 3ornupyromero MK myuka, Benenctsue yero MK mydok MeHSET MOMAPU3ALNIO C THHEHHOM
Ha JUTUNTAYECKYIO0. 3aTeM ITy4JOK MaJaeT Ha YeTBEPTHBOIHOBYIO ITACTHHKY (A/4), Ha BBIXO/IE KOTOPOH MOISIpH3a-
LIUsI CBETa CTAHOBUTCS AIIMIITUYECKON (KPYTOBOH, IPU OTCYTCTBHU TEPAareplioBOro U3IydeHHs), fajaee mpu3Moi
Bonnactona (B) pa3nenseTcst Ha 1Ba OpTOrOHAIBHO-IMHEHHO-TIONSPU30BAHHBIX JIyda C Pa3HOM HHTEHCHUBHOCTBIO.
PasHocTHBIH curnan peructpupyercs 6anancHbM getektopoM (B1). Bennunna nymydenpenomieHus npsiMo mpo-
MOpLMOHANIbHA HANIPsDKEHHOCTH £(f) TeparepioBoro u3inyuyeHus. JIMHNS 3aep>KKU Hy)KHA IS 3aIIUCH BPEMEHHOMN
¢dopmsl £(7). Ha xommbroTepe 3anucsiBaercsi BpeMeHHoi npodwis TI' ummynbea.

Jl7ist oy 4eHust CIIEKTPOB MPOITyCKaHUsI (PHIIBTPOB N3MEPSIOTCSl BpeMEHHbIE TPOoQuin ornopHoro (6e3 Gpuib-
Tpa) 1 00BEKTHOTO (¢ GUIBTPOM) CUTHAIIOB C MTOCIEAYIOMINM ITPUMEHEHHEM OBICTPOro (hypbe-peoOpa3oBaHus U
pacdera OTHOIICHHS MOy IeH KOMIUICKCHBIX CIIEKTPAJIbHBIX aMILIHTY.

Pe3yabTarsl

MeTo10M, OITMCAHHBIM BBIIIE, ObUT U3TOTOBIICH 00pa3ell peXKEeKTOPHOTO (HIIBTPa Ha OCHOBE KPECTOOOPa3HbIX
pe30HaTOpOB (TeoMeTprudeckue mapamerpsl L = 741 mxm, W= 199 MM, P = 1164 MKM), ¢ pe30HAHCHOM 9acTOTOM
/,,=0,15 TT'u u nobportHOCTEIO O = 16.

3areM Ha QUIBTP CO CTOPOHBI MOIOKKH OB HaHeceH cioit YHT tommmmHoN mopsiaka 1 MKM (IuirHA
HaHOTpYOOK 0,3 MkM, muametp 1,3 um). JlaHHbIH 00pasen ¢ HaneceHHBIM cioeM YHT ObLT 3KCTIeprUMEHTAEHO
HCCIIEIOBAH C BHIKIIOUYCHHOM ONITHYECKOH HAKAYKOHN M TP ONTUYECKOW HaKa4dKe Ha JUTHHE BOMHBI 980 HM U II0T-
HocThio MomHocTu 0,75 Br/cm2. BonHossie GopMbI Bo3myxa, myctoro ¢uisrpa u Gpuisrpa ¢ YHT nokaszaHsl Ha
puc. 7, a. Jlyist BBIYMCIICHHS TIOTPELIHOCTH U3MEPEHHsI BOJIHOBBIX (OPM Kaxk/iblii 0Opaserl ObLT poMepeH 5 pas, B
Ka)KJIOM U3MEPEHHH Ka)/1as TOUuka BpeMeHHOH Gpopmbl m3Mepsuiack 500 pa3. Ha puc. 7, a npenctaBieHo cpeaHee
3HAYCHUE B KAKIOH TOYKE, OTHOCHTEIIbHAS TOIPELIHOCTH He npeBbimaet 3 %. Bee Tpu criekTpa nporyckanust (6e3
ciost YHT, co cioem YHT 6e3 nakauku u co cinoem YHT ¢ ontnueckoii Hakaukoit (OH)), Tomy4eHHBIX ¢ TOMOIIBIO
(dypbe-npeodpazoBaHus, MPEACTABICHBI Ha pHC. 7, 0.

Ha skcrniepyMeHTaIbHO MOTYYSHHOM CIIEKTPE IPOITYCKaHUs BUIHBI J[Ba ITHKA MTOIVIOIICHHS: OCHOBHOH (Ha
gactore okoiso 0,15 TI'm) u mobGounslii (Ha yactore nopsiaka 0,275 TI'm). ITpn oTcyTcTBHM qU3IEKTPHUYECKOM
TTO/UTOKKH PPEKT GpuiabTpanuu (OCHOBHOM MHK) CBS3aH ¢ OTKIMKOM TI'Il BOJIHBI, TPOXOASIIEH dyepe3 MacCUB
KpecTo0Opa3HBIX PE30HATOPOB M3-32 PE30HAHCA HA TEOMETPHUYECKOM pazMepe KpecToOOpa3HbIX Pe30HATOPOB, KO-
TOPBIA UMEET MaKCHMAJIbHYIO aMIUTUTY/y Ha 4acToTe f, 6i1arogapsi COrIacoOBaHMIO MMIIEIAHCOB METAITOBEPHOCTH
1 OKpYXKaroIieil cpeasl Ha JaHHOM gactoTe [16].

Croit HaHOTPYOOK, HAHECCHHBI Ha O0PATHYIO CTOPOHY ITOIOKKH CI1a00 BIHSIET HA PE30HAHCHYIO YacTOTY
BBUY MaJiol ToauuHsb! ciios YHT, ogHako npu nomMoiiy onTUYecKol HaKauyKyu Mbl MOXKEM YIIPaBJIATh MPOMyCKa-
HUEM Ha PE30HAHCHOMU 4acToTe.

[TosiBieHMe MOOOYHOTrO Pe30HAHCA OCHOBAHO HA B3aUMOJICHCTBUY BOJIH, AM(PAarupOBaHHBIX HA MEPUOANYE-
CKOHM CTPYKType METANOBEPXHOCTH, C PACIPOCTPAHSIOMIMMUCS BOJTHOBBIMU MOJAMHU B MOJUIOKKE, KOTOpask BEAET
ce0s1, KaK TUAIIEKTPUIECKUil BOTHOBOJ (3 deKT pe30HaHCa BOTHOBOJAHON MOJIBI).
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Puc. 7. BorHoBBIE (hopMBI GHIBTPOB (@) M IKCHEPUMEHTAIbHBIC CIIEKTPBI IIPOITyCKaHus! GritbTpoB (6)

Yacrora pe30HaHCHOW MOJBI TUAIEKTPHUECKOTO BOTHOBO/A (TIO/UI0KKH) Oy/IeT 3aBHCETh OT OBEPXHOCTHOTO
UMIIeJIaHCa BepXHEil 1 HIKHEH MoBepXHOCTeN BOIHOBOA. COOTBETCTBEHHO NMPH ONTHYECKON HaKauke MBI MOXKEM
U3MEHATh UMIIeJaHC HIDKHEH MOBEPXHOCTH MOUTOKKH (Ha KOTOpyro HaHeceH cioil YHT) u, cinenoBarenbHO, MEHTh
yCIIOBHE BO3HUKHOBEHMS PE30HAHCHOM MOJIBI.

3akJaroueHue

Paccunranbl reoMeTprUuECKIE TapaMeTPbl KpecTOOOPa3HBIX PE30HATOPOB PEKEKTOPHOT0 (PUIIbTPaA C pe30-
HaHcHo# yactoroi 0,15 TI'np u no6poTHOCTHIO 16. MeTo0M j1a3epHON rpaBUPOBKU W3TOTOBIIEH AKCIIEPUMEHTAb-
HBII 00pasen GpuibTpa Ha MOAJIOKKE U3 MONMATHIICHTepedTanara TOMINHON 68 MKM C aJJFOMUHUEBBIM TTOKPBITHEM
tomuuHoi 0,5 MkM. Ha cropoHy nojsioxxkn 6e3 MeTania HaHOCHIICS CJION yITIEPOIHBIX HAHOTPYOOK TOJIIMHOMN
nopsiaika | MKM, 1 METOZOM MMITYJbCHON TE€pareproBOil CIEKTPOCKOIIMH M3MEPSUINCH CIIEKTPHI MPOIYCKaHUs
mycToro GuiabTpa, GUIBTPA CO CIOEM YIIICPOAHBIX HAHOTPYOOK 0e3 Hakauku M (MIIBTPA CO CIOEM YIIICPOIHBIX
HAaHOTPYOOK C ONTHYECKON HAKadKOH Ha JIrHE BOMHBI 980 HM. DKCIIEpUMEHTAIBHO MTOKAa3aHO, YTO HAHECCHHBIH
CJION yTIIEpOIHBIX HAHOTPYOOK BIIHSIET HA MPOITyCKaHHE OCHOBHOTO MaKCHMyMa M Ha PE30HAHCHYIO YacTOTY MO-
6ounoro makcumymMma (0,275 TI'n), cauras ero Ha 9 [T B cTOpoHY O0IBIINX YaCTOT.
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