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PazBurne merona nByxdoToHHOI sa3epHOit uTOrpadun M1 CO3AAHNSA ONTUIECKUX JIEMEHTOB C XapakK-

TEPHBIMU pa3MePaMU B €IMHUIILI MUKPOMETPOB SIBJISIETCS aKTYa bHOMN 3amadeil. B mannoit pabore mpeacrasite-

HBI PE3yJIbTATHI U3TOTOBJIEHIS METOAOM ABYX(MOTOHHOM Ja3epHoil suTtorpadun n3 ruOpPUIHOTO POTOPE3UCTA

OrmoComp(®) ONTHYIECKUX BOJHOBOJOB MHUKDPOHHOTO JHAMETPA, ONTHYECKH HE CBA3AHHDBIX C MOJJIOKKON u

COBMEIIEHHBIX C cUCTEMO BBOZa—BBIBOJA OIITUYECKOT'O U3JIYYIC€HUsI, OCHOBY KOTOPBIX COCTABJ/IAIOT IIPDU3MEHHBIE

aJanTepsl IOJTHOTO BHYTPEHHETO OTpaXxKeHusA. PaccanTanbl 1 ©3MepPEHbI CIIEKTPDI MIPOITYCKAHUS BCe CTPYKTY-

poI (azanTep BXOIHONR—-BOTHOBOI-AIAIITED BBIXOAHOMN ) U IIOKA3aHO, ITO KO3(hMUIMEHT IPOIYCKAHUS B MAJIOMO-

nosoM pexkume coctasister 20-40 % B ciekTpansaoM amanazone 700-1650 am. CorstacHO pacderan, OCHOBHOMR

MeXaHU3M II0Teph B TAKOU CTPYKType OIpelesseTcs CUIbHBIM paccesHHEeM B 30He Ilepexo/ia KOHYCHOH JacTu

aJlarrepa B BOJTHOBO/ U3-3a CJIO2KHOM CTPYKTYPBbI OIITUYIECKOI'O I10JId, HapyHI€eHueM peKruMa IIOJIHOT'O BHYTPEH-

HEro OTpaKeHusl Ha IIpU3Max n3-3a BBICOKOIT yFJIOBOﬁ anepTypbl (i)OKyCI/IpyeMOI‘O IIy49Ka U3JIy9eHUsd. ITokazana

HeO6X0,I[I/I1\IOCTB y4dera 3(b(beKTa cha*XeHKeH IpU IPOEKTUPOBAHUN JIEMEHTOB COIIPAXKCHNI.
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1. BBemeune. Passurre u onTuMusanyss MeTOIOB
CO3/IaHUS JIEMEHTOB UHTErpajbHo# (poToHmKYN, POTOH-
HbIX HHTerpaibHbix cxeM (PUIC), ymeHbleHnEe X pa3-
MEpOB M IIOBBIIIEHNE KAYECTBA IMPUBJIEKAIOT IIOCTOSH-
HO BBICOKOE BHUMaHWE uccjaenoBareeit. Jis m3roros-
JIEHUsI TAKUX CTPYKTYP UCIOJIB3YIOTCS IIPENMY IIIECTBEH-
HO MeTOJIbl JiuTorpadun, Takue Kak ¢poroaurorpadus,
HOHHO-JIy4€eBasi W 3JIEKTPOHHO-JIydeBas JHUTOrpadus,
demrocekynnas jgazepuas surorpadus [1, 2|, Haxome-
JaTHAsI U TaK HasblBaeMas “Msrkas’” jurorpadus [3, 4].
B mnocnennue nBa jecaTUIETHS aKTUBHO Pa3BUBAETCS
Meros aByxdoronnoii nazepuoit surorpaduu (JDJLT),
i direct laser writing [5, 6], ocHOBaHHBI Ha TPsAMOI
(6e3amacovHOI) JTa3epHOl eYaTr CTPYKTYDP B hOoTOpesu-
cTe, peaJm3yIoIeil BBICOKOe OBICTPOIEiCTBIE, XOPOIIee
Ka4eCTBO CTPYKTYP C CYOMUKPOHHBIM IIPOCTPAHCTBEH-
HBIM pa3pelleHueM U ITO3BOJIAMONIENl (OPMUPOBATH He
TOJILKO IIJIAHADHBIE, HO U TPeXMepHble [7-9| crpyKry-
pol. B pa6ore [10] aBropst ucnosnbzosamu ADJIJT mis
CO3/IaHUS JIBYXYPOBHEBBIX BOJIHOBOJIHBIX COEINHUTEJIEH
C IIeJIBIO PACIINPEHNA BO3MOXKHOCTEH IITaHAPHON TEXHO-
sorun cozganust PUC. [lnardopma na 6a3e MUKDPOJTIH-
30BBIX aJAIITEPOB M MHUKPOKOHHEKTOPOB s 3 deK-
TUBHOIO 3aBeJIEHUsI CBETA B ONTUYECKOE MHOTOXKUJIb-
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HOE BOJIOKHO ObLia pa3paboTaHa W peajn30BaHa B pa-
Gore [11] na Gaze KOMMEPYECKH JOCTYIHOIO IPHUGOpa
HDJLJI. Bonee toro, paspemenne JIPJIJI moxker ObITH
VILy9IIIEHO 3a CYeT n3bUpaTesIbHOro TyIeHus hryopec-
neunun [12]. B o63opax mocienuux jer [8, 9] mpuse-
genubl npuMepbl JIPJIJI-MUKPOCTPYKTYDP ¢ TUNUIHBIMU
pasMepaMu B JIECSITKH U COTHU MUKPOMETPOB, obecrie-
YUBAONIUE JOCTATOYHBIN (DYHKIUOHAJ JIJIsi UX TIPUMe-
HEHUS B yCTPOHCTBAxX MHTErpaJibHON dhoronuku. M3ro-
TOBUTb MaCCHUB (DYHKIIMOHAJIBHBIX MUKPOJIUH3, padoTa-
IOMUX B PEHTTEHOBCKOM JIMAINA30HE, YJIAJIOCh COBMECTHR
DI ¢ nociemyomum muposm3om [13].

B 1o xke Bpemsa meron JI®PJIJI moka He mosyum
KOMMEPYECKOr0 IPUMEHEHUs Jjis (DOPMUPOBAHUS OII-
THYIECKAX CYOMUKPOCTPYKTYP, 9TO CBA3AHO C OOJIBIITUM
YUCJIOM TEXHOJIOTMIECKUX OCOOEHHOCTEN IIPOIIECCa, Tpe-
OyIOIMUX MONOJHATEIHFHOTO n3ydenus. CIIoKHOM 3aa-
el ABJISeTCA PA3BUTHUE CIOCOOOB (POPMUPOBAHUS B Ol
woM numkie ADJIJI ceasamubix saementos OUC, Ta-
KHUX, HaIpuMep, Kak 3dekTuBHble (¢ HU3KUMHU MOTE-
PsIME) BOJIHOBO/BI I CUCTEMBI 3aBEICHUA—BbIBOJIA OLITHU-
4eCcKOro uajrydenus. JIaHHBINA BUJ MCC/I€OBAHUIT HAXO-
JIUTCSI Ha CThIKE HAYKW U TEXHOJIOTMH W Tpebyer Tima-
TEJILHOT'O ITOI00Pa IMapaMeTPOB JIA3EPHOI IevaT U aHa-
JIn3a CBOWCTB M3TOTABJINBAEMBIX CTPYKTYp. Panee mamr
KOJUIEKTHUB Ha4YaJl PA3BUBATH JAHHbBIN METOJ U OBLI J10-
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CTUTHYT Psif, PE3YIBTATOB 110 (DOPMUPOBAHUIO (DYHKITH-
OHAJIBHBIX MUKPOCTPYKTYP C XapaKTEPHBIMHU pa3Mepar-
MU B €JIVHUIBI U JEeCATKA MUKPOMETPOB, HAHOHHUTEN C
JIMaMETPOM B HECKOJIbKO COTEH HAHOMETPOB, & TAKXKe
J®JIJI meyatn B OHON CTPYKType AKTUBHBIX U IAC-
CUBHBIX 3j1eMeHTOB [14, 15].

IIpu paspaborke @PUC Hem3O0eKHO BO3HHMKAET BO-
poc 3 HEKTUBHOTO 3aBECHIS N3y YeHNS B BOJTHOBO/I,
9TO MOYXKET OBITH PEAJM30BAHO C UCIIOJb30BAHUEM PSIa
XOPOIIIO U3BECTHBIX METOI0B. CaMbIM IIPOCTBIM, Ha, IIEP-
BBIii B3IVISAI, sIBJISIETCS TaK HAa3bIBAEMBIil TOPIEBOI BBOJ,
U3JIy9YeHns, OJHAKO OH TpeOyeT HAaJU4Ihsi CBODOIHOTO,
XOPOIIIO 06pabOTAHHOIO TOPIA BOJIHOBOJIA, & TaAK¥Ke TOY-
HO¥l ONTOMEXAaHUKHU JIJIsi IIPENU3UOHHOIO TO3UIUOHUDO-
BAaHUsI 3JIEMEHTOB ONTUYECKOi cxeMmbl. [lomysapHbrit pe-
IIIETOYHBII METOJ, UMEET OrPAHUIEHHYIO CIIEKTPAIbHYIO
IIOJIOCY PabOTHI, OJHAKO OH d(h(PEKTUBEH s 3aBee-
HUsI M3JIy9€HUs IO, HOPMAJIbIO K IJIOCKOCTU PEIeTKA
C TOMOIIBIO BBICOKOAIEPTYPHOTO 00beKTHBa. B To XKe
BpeMsl IIePCIIEKTUBHON sIBJISIETCS 3a/a9a U3TOTOBJICHUS
B OJIHOM IIMKJIE [I€YATU BOJIHOBOJIOB, OIITUYECKU HE CBSI-
3aHHBIX C TOJJIOZKKOI, BBOJT U BHIBOJ, M3JTy I€HUS B KOTO-
Pble IIPOU3BOIUTCSI C IIOMOIIBIO JIEMEHTOB COIPSI?KEHU ST
(amanTepos).

B manHOl pabore mpeioXKeH U peasid30BaH METO/I
JDJIJT nyist m3roTOBIEHNS MAJIOMOJOBBIX BOJHOBOJIOB,
COIIPSI?KEHHBIX C 9JIEMEHTAME BBOJIa—BBIBOJIA U3JLy Y€HUSI
B HAIIPaBJIEHUHM HOPMAaJIU K ILJIOCKOCTHU IIOJJIOXKKU; OIl-
THUYECKHE CBONCTBA TAKOU CHUCTEMBbl U3yYEHBI SKCIIEPU-
MEHTAJIbHO U HA OCHOBE UHUCJIEHHOTO MOJE/IMPOBAHUS.

2. Meroauka skcnepumenTta. CTPyKTypbI, HC-
CJIeJIOBaHHBIE B JIAHHON paboTe, U3rOTOBJIEHBI METO-
oM JIDJIJI no meroauke, onucannoii B [14, 15]. 3xech
OTMETHM TOJIbKO Hambojiee BaKHble MOMEHTHI. Vc-
TOYHUKOM W3JIydeHus HakKadku B ycranoBke /JIDJIJI
aBssiyicss TuTaH-canduposbiit Jyazep TIF-DP  dbupmbr
00O “Asecra-Ilpoekr” ¢ mupsiMoit aMOIHON HAKAY-
koit [16] (mimHa BOMHBI M3mydeHust 780 HM, JJIMTENb-
HOCTh uMITysibeoB 70 dce, vactora ciegopanus 80 MI'n).
Wsznyaenne nazepa mpOXOAWIIO dYepe3 aKyCTOONTUUE-
CKUIl MOIYJISTOD, UCIOJIb3yEeMbIil it OBICTPOrO BKJIIO-
YeHUs /BLIKJIIOUEHUd Jia3epHoro myuka. Jlajee ¢ 1o-
MOIIBIO MIPOCTPAHCTBEHHOTO (DMiIbTpa, COBMEIEHHOTO
C TEJIECKOIIOM, BBIJIEJISIIACH OCHOBHAS TayCCOBA MOJA
U JIA3epHOE U3JIyYeHUe IIOajaJi0 B CACTEMY IIO3UIIAO-
HUPOBAHUS IEPETSIKKU B JIaTepaJibHON IJIOCKOCTH 00-
pasma, COCTosAIy u3 rajgbBaHockanepa D1105 Sino-
Galvo u 4f-cucrembr. 3arem usiydenue hOKyCHpPOBa-
JIOCh Ha 00pasel] C IOMOIINBI0 UMMEPCUOHHOI'O OObEeK-
tuBa Nikon Plan APO VC 60x/1.4NA, 3akpemnsenHo-
ro Ha OJHOKOODIAWHATHOM IbE30TPAHCIISATOPE I TOU-
HOT'O MO3UIMOHUPOBAHUSI IIEPETSI?KKHU OINTUIECKOTO 11y -
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Ka B 00ObeMe (DOTOPE3UCTa B HAIPABICHUU HOPMAJHA K
MOBEPXHOCTH TIOHIOXKKH. “I'pyboe” TpexmepHoe MMo3u-
[MOHUPOBAaHUE 00pa3lia OTHOCUTETIHHO IEPETSKKU Jia-
3€PHOTO JIy9a OCYIIECTBIISIOCH C TIOMOIIBIO TPAHCIISTO-
POB, YIIPABJISEMBIX IIATOBBIME JBUTATEIIMEA. Jj1sT m3r0-
TOBJIEHUS] MUKPOCTPYKTYP HUCIIOJIb30BaJICA TUOPUIHBIN
dboropesncr OrmoComp®) npoussoacrsa “Micro resist
technology GmbH”; B TBepmoM cocrosinnm ero mokasa-
Tesib TipesioMiieHust paseH 1.515 (mst A = 656 Hm) [17],
T.e. OUYEHb OJIM30K K II0KA3aTEIO IIPEJIOMIICHIS TIOKPOB-
moro crekina SCHOTT D 263 nglass = 1.5204 (s
A = 656 HM), UCIIOJIB30BAHHOIO B KAYECTBE IIOJJIOXKKII.
DoTOPE3UCT HAHOCHUIICS B KOJIMYIECTBE H MKJI HA IOKPOB-
HOE CTEKJIO ToMmuHOM 170 MKM, 1 Jlajiee BhIIEPKUBAJI-
cs upu temmeparype 60 °C B regenne 60 mun. CkopocThb
JIBUYKEHMUSI JIA3EPHON IIePeTS2KKY B IIPOIIECCe IIeYaTH CO-
crasjsiia 500 MKM/C U MOIIHOCTH U3JIy9YeHUs] B 30HE
doropesucra mopsaka 10 mMBt. lna npemorBparienns
yTedeK U3JIydeHHs] B IOJJIOKKY H3TOTABJIUBAJIUCH BOJI-
HOBO/IBI, IPUTIOHATHIE HAJT TOJJIOYKKONH, CTPYKTyPa KO-
TOPBIX AHAJOTUYHA [IPEJJIOKEHHON panee [15].

3D-Moze b MEKPOCTPYKTYD (DOPMHUPOBAJIACH B IIPO-
rpamme Solidworks, a 3arem B mporpamme Simplify3D
pasbuBajiach Ha CJIOW, HAPAJUIETbHBIE IJIOCKOCTH IO/
JIOXKKW, C OJIHOHAIIPABJIEHHON “IITPUXOBKON JIa3€PHOM
[EePEeTsI?KKON B KaxkjoM cjoe. OuTuMajibHBbIE 3HAYE-
HUsl mara Mexy ciaosivu (100 HM) u miara MTPUXOBKH
(70 M) OBLIM OLpEJIEJICHBI U3 TECTOBBIX n3MepeHwuit. ITo
3aBEPIIEHNN eYaTH MUKPOCTPYKTYPBI IPOSBIISAINCH B
nposipuresie OrmoDev.

Onucansnsiit metos JIPJIJI 6b11 ucosib30BaH B JTaH-
HO# paboTe /It M3TOTOBJIEHUs] CEPUU TPEXMEPHBIX BOJI-
HOBOJIOB JUTHHOM 20 MKM U C IMAMETPOM JI0 2 MKM, I10/I-
HSITBIX HaJI [TOJJIOXKKOI € IMOMOIIBIO IIPU3MEHHBIX a1all-
TEPOB BBOJIa—BBIBO/Ia U3JIyYeHus Ha BbicoTy 10 MKM; uc-
[TOJIb30BaHHAS B paboTe cxeMa MUKPOCTPYKTYD OIICAHA
B [14]. M306pakeHusi CTPYKTYD B CKAHUPYIOIIEM 3JIEK-
rporHOM MuKpockore (COM) npuseiens! Ha puc. 1; pe-
aJIM30BaHa Ie9aTh MPSIMbBIX U U30THYTHIX BOJIHOBOJOB,
CBODOJTHO PACIIOIOKEHHBIX HAJI ITOJIJIOXKKOI1, JInOO C Ipo-
MexKyTOouHO# omopoii (puc. 1¢,d). O BbICOKOM KauecTse
[I€YATU CBUIECTEIBCTBYIOT Y€TKIE I'PAHUIBI CTPYKTYDP U
UX XOPOITasi BOCIIPOU3BOIUMOCTD B cepun. [Ipu3mennbre
aJanTepbl BBOJA — BBIBOJA W3JIyY€HHUs, IIOMHMO CBO-
€ro OCHOBHOTO (DyHKIIMOHAJA, 0DECIIeIUBAIA PACIIOJIO-
2KEHUe BOJIHOBOJIOB HA/T MOJJIOZKKOI Ha BbicoTe 10 MKM,
YTO PE3KO CHUKAJIO IIOTEPU ONTUYECKOrO U3JIyJYEHUs B
CTPYKTYpe.

3. ChnekTpbl NOPONYCKAHHUS CHUCTEMBI aJIall-
Tepbl -+ BOJIHOBOJA. ll3mepenume CHEKTPAJIBHOMN
3aBUCHMOCTH IPOILYCKAHUS BOJIHOBOJA ITPOBOIUJIOCH
C HCIOJIb30BaHUEM B Ka4deCTBe WMCTOYHUKA JIMHEHHO-
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Puc. 1.
ADJIJI onTudecknx BOJIHOBOAOB, HMPHUIIOMHSATHIX HAJ IIO-

COM wu30bparkeHusi WM3rOTOBJIEHHBIX METOJOM

BEPXHOCTBIO MOJJIOKKU HA IPU3MEHHBIX ajanrepax: (a) —
BOJIHOBOA, JnHON 20 MKM M JuaMeTpOM 2 MKM C IIPHU3-
MeHHbIMHU ajanTepamu; (b) — cepusi BOJIHOBOIOB JuaMer-
poMm 1-2MkM; (C) — BOJIHOBOJ C JONIOJIHUTEJIBLHON HPO-
MeKyTOUHOH 1moziepkkoii; (d) — u30rHyTHI BOJHOBOJ, C
OO IEPKKON

[OJIIPU30BAHHOIO0  W3JIy4YeHHUs]  IIapaMEeTPUIECKOrO
demrocexkynaaoro reaeparopa TOPOL-1050-C dupmbr
000 “Asgecra-IIpoekT” ¢ mnepecrpauBaemMoii JJIMHON
BOJIHBI n3iydenus B guanaszoHe 700-1000mm m 1100-
2400aM u mymrenbHOCTBIO mMiysbca 130-200dc B
3aBUCAMOCTHU OT JJIMHBI BOJIHBI, JJIsI KOHTPOJIS IIOJIs-
pU3alMKA  30HAMPYIONIEr0 U3JIyUYeHUs] HUCIOJIb30BaJICS
nBoitaoit pom6 Dpenesisi, AOMOTHUTEIBHBIN KOHTPOJIb
OPHEHTAINN ILIOCKOCTU MOJISPU3AINN 30HIUPYIONETO
uzjydenusi obecnedmBasicsi npusmoii [rana—Teitiopa,
PACIIOJIOKEHHONW — HEIMOCPEJCTBEHHO Tepen  (DOKycu-
pyomuM obbeKTrBOoM. llpm TpoBemeHnm u3MepeHuit
CIIEKTPA IPOIIYCKAHUS S- UJIU P-IIOJISIPU30BAHHOE U3JIy-
YeHUe 3aBOJIMJIOCh B CTPYKTYPY IPH IIOMOIIN OObEKTHBA
Mitutoyo M Plan APO 100x/0.7NA, dbopmupyioriero
[IEPETSI?KKY Ha BXOJHOM TOpPIe BOJIHOBOA. [Iporme it
yepe3 BOJIHOBOJ JIA3€PHBIM IIyYOK KOJLUIMMHPOBAJICS
BTODPBIM AHAJOTHIHBIM OOBEKTUBOM U (DOKYCHPOBAJICS
TyOycHO# JmH30I Ha auadparmy, KOTOpas BBLIEISIA
CUT'HAJI C BBIXOJIHOT'O aJallTepa BOJIHOBOJA U3 00JIacTh
mramMeTpoM 20 MKM; ©3MePEeHre MOIITHOCTH BBIXOIHOTO U
pedepeHcHOr0 KaHAJOB IPOBOIUIOCH OJHOBPEMEHHO C
OMOIIBIO ABYX uHTerpupyomux cdep Thorlabs S145C
Ha ocaose InGaAs doroauozma (pabounit quanaszon 700—
1700 am). CranupoBaHue CIEKTPAIbHBIX 3aBUCHMOCTE
[IPOBOJIMJIOCH C IIAroM 5 HM II0 JIJIMHE BOJIHBI CUT'HAJIb-
HOTO KaHaJja I[1apaMeTPUYECKOI0 IeHepaTropa CBeTa,
MIOICTPOMKA MOJIOZKEHUS Iy 9KA OTHOCUTEIBHO BXOIHOTO
ajzanrepa TPOBOJIWIACh B CEPEIUHE CIIEKTPAJbHBIX
JMANIA30HOB HA MAKCUMYM IIPOIIYCKAHHUS CTPYKTYP.

W3mepennbie CIEKTPHI MPOIMYCKAHWS CHUCTEMbBI aJIAll-
TEPBI + BOJIHOBOJ[ HOPMHUPOBAJIUCH HA CIIEKTPAJIbHYIO
3aBUCUMOCTB MOIITHOCTH IIPOIIEIIIEer0 W3JIydeHusl JIJIsi
IIOKPOBHOTO CTEKJIa 0e3 BOJHOBOIHOW CTPYKTYPBI
IpU WAEHTUIHON KOH(MUIYPAIUH SKCIEPUMEHTATHHOM
YCTAHOBKU.

Ha pucynke 2a mpejcrasiieH HAOOp n300parKeHUi
BOJIHOBO/IA C aJalTepaMid B KOH(POKAIBHOM MUKPOCKO-
1€ TPU 3aBEJIEHUN P-TIOJSIPU30BAHHOTO WU3JIyICHUS Ha-
Ka4IKU BO BXOJHON IPU3MEHHBII azantep (pPacroioyKeH-
HBIIl HA PUCYHKE CJIeBa) U perucrpanueii obmeil kapru-
HBI PACCESTHUS M3JIy9eHUs] DU JJINHAX BOJH HAKATKI:
700, 800, 1105, 1188 um. MosoBast KapTHHA W3JTYIEHUST
BUJIHA HA BBIXOJIE U3 IPU3MEHHOrO ajainTepa (HA pU-
cynke cupasa). s usnydenus ¢ gymuamu Boad 1105
u 1188 uM HAOIIOAIOTCSA ABE MOJIDI, IPU MEHBINNX JJIN-
HaX BOJIH MOJIOBasl CTPYKTYpPa CTAHOBUTCSI CJIOXKHee U
MeHee ogHOpomaHOi. CxoyKasi KAPTUHA MOJOBOTO COCTABA
n3IydeHus HAOJOIAIACH DU 3aBEJIEHUN B CTPYKTYDPY
S-TIOJISIPU30BAHHOTO U3JIydeHusi. MaKcuMyM IpOIryCcKa-
HUsl TaKUe JIaITepbl JeMOHCTPUPOBAJIN IIPU CMEIEHUN
IMyYKa HA BXOIHOM aJaITepe TpUOJIN3UTEHHO HA 2 MKM
OT IIEHTPA OCHOBAHWsI IPU3MbI B CTOPOHY HapPy2KHOI'O
Kpasi, T.. IpU & & 3MKM (CM. puC.2a), IPU ITOM BBI-
XO/THOM Iy 90K TaKzKe ObLI CMEIeH OT IEHTPA OCHOBAHUS
[pU3MbI B CTOPOHY Hapy2KHOro Kpasi. JlaHHast ocobeH-
HOCTh CBsI3aHa ¢ mposBieHneM 3dpdexta ['yca—Xenken
IIPY TIOJTHOM BHYTPEHHEM OTPAXKEHUU OT T'PAHU IPU3-
MeHHOTO ajanrepa. CTOUT OTMETHUTH, YTO OIHOMOJIO-
BBIil PEXKUM B IIPEJICTABJIEHHOM BOJIHOBOJIE PEAJIN3YeTCsI
B auanazone jyuH BoaH 2800-3400 um.

[Tosygyenmbie CreKTpaJbHbIE 3aBUCUMOCTH IIPOITYC-
KaHUus CTPYKTYpbl (puc.2b) ykaspBaioT Ha OTHOCH-
TEJIbHO BBICOKYIO 9(p(PEKTUBHOCTD IIpeCcTaBIeHHbIX 3D
BOJIHOBOJIHBIX CTPYKTYP B PaCCMOTPEHHOM JIMAalla30He
JUIMH BOJIH: UX MaKCHMAJbHBIA KO3(DMUIMEHT TPOIryC-
Kanusa npudmmkaerca K 43 % npu 850 M. Ilpu sTom
CIIEKTD IIPOITYCKAHUS UMEET OCIULIAPYIOILYIO 3aBUCH-
MOCTb, YTO CBSI3aHO C M3MEHEHHEM MOJIOBOTO COCTABA
W3JTyIeHNs, PACIPOCTPAHSIONIETOCs 10 BOJTHOBO/LY, IIPA
CKAHUPOBAHUHY 110 J[JINHE BOJIHBI.

DKCIIepUMEHT ObILJI JOIOJIHEH YUCJIEHHBIMHU Pacye-
Tamu, BbInosiHeHHBIMEA MeTogoM FDTD B mporpamme
Ansy Lumerical 2020; 6611 IpOBeJIcH pacder pacipejie-
JIEHUsI OIITHYECKOrO I0JI B PA3HBIX CJIOSX CTPYKTYPBI
U IIOJIyYEH CIEKTD €€ IPOIYCKAHHS C yIEeTOM OCODEH-
HOCTEHl TPOXOXKIEHNS U3JIyJYeHUsl B AJAINTEPAX U BOJ-
HoBojie. Ha pucynke 3a rnpejcrasiiena 3D Mozess BOJI-
HOBO/IHOI CTPYKTYPbl, BU3yaJIU3UPOBAHHAS B 9TOM I1PO-
rpamme. CTPyKTypa HpEeACTaBjseT CODOW CucTeMy u3
JBYX TPHU3M, COEIMHEHHBIX MUPAMUIAIHHBIMA aJIAIITe-
paMu C BOJIHOBOJIOM IIPSIMOYTOJIBHOI'O CEYEHUsl C pa3-
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Puc. 2. (LigerHoii onnaiin) (a) — M306pazkeHust B yCTaHOB-
Ke KOH(DOKAJIBHON MUKPOCKOIINH, JJEMOHCTPUPYIOIIEE TIPO-
[IyCKaHWUe CBET Yepe3 CUCTEMY BOJIHOBOJ, + aJIalTephl JJIs
P-TIOJIAPU3OBAHHOTO U3JTy9€HHsl Ha 4-X PA3IMIHBIX IJTAHAX
BosiH. CBETOBOE TISITHO CJleBa — M3JIyYeHNe HaKadKH, [pe-
JIOMJIEHHOE Ha BXOJIHOM IIPU3MEHHOM ajianTepe npu hoKy-
cupoBke oobekTBoM Mitutoyo M Plan Apo 100x/0.7NA.
CBeroBOe TSTHO CIIpaBa — U3JLy4YeHMe, IIPOIIEIINee Jepe3
BOJIHOBO/JI, ¥ BBIIIIEJIIIIEE Yepe3 aJIaliTep B CTOPOHY cobupa-
omtero obbexkTuBa Mitutoyo Plan Apo 100x/0.7NA. (b) —
V3mepeHHbBIE CHEKTPBI IPOIYCKAHUS CACTEMbBI AJAITEePhI
-+ BOJIHOBOZ, JJIsl P- U S-TIOJIIPU30BAHHOTO U3JLy YeHUS

Mepamu 20 X 2 X 2MkM. PunosieToBas CTPeJIKA yKa3bl-
BaeT HAIPABJIEHUE PACIPOCTPAHEHUs IAJIAIONIEro W3-
JiydeHusi, rojay0as cTpejka 0003HAYAET €ro IMOJISIPH-
samuio (puc. 3a). OpamHzKeBblil IapaJIUIeIeNuIe; Orpa-
HUYIUBAET OOJACTD MOJIETUPOBAHUS, KEJITHIE IIPSIMO-
YTOJIBHUKHU 0003HAYAIOT MOHUTOPBI HAOIIOIEHUST, CTPOSI-
e TPOCTPAHCTBEHHOE PACIIPE/IEICHIEe NHTEHCUBHOCTH
(puc. 3a). BbuIo paccMOTPEHO 3aBeJIeHNE B CUCTEMY CXO-
JISAIIErocsi OIITHYECKOTO IIyUKa ¢ MapaMeTpaMu, peasii-
30BAHHBIMU B SKCIIEPUMEHTE.

Ha pucynke 3b npemacrasiiena ta ke CTpyKTypa, BAT
cboky. Cire/ryeT OTMETUTD, ITO MOHUTOD 2 TP HAJIAIUN
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Puc. 3. (LIpernoit onnaitn) (a) — 3D Mozmenb BOIHOBOI-
HOI CTPYKTYpBbI, BU3yaJM3UPOBaHHAs B IIporpaMme Ansy
Lumerical 2020. snydenne Hakadku MajlaeT CBEPXY HA
aJIanTep, PACIIOJIOXKEHHBIH CJIEBa, OTPAXKAETCS OT HAKJIOH-
HOW IpaHu NPU3MbI, (GOKYCHPYETCST Ha TOPEI] BOJTHOBOJIA,
IIPOXOJIUT €0 W, OTPAyKasCh BHAU3 OT IPU3MEHHOTO A aIlTe-
pa, PACIIOJIOKEHHOTO CIIPABA, BBIXOAUT B CTOPOHY MOHUTO-
pa 3. (b) — Bug cboky 3D mopmenu BosHOBOzA; nudpamu
YKa3aHO PACIIOJIOKEHNE MOHUTOPOB, KOTOPBIE MMOKA3bIBA~
0T PAacIpeJie/IeHNe UHTEHCUBHOCTH BXOIHOrO mydka (1),
[IPEJIOMJIEHHOTO Ha TePBOi npuaMme mydka (2) m mpomes-
IEro Yepe3 BOJHOBOAHYIO CTPYKTYDY (&) COOTBETCTBEHHO

BOJIHOBO/Ia, BO BCEM JIMAIa30HE JJIMH BOJIH TOKa3bIBAJI
HEHYJIEBOE 3HAYEHNE MOIITHOCTH W3YUI€HUs, [IPOIIE/IIIe-
ro 4epe3 IMEPBYIO MPU3MY, TOTJA KAK B TEOPUU IMIPU3-
Ma JIOJI2KHA 00eCIieunBaTh MOJIHOE BHYTPEHHEE OTPaKe-
Hre. MOXKHO TIPEIoIOKATh, ITO HAJIMIHE [IPOIIIE/IIIe-
IO U3JIy9YEeHHs CBA3AHO C MCIOJIb30BAHNEM BBICOKOAIED-
TYyPHOTO OOLEKTHUBA IIPU 3aBEJICHUU U3JTyI€HUsI B CUCTE-
MY: IOCKOJIbKY TIYYOK ITaJAIOIIEr0 U3JIYyIEeHUsT CXOIUT-
csd OYeHb OBICTPO, HA PACCTOSHUSAX MOPSIKA pa3Mepa
caMOil CTPYKTyphI (afanrepa), TO HOSIBIISIOTCA KOMIIO-
HEHTBI MIyYKa, PACIPOCTPAHSIONINECS TI0JT YIJIAMU, JIJIsI
KOTOPBIX yCJIOBHE IIOJIHOTO BHYTPEHHETO OTPAKEHUsI HE
BBITIOJTHSIETCS.

Paccunrannbie CIIEKTPHI MPOIYCKAHUS TPUBEIECHDI
Ha puc. 4a. B obj1acTi KOPOTKUX JJIUH BOJIH KO3 duIm-
€HT IPOILyCKAHUS BCell cTpyKTyphl cocTasigeT 30—40 %,
3aTeM OH IIOCTENeHHO yMeHbInaercs 110 ~ 20 % B okpect-
HOCTHU JUMHBI BOJIHBI 1600 HM; TIpu 3TOM HIpOITyCKaHUE
S-TIOJISTPU30BAHHOTO U3YYEHUS BBIIIE, YTO COOTBETCTBY-
eT JaHHBbIM KcuepumenTa. CHUYKEHUE MPOIYCKAHUS B
JJIMHHOBOJIHOBOM 00JIACTH CIEKTPA MOXKET OBITH CBsi-
3aHO C MaJIbIM CEYEHHEM BOJIHOBOIA, COTIOCTABUMBIM C
JIJINHON BOJIHBL CBETA, .

Ha pucyuke 4b npemcrasiieno pacupesesienne KBa/i-
paTa HAIPSKEHHOCTU 3JIEKTPUIECKOTO IIOJIsI CBETOBOMN
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Puc.4. (Ilsernoit onuaiin) Pe3yibraThl MOJEIMPOBAHUS
merogoM FDTD cucrembl BosHOBOJ + ajanrepbl. (a) —
I'padukn kosdpdunmenTa MPOIYCKAHUS CHCTEMBI BOJI-
HOBOJ + aJanrepbl JJisi S- (KpacHble CAMBOJIBI) W p-
HOJISIPA30BaHHOrO (YepHble CUMBOJIBI) u3iaydeHus. (b) —
Pacnpenenenne MHTEHCHBHOCTH WU3JIydYeHHUs B IIOIEpeY-
HOM CeYeHUU BOJIHOBOZA Ha JJIMHe BOIHBI 1105 HM njs p-
IIOJISIPU30BAHHOIO M3JIyYeHHUH. BesIbIM KOHTYpOM OTMede-
HO cedenue BOJHOBoOzA. (¢) — Pacnpenesenne nHTeHCHBHO-
CTH M3JIyYeHUs B/IOJIb BOJTHOBOJA HA JiyTuHe BOJIHBI 1105 HM
IpH P-TOJIPAU30BAHHOM M3JIyYeHUH HA BXOJe (Ha PUCYHKE
cyieBa). BesbiM KOHTYPOM OTMEYEHBI TPAHUIBI CTPYKTY PBI

BOJIHBI B IIOIIEPEYHOM CEYEeHUU BOJIHOBOIA BOJIM3U €ro
cepequnbl it A = 1105uM. Buano, 9ro B gaHHOM
CIIydae Peasin3yeTcs TPEXMOOBBIN PEXKUM PACIIPOCTPA~
HEHUsI W3JIyYeHHUsl. DTO TaKKe HaOJIIOJMAeTCs Ha IPO-
JIOJIBHOM CEYeHMH BOJHOBOAA (CM. puc. 4c¢), orparKaro-
IeM HEOHOPOIHOE DPACIpeeseHre IIOJIsd: BUIHBI 00-
JIACTU €r0 JIOKAJIM3aIuU, COOTBETCTBYIOIIIE MaJIOMOJI0-
BOMY PEKHUMY PpacIpOoCTpaHeHHusI u3JjydeHus. B objia-
CTH BXOJIHOT'O &IalIT€PA BUIHA YTE€UKA M3y I€HUs depe3
npu3My upu £ = 10 MKM, a Takke B 00JIACTH IIEPEX0Ia
KOHyca B BOJIHOBOJ pu « = 20 MKM (cM. puc. 4c).

4. 3akmaodyeHne. Takum obpas3oM, B JaHHONH pabo-
Te mpojeMoHCcTpupoBanbl BoaMoxkHocTH JIPJLJT 1o hop-
MUPOBAHUIO TPEXMEPHBIX BOJIHOBOIHBIX CHCTEM, COCTO-
AMUX U3 TPU3MEHHBIX a/IAIITEPOB BBOJA M BBIBOIA OII-
TUYECKOTO U3JIydeHust U (IIPSMOTO MJIM UCKPUBJIEHHOTO)
BOJIHOBO/I&,, PACIIOJIOYKEHHOT'O MEXK Ly HIMHU U [IOIHSATOTO
HAJI TIOJIJTOKKO# 1pubiim3uTesbHO Ha 10 MUKPOH. DKC-
[IEPUMEHTAJIbHBIE CIIEKTPBI [IPOILYCKAHUS IOKA3bIBAIOT,
YTO JIaHHBIE CTPYKTYPhI 00JIAJAI0T JOCTATOYHO BBICO-
kuM nporyckanueM (20-40 %) B IIUPOKOM CHIEKTpaJIb-
HOM JIMala30He, YTO OIpPeesieT BO3MOXKHOCTb MX HUC-
MOJIb30BaHUA JJis d9(MHEKTUBHOTO U ITPOCTOTO 3aBeje-
HUsl U3JIy9YEeHUsI B BOJIHOBOJbBI, UCIOJIB3YEMBbIE IS T10-
crpoenns OUC, a Takke obecriedeHns: ONTUIECKON CBSI-
31 C TAKUMU 3JIEMEHTaMU UHTErPAJIbHOM (POTOHUKH, KAK

JIMCKOBBIE UJIU KOJIBIIEBBIE OIITUIECKUE PE30HATOPHI, (ho-
TOHHBIE KPUCTAJIJIbI, U IIPOY. BBINOJHEHHBIE PACYEThHI
OITUYECKUX CBOICTB JIAHHOIO BUA TPEXMEPHBIX BOJIHO-
BOJHBIX CTPYKTYDP HAXOJSITCS B COOTBETCTBHUH C IKCIIE-
PUMEHTAIbHBIMA PE3YIbTATAME U IIPE/ICKA3BIBAIOT BO3-
MOXKHOCTB UX [IPUMEHEeHUsI B OoJiee JIJIMHHOBOJIHOBOI Ya-
CTH CHEKTPA.

Samernm, 94TO B paboTe UCI0JIb30BaH HauboJjIee mpo-
CTOIl BUJ aJallTEPOB C ILIOCKON 3aBOJAIIEl TOBEPXHO-
CTBIO TIPU3MBI, JIJII KOTOPOTrO, OYE€BUIHO, ITPOSIBJIAIOTCS
pasimaHble HeraTUBHBIE 3D DEKTHI, 3aBUCAIINE OT JJINH
BOJIH ITPOXO/ISIIIETO U3JIyYEHUsl; K UX YHUCJIY CJIEIyeT OT-
HECTU YACTOTHO-3aBUCHMOE PACIIPEIE/IEHAE OMTUIECKO-
ro MOJIs B aJalTepe, mapaMerpbl ero (GOKyCHPOBKHU B
BOJIHOBO/I, paccesiHue B OOJIACTU COIPSI?)KEHUs] KOHYC-
HOI 9acTH aJanTepa W BOJHOBOA, 3aBUCHUMOCTH Iapa-
METPOB IIOJIHOI'O BHYTPEHHEIO OTPaKeHus OT (hOPMBI
ajalrepa W JJIMHBL BOJIHBI M3JIy4YeHHUsl. Borpoc omnru-
MU3AIUE [IAPAMETPOB aJIAIlITePOB, HCIIOJIb3YOMMX I¢-
GbeKT OJTHOr0 BHYTPEHHETO OTPAYKEHUs JIJIsi BOJTHOBOJI-
HBIX CTPYKTYP, TpeOdyeT OTe/IbHOIO UCCJIeI0BaAHUSI.

Asropsl BeipaxkatoT Giarogapaocts Jarecany C.A.
3a momorp B noigydernn COM mzobpakenuit MUKpO-
CTPYKTYP.-
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