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Anexcanzip Cepreesud CUros ponui-
cs 31 mas 1945 1. B 1. JloHenke. B 1962 1.
OKOHYMJI C 307I0TOJ MeJa/Ibl0 CPEfIHION0
mkony B I. Kuese. B 1962 r. moctynun
B KueBckuit rocyfapcTBeHHbIN YHUBEP-
cuteT 1 B 1967 I. ¢ oTM4YMeM OKOHYMII
HOMHBIA Kypc MOCKOBCKOro rocypmap-
CTBEHHOrO yHuBepcurera uM. M.B. Jlo-
MOHOCOBA II0 Kadefpe KBAHTOBOI Teo-
pun. C 1968 o 1971 1. — actimpaut ¢pusu-

Ne 2 (118) anpenb—utoHb 2023 T.

geckoro ¢pakynprera MI'Y mm. M.B. Jlomonocosa. B 1971 .
OBIT pactperienied B MOCKOBCKMIT MHCTUTYT pafilMOTeXHNU-
K1, 97IeKTPOHMKY 1 aBToMatyky (MVIPOA) Ha fomxHOCTD
accucrenra Kagenpsl ¢pusuku. B 1972 r. 3amutun Kaugy-
JATCKYyI0 JyccepTaluio, a B 1985 1. — HOKTOpCKywo juc-
cepTalMio Ha TeMy: «Brmsanue nedexToB Ha dusnyeckme
CBOJICTBA KPUCTA/IIOB BONU3M CTPYKTYPHBIX I MATHUTHBIX
(a30BBIX IEPEXOTOB».

IIpormen myTh OT cTapILIero npenojaBarerid, JOLeHTa, 3a-
Befytoniero kadenpoit, fekana 1o pekropa MVIPIA. C 1998
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no 2013 r. - pexrop PI'BOY BIIO «MockoBckmit rocymap-
CTBEHHBIII MHCTUTYT PAANOTEXHUKY, STEKTPOHUKY I aB-
TOMATHUKM (TeXHu4Yecknit yHusepcuret)». C mona 2013 1.
1o Hacrosee Bpems - npesugent PTY MIPOA. 3asenyer
Kadenpoit HaHoaneKTporuky PTY MIPDA.

C 2006 1. - yneH-koppecnonfienT PAH, ¢ 2011 1. - aka-
nemuk PAH.

A.C. CuroB - BCeMUPHO M3BECTHBIIT CIIEIIUAICT B 06-
nacTy GU3MKY KOHJICHCPOBAHHOTO COCTOSIHMA, TBEPHO-
TE/IbHOII 3/IEKTPOHMKM, MaTEPUAIOBENEHNA I 3JIEMEHTHOI
6asbl MHPOPMALMOHHBIX CUCTeM, aBTOp 6osee 400 Hayd-
HBIX pabor, 18 MoHorpaduit u yue6HuKoB, 38 nsobpere-
Huit. IToy ero pykoBOACTBOM BBIIIONTHEHO 6ostee 80 dpyHpa-
MeHTaNbHbIX U npuKknagubix HMP, npoexTos 1 nporpaMm.
[TocTpoeHa caMoCOrIacoBaHHas Teopus aHOMauit Gpusn-
YeCKMX CBOJICTB KPUCTAJIIOB C JeeKTaMy PasHbIX TUIIOB
BO/IM3Y CTPYKTYPHBIX I MATHUTHBIX (pa30BBIX IIEPEXOfIOB,
IpefiCKa3aHbl 1 JMCCIefOBAaHbl HOBbIE TUIIBI JOMEHHBIX

TPaHNI] B MHOTOC/IOHBIX MarHUTHBIX
HaHOCTPYKTypax. CospmaHbl 00pasibl
VHTETPUPOBAHHBIX YCTPOICTB Ha Oase
IVICHOK CETHETO3/IEKTPUKOB, CETHETO-
97IEKTPUYECKIUX HAHOTPYOOK 11 POTOH-
HBIX YCTPOJICTB, JATYNKOB MAarHUTHOTO
IO/ Ha TeTePOCTPYKTYpPax CerHETOIEK-
TpUK-(deppOMarHeTHK.

A.C. CuroBpIM CO3/JaHbI HAyYHas KO-
na u Kadeppa mo paspaboTke 1 Mpoek-
TMPOBAHUIO NEPCIIEKTUBHOI 9/IEMEHT-
HOW 6a3bl MHYOPMAIVOHHBIX CHUCTEM
Ha OCHOBE HOBBIX MAaT€PUAJIOB U CTPYK-
TYp C 3a/JaHHBIMY (U3NYECKUMU CBOJL-
CTBaMM, IO €r0 HEIOCPeACTBEHHBIM
PYKOBOJCTBOM 3alUMILEHbl 22 KaHOU-
JaTCKVX JIUCCEPTALNM, 12 ero y4eHuKoB
CTaJM JJOKTOpaMI HayK.

About the Editor of the Themed Section

Alexander Sergeevich Sigov was born on May 31, 1945,
in Donetsk. In 1962 he graduated from secondary school
in Kiev with a gold medal. In 1962 he entered the Kiev
State University and in 1967 he graduated with honors
from the Department of Quantum Theory full course of the
Lomonosov Moscow State University. From 1968 to 1971 he
was a post-graduate student of the Faculty of Physics of the
Lomonosov MSU. In 1971 he was assigned to MIREA as an
assistant at the Department of Physics. In 1972 he defended
his Ph.D. thesis, and in 1985 - his Doctoral thesis on the
topic: “The Influence of Defects on the Physical Properties of
Crystals Near Structural and Magnetic Phase Transitions’.

He went from senior lecturer, associate professor, Head
of the Department, Dean to Rector of MIREA. From 1998
to 2013 A.S. Sigov was Rector of Moscow State Institute of
Radio Engineering, Electronics and Automation (Technical
University). From June 2013 to the present he is the
President of RTU MIREA, and Head of the Department of
Nanoelectronics at RTU MIREA.

Since 2006 A.S. Sigov was the Corresponding Member
of the Russian Academy of Sciences, since 2011 he is full
Academician of the Russian Academy of Sciences.

A.S. Sigov is a world-famous specialist in the field of
condensed matter physics, solid-state electronics, materials
science and the element base of information systems, the
author of more than 400 scientific papers, 18 monographs
and textbooks, 38 inventions. More than 80 fundamental
and applied research projects and programs have been

carried out under his leadership. A self-
consistent theory of anomalies in the
physical properties of crystals with
defects of various types near structural
and magnetic phase transitions has been
developed. New types of domain walls
in multilayer magnetic nanostructures
have been predicted and studied. Samples
of integrated ferroelectric devices,
ferroelectric nanotubes for photonic
devices, and magnetic field sensors
based on ferroelectric-ferromagnet
heterostructures have been created.

A.S. Sigov has created a scientific school
and a department for the development
and design of a promising element base
of information systems based on new
materials and structures with specified
physical properties. He is inspiring and
mentoring many talented scientists,
22 Ph.D. theses were defended under his
direct supervision, and 12 members of
his scientific school became Doctors of
Science.
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AHHOTAIA TEMATMYECKOrO O/T0Ka

A.C. Cueos

JlocTyxeHMUsT COBpeMeHHOTo MHQOp-
MAaIlIOHHOTO MHUpa OCHOBAHBI, IpeXe
BCETO, Ha IIporpecce B 00/1aCTI TeXHOJIO-
TUII MUKPO- 1 HAHOY/IEKTPOHMKI, TEXHO-
JIOrMI1 KpEMHUEBBIX MHTETPA/IbHBIX CXeM
(MC). Ha mepBoM sTame mpou3BOfCTBA
VC ¢popMupyrTCsa aKTUBHBIE 5TIeMEHTHI
cxembl — MJIII-Tpansucropsl. VIx us-
TOTOBJIEH)E Ha KPEMHMEBOJN IIacTHHe
obecrmeunBaeTcsas TeXHOJIOTMYECKUMMU
olepauyAMM TPAH3UCTOPHOTO LIMK/IA —
FEOL. B nmocnegnee fecAatuneTe B Mupe
JOCTUTHYT OOJIBILION IIPOrpecc B 06/1acTn
FEOL-TexHOMmornit, KOTopble UCIOIb3Y-
10T HOBbI€ MaTepyaJIbl, IPOLECCHl ¥ KOH-
crpykuym (high-k guanexrpuxu, metasn-
JIMYeCKIe 3aTBOPDI, CTPeCC-MHKIHUPUHT
KpeMHI, HellJIaHapHas apXUTEKTypa
97IEMEHTOB I IIp.), YTO MO3BOMINJIO 3Ha-
YNUTENbHO MOBBICUTD 3HEProadPeKTus-
HOCTb, OBICTPOZIEVICTBYUE ¥ IIOTHOCTD
TPaH3UCTOPOB Ha yure. OfHAKO IpeBpa-
IjeH1e Habopa N30/IMPOBAHHBIX TPAH3U-
CTOpPOB B (pMHAJIbHbIE INEKTPUIECKIE MU-
KPOCXeMbI IPOLIeCCOPOB, TaMATH, CUCTEM
Ha kpucramne (SoC) MoxxeT ObITh peanu-
30BaHO TO/BKO IIPY CO3[JaHUM CIOXKHOI
CHCTEMbI MEXCOeNVHEHNIT MeXY HUMU
myTeM (OPMIPOBAHN HA «BEPXHIX ITa-
JKaxX» 4MIla MHOTOYPOBHEBOI CHCTEMBI
MeTa/l/In3allMy — MUKPO- M HaHOPas3-
MEpHBIX IPOBOJZHMKOB, MOTPY>KEHHbBIX
B MHOTOCTIONIHbIE OVM3NEKTPUKU. 3a 3TO
0TBeYaloT TexHonoruu yposHA BEOL,
I7le MaTepMabl M TEXHONTOTMYECKHE IIPO-
eccel 6ormee KOHCepBaTUBHBL. HaunHas
C IPOEKTHBIX HOpM 180 HM 1 10 HeflaBHe-
ro BpeMeHM 6a30BOIT CCTEMOI B MeTasl-
nusanyu ObUIM MefHbIe (paHee anmoMu-
HIeBbIe) MUKPOIIPOBOJHUKY, OKPY>KeH-
Hble TOHKVM 1} Py3noHHBIM 6apbepoM,
MHTETPYPOBAHHBIE B JU3IEKTPUUECKIIE
cnou SiO,.

CoBpeMeHHbII MOTYTIPOBOJHIKOBDII
YIII CORepPXKUT O0JIee MIIIMAP/A TPAH3N-
CTOPOB, KOTOpPbIe 0OBEANHAITCA B CXEMY
fleCATKaMU KMJIOMETPOB IIPOBOJJHIKOB,
pacnonoxeHHpix Ha 10-17 ypoBHAX.
Macmrrabuposanne VIC Kk KpUTHIeCKuM
pasmepam 28-10-7 HM BefieT K pocTy RC
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3afiepyKeK Iepefauyl CUTHaIa B CUCTEMe MeXXCOeHEeHMIt
(R - conpoTyBIieHNe IPOBOAHNKOB, C — 9/IeKTpIdecKas eM-
KOCTb, OIIpefie/isieMast INIOTHOCTBIO JIMHNUIT HPOBOJHUKOB,
pasyie/ieHHbIX JVATIEKTPUKOM ), TETIOBBI/IEHN (IIPOIIOp-
IIMIOHA/IBHO R), BO3HMKHOBEHNUIO TIePEKPECTHBIX MMITY/Ib-
CHBIX IIOMex 1 11p. HecMOTpst Ha TO, 4TO yMeHbIIIEHNUE pas-
MepOB TPAH3UCTOPOB YBEINYMBAET UX OBICTPOLEIICTBIE,
3aJIepXKKI B CHCTeMe MeTa/UIM3aLMN 1 TeIIOBbIe TI0Tepu
SBJIAIOTCS ITTABHBIMY TIPETATCTBUEM Ha Iy TH OBBIIIEHNS
pou3BoAUTeNnbHOCTY VIC BBICOKOI CTEIIEHN MHTErPALINIL.

ODTOT BBI30B MOTPeOOBA OT MHAYCTPUM B KOHIIE IPO-
IIJIOTO CTO/IETHS COBEPIIUTD HOCTATOYHO CIOKHBII TEXHO-
JIOTMYECKII TIePeXof] OT KOMOMHALMK MaTepyanos: Al B ka-
JecTBe MPoBOAHNUKA 1 Si0O, B Ka4eCTBe U30/MUPYIOIIETO [1-
aneKkTpuka — K Cu-IpoBOZHMKAM C JTy4LIeN 37IeKTPOIpO-
BOZJHOCTBIO U TIOCTOSIHHOMY TIOMCKY MaTepuajoB ¢ 6onee
HM3KOI JU9/IEKTPUYECKOIl IPOHUIIAEMOCTHIO (TaK Ha3bl-
BaeMble low-k-UanmeKTpuKYL, BenudMHa AUIEKTPUIECKO
IIPOHMIIAEMOCTH k KOTOPBIX MeHblue, 4eMm y SiO,, To ecTh
k<3.9). OpHako fabHEMIINIT CKeJIIMHT TpeOyeT peleHus
CTIOXXHBIX MaTepuanoBegYecKyX 3afiad: IJIAHOMEPHOTO
CHJDKEHVISI BeTMYMHBI AUSIEKTPUIECKOI IPOHUIIAEMOCTH
low-k maTepnasnos, obecreueHnss Maoro COIPOTHUBIEHNS
Y CTOMKOCTY K 9/IEKTPOMUTPALIMY MeTa/UINYeCKNX HpOo-
BOJIHMKOB, pelleHNs IpO6IeMbl YMEHbIIEeH s TOMIVHBI
GapbepHbIX C/I0€B, IIOMCKA HOBBIX 9 PEKTUBHBIX METOLI0B
MHTETPALMM HOBBIX MaTepuaaoB ¥ TEXHONOTHIL B Cyllje-
CTBYyIOLIVe MapIIpy Tl urotosnenns VIC.

[Ipo6rema CHYDKEHMS BeMYMHBI AUIEKTPUIECKOI TPo-
HUI[AeMOCT U3OMPYIOIIETO AUIIEKTPYUKA SABUIACH IS
MHAYCTPUYU Ype3BBIYAIIHO CTIOXKHOI 3ajadeil. Ilopucrbie
low-k MaTepuanbl UMEIOT HU3KYIO MEXaHUYECKYIO IPOY-
HOCTb U IVIOXYIO afTe3UI0 K AMITEeKTPUIECKIM 1 IPOBO-
AAmUM 6apbepHBIM CTOAM. VloHBI Menu yerko anuddyH-
[VPYIOT B IIOPUCTbIE JUITEKTPUKI, IS IIPELOTBPAILeHNS
4ero HeoOXOAMMO pa3paboTaThb U MPUMEHATH ClelanbHble
6apbeps! Ay puddysnn. Kpome toro, nopucteie low-k ma-
Tepyasbl He BBIAEP)KMBAIOT OOBIYHBIX BIIOB 06pabOTKI,
B YaCTHOCTM, OHU JIETPAAUPYIOT TIPU IIA3MEHHOI U XM-
Mmdeckoit 06paborke. CITOXHOCTD MaTepuaaoBefuecKoit
3a/Iladi COCTOMT B TOM, YTO V3OTUPYIOLUINIT AUTEKTPUK I/
CHCTEeM MeTa/UIM3aLUK AO/DKeH 00/1a/jaTh LieIbIM PALXOM
IPOTUBOPEUNBBIX CBOJICTB:

—  HUSKMM 3HAUEHUEM [IV9JIeKTPIIeCKOil IIPOHNIAeMO-

ctu (k<2.5);

—  BBICOKOII 37IeKTPUYECKOIT TPOIHOCTDIO;

— XOpOLIMMM MeXaHWYeCKUMMU CBOMCTBAMMU IS CO-
BMECTMMOCTH C IIOCTIEAYIOLIMMI TeXHOMOTMYeCKUMU
uyknamn (Mogyb KOHra gomkeH cocTaBaTh Honee
6 I'TIa);
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— MasbIM pa3MepoM 1op (MeHee 1.5 HM);
— ruzpodoOHOCTHIO [i/Isl IPeOTBPAILeHNS flerpaja-
LMY BC/IEAICTBYE COPOLIMYL BOABL.

9Ty npobneMbl BBIHYXKAAIT pa3pabOTYMKOB VICKATh
HOBbIe MaTepuUajbl ¥ TEXHOTIOIMYECKVe MPOLecChl, 0be-
cIieqyBalolye OOMbLIYI0 CTENIeHb KOHTPOJIS MX CBOJCTB.
Cpenn mepCHeKTMBHBIX MaTepyanToB pacCMaTpUBAIOTCA:
IIepMOAMIeCKIie Me30IOPHCThIE CUIMKATDL, POpMUpYeMble
METOf{aM) MOJIEKY/LAPHON CaMOCOOPKHY, 11€O/INTBI, MeTal-
JI0- VI KOBaJICHTHbIE OPTaHNYeCKIie TOPUCTbIE CTPYKTYPBIL.

YMeHbleHVe KPUTHIECKIX Pa3MePOB/CedeHNs MeTaIIN -
4eCKMX IIPOBOJJHUKOB IIPYBOANUT K HEIMHEITHOMY yBe/Ide-
HIIO VX conpoTyBieHns. Ha mepBbIX ypoBHAX MeTa/in3a-
LMY, IMEIOLIVX MAaKCUMaJIbHYIO INIOTHOCTD CAMBIX TOHKIX
HaHOIIPOBOJJHIKOB, Ha X IPOBOAMMOCTD Ha4MHAET BIMATD
TaKXKe IapamMeTp cBOOOJHOTO mpobera 3MeKTPOHOB B Me-
tajte. [Ipy 9TOM BaXKHBIM BOIIPOCOM CTaHOBUTCS CHIDKe-
HIte TOJIIVHBI 6apbePHBIX C/I0EB, 00eCIIeINBAOIINX ALY -
Ty oT Anddysunu MeTana B IUINEKTPUK, TAK KaK TPaLUL-
OHHBII MaTepuaj 6apbepHOro C10s (MeTa/IMYeCKIIl 1N
AMS/IEKTPUYECKUIT) MMeeT XYALUIYI0 IPOBOAUMOCTD, 4eM
MeJJHOE AP0, IVIOXO MaCIITabMPyeTCs U HALPSMYIO BIIMAET
Ha eMKOCTb CUCTeMBbI. Takum 06pa3om, HeOOXOAMMBI Ma-
TepyaIbl IPOBOIHNKOB, HAHOIIPOBOJA 113 KOTOPBIX MMEIOT
MeHblIlee 37IeKTPOCOIPOTHBIICHNE, YeM MefIb, ¥ He TPeOyIoT
(B mpeanbHOM citydae) nuddysnOHHBIX 6apbepoB.

YMeHblleHNe pa3MepOB IPUBOAUT K yBETMIEHUIO CO-
IPOTYB/ICHNUS MeTa/UINYeCKUX IPOBOZHNUKOB. [Ipn aTOM
BaXHBIM BOIIPOCOM CTaHOBUTCA HEOOXOAMMAs TOMIMHA
GapbepHBIX C/10€B, 00eCIeYNBAIOLINX 3AIUTY OT B3AUMO-
nudysun, Tak Kak 6apbepHbIII C/I0i (MeTa/IN4ecKit W
IV9NIEKTPUYECKIIT) HANIPSAMYIO B/IMAET HA eMKOCTD CHCTe-
Mbl. HeoXX1IaHHO, HO B KaueCTBe HOBBIX HEPCIEKTUBHBIX
MaTepyanoB IPOBOSHUKOB paccMarpusaoTcsa Co, Ru, W
¥ IPOYMe MaTepyaIbl, KOTOPBIE, XOTS 1 IMEIOT 60JIee BBICO-
KOe yflelIbHOe COIpOoTuBIIeHNe, yeM Cu, HO IIpY YMeHbIIle-
HIY pa3MepoB AEeMOHCTPUPYIOT OoJiee HU3KOE COPOTHB-
JIeHe U3-3a CTPYKTYPbI IOMIUKPUCTA/INYECKNUX 3epeH. Co
ob/agaeT TaKkxKe CyIeCTBEHHO 60/lee BHICOKUM CONPOTHB-
JIeHVeM K 97IeKTpoMUTpanym o cpasHenuo ¢ Cu, a Ru mo-
KeT TPABUTbCA ITA3MOJ1, YTO OTKPBIBAET EPCIEKTYBBI €r0
VICTIO/Ib30BAHYS /I a/IbTEPHATUBHBIX CXeM MHTETPaLiii.
B 6o1nee organeHHOM 6yAyleM BO3SMOXXHO MCIIO/Ib30BAHNE
YIJIEPOZIHBIX IIPOBOJHUKOB (HAaHOTPYOKH, rpadpeH), a Tak-
e TpoBOAHUKOB ¢ collective excitation (Tomonornyeckne
U30JIATOPBI).

[IpenaraeMblit BHMMAHMIO YUTATeIA BBITYCK JKypHaIa
«BectHuk POOVI» mocssmeH pesynbraTaM peanns3alyn
IIPOEKTOB Y4YeHBIX — MobexuTeneit KOHKypca Poccuiickoro
donza GyHEAMEHTaIbHBIX MCC/IE[OBAHNII Ha JTydIlNe Ha-
Y4HbIE IPOEKTBI MEXAVCLIUIUIMHAPHBIX (yHIaMEeHTaTbHBIX
nccnenoBanmit mo teme «PyHpaMeHTaNbHBIE IPOGIEMBI
MHOT'OYPOBHEBBIX CHCTEM MeTa/IN3aLH YIbTPaOOIbIINX
VIHTEIPA/IbHBIX CXeM». DTOT KOHKYPC SIBUJICS TIEPBBIM POC-

CHUJICKVIM OIIBITOM, HAIIPAaB/ICHHBIM Ha CO-
3[jaHJe TIepPCIeKTYBHBIX CUCTEM MHOTOY-
POBHEBOJI MeTa/UIN3ALUN — KPUTHIECKN
Ba)KHOTO IIpoliecca IMPOMU3BOJCTBA 13-
Jie/nit MUKPO3TIEKTPOHMKI. Bbun mpo-
BeJIeHbI VICCIEOBAHVS 10 C/IEAYIOMUM
HaIpaB/IeHMAM:

— (QyHaMeHTaIbHbIe IPOOIEMBI IT0-
BBIIIEHNS CTeIleHM MHTeTpalyn
u 6s1cTpopeiicTBust YBVIC;

— HOBBIE MeTOAbl (POPMUPOBAHUA
low-k-13/IeKTPUKOB [I/Is1 MCIIOTb-
30BaHMsA B TEXHOIOTUAX MHOTOY-
POBHEBOI MeTajUIM3aLUy UHTe-
IPaJIbHBIX CXeM;

— METOABl KOHTPOJIA IOPUCTON
CTPYKTYPBbI, 9/EKTPUYECKNX 1 Me-
XaHMYECKUX CBOJCTB IOPYUCTHIX
low-k-1amexTpuKos;

— HOBBIE METa//Ibl IIPOBOJJHUKOB
C HUBKUM YJAEIbHBIM COIPOTUB-
JIEHVEeM, BBICOKOI CTOMKOCTBIO
K 9JIEKTPOMUTPALINY 1 BHICOKOIP-
bexTuBHDBIE OapbepHbIe CTION /IS
HOBBIX ITOKOJICHUII CHCTeM MeTajl-
JIM3ALMIU MHTETPA/IbHBIX CXeM;

— HOBBIE TEXHOJIOTMYECKNE CXeMBI
VI3TOTOBJICHVSI MHOTOYPOBHEBBIX
CUCTeM MeTa/yIM3aALUM C MUHU-
Ma/IbHBIMU BpeMEHAMU 3a/IepXKKI
IU1A Cy6-7-HM TeXHOMIOTMIT MUKPO-
97IeKTPOHMKI;

— HOBBIE METOABI IIa3MOXMMUYe-
CKOTO TpPaB/IeHUA B TEXHOJOTVM
bopMupOBaHNA MHOTOYPOBHEBbIX
CHCTEM MeTa/lIN3allMy MHTerPaib-
HBIX cXeM. [Tpoljecchl ceneKTUBHOI
IIOBEPXHOCTHON MopupUKanum
HOpUCTHIX low-k TIeHOK /1st Tpo-
11eCCOB ATOMHO-C/IOEBOTO OCAXKe-
HIS;

— OINTMKA Ha KPUCTAJIIE /I MEeXCOoe-
IMHeHMit BepxHero yposHa YBVIC.

Bce aBTOpBI cTaTell, BKTIOYEHHBIX B Te-
MaT14ecKuii 610K XypHaa, — y9aCTHUKN
VHUIMATYBHBIX IIPOEKTOB, MOiePKaH-
HbIX POOI.

B cooTBeTcTBMM € IepednCIeHHON
npob/eMaTuKoit, psj crareit COOpHUKa
HOCBSIIEH paboTaM 110 CO3[aHMIO U JC-
C/IeIOBAHNUIO CBOJCTB JUINEKTPUIECKIX
MaTepuanoB ¢ HU3KOM HVUSNIEKTPUIECKON
IPOHNIIAeMOCThI0. [IpeficTaBIeHbl Hay-
0oiee MHTEpECHbIe MaTepuasbl — Iepy-
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OfiM4ecKye Me30IOPUCTbIe OPraHOCK-
JIVKATBI C YIIEPOAHBIMU MOCTUKOBBIMU
TPyIIIaMy MEXJY aTOMaMiu KpPeMHUS,
bopMupyemble MeTOfAMU MOJIEKYIAP-
HOIt camocOopku. B cratbe A.A. PesBa-
HOBa, A.C. Bumnesckoro, [I.C. Cepe-
rnHa, A.A.JlomoBa, K.A. Boportunosa
u M.P. BaknanoBa «[16puiHbie OpraHo-
cunukarHole low-k-guanexTpukn ¢ 6eH-
30/IbHBIMJM MOCTVKOBBIMU TpyNIamMu
C IIOBBILIEHHON MEXaHWYECKOI IIPOYHO-
CTBIO U MaJIBIM PasMepoM IOp AJIA CO-
BpemenHoit BEOL mera/ummsanym» onu-
CaHBI CYHTe3 U MCCTIelOBaHNe TaKMX Op-
TaHOCU/TMKATHBIX low-Kk-IMa/IeKTpuKoB,
B KOTOPBIX 4aCTb KPeMHMII-KICIOPOJ-
HBIX CBs3ell 3aMelljeHa OeH30bHBIMMU
MOCTUKOBBIMY TPYIIIAMI, YTO TIO3BOMN-
JIO CYIIECTBEHHO YBEINYUTb BEINUUHY
mopyns FOnra mieHok. B ganHoit pabote
BIIEpBble OOHAPY>KeH MHTEPEeCHbIN 3¢-
bekT popmMmpoBaHMsT KPUCTA/IONOZ00-
HOJI CTPYKTYPBI B IOPUCTBIX IICHKAX,
CBSI3aHHBIII C CAMOIIPOM3BO/IBHBIM B3all-
MOJIe/ICTBYeM OEH30/IbHBIX IPYIIL DTOT
MeXaHU3M IO3BOJISIET JOIOTHUTETBHO
YKPEIuTb CTEHKU KapKaca MOPUCTON
wieHkn. OJHAKO OJHVIM M3 CYIIECTBEH-
HBIX OTPaHMYEHUIT MOJOOHBIX JIUI/IEK-
TPUYECKMX MAaTePUA/IOB SABJIACTCA Ha/N-
qyie HeIPOpPearrpoBaBIINX OCTaTOYHbBIX
CUIAHOJIOB, KOTOPbIE ABJIAIOTCS MPUYN-
HOJIT copOLyM arMOCepHOIT BOJBI, IIPH-
BOJiALIEN K Ierpafialinyl 9/IeKTPUIeCKIX
nmapaMeTpoB IUIeHoK. Pabora A.C. Bum-
HeBckoro, JI.A. Bopotsiauesa, [1.C. Ce-
peruna, K.A. Bopotnnosa, A.C. Curosa
n M.P. baknanoBa «VccnemoBaHme TOH-
KUX IIOPUCTBIX IJVIEHOK Ha OCHOBE IIpe-
Kypcopa, cofepxaliero (peHnIeHoBble
MOCTMKOBbIE IPYIIIIbI» Obl/Ia HAI[paB/IeHa
Ha ruapodoOM3anI0 MUKPOIIOPHUCTOI
OPraHOCU/IMKATHOI IJIEHKN C 6€H30/Ib-
HBIMI MOCTMKOBBIMM TPYIIIAMI IyTeM
MOAU}UKALMU ee IOBEPXHOCTY NapaMu
rekcamerungucunasana. Iugpodobu-
3alMA I03BOMWIA YMEHDBIINTD KOJIMYe-
CTBO OCTATOYHBIX CUJIAHOJIOB, HECMOTPSI
Ha MasIblil pasMep mop. ABTOpBI OTMeda-
I0T TTO3UTUBHBIA 3 deKT yrmpouyHeHns
CTEHOK MUKPOIIOp Ipu TepMooOpaboTke
ruapodoO6M3NPOBAHHBIX IIEHOK.
Bropoit BaxHeNNI KOMIIOHEHT
BEOL-TexHonOIrMN — HOBbIE MeTAJIINYe-
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CKVle HAaHOIIPOBOJHVKM U TeXHOJIOTUM UX (OPMUPOBAHMA.
B pa6ore A.E. Poroxmnna, O.0O. Ilepmsxosoii, E.A. Cmup-
HoBOI, A.A. Jlomosa, C.I. Cumaxkuna n K.B. Pygenko
«AJIbTePHATUBHAS TEXHOJIOTMYECKas cXeMa U MPOLeCCh
dopMMpoBaHNA CTPYKTYP MHOTOYPOBHEBOI MeTasIIn3a-
uyy YBVIC Ha ocHOBe pyTeHMA» PacCMOTPEHBI IIPOLeCCh
bopMmpoBaHyst OFHOTO 13 HanbosIee IepCIeKTYBHBIX Ma-
TepUaJIoB — pyTeHNA. ABTOPBI MCIIONb30BA/IM METO, ATOM-
HO-CJI0€BOTO OCAK[EHNUA, CTUMYIMPOBAHHOIO I/Ia3MOIt
(PEALD), 1 o6Hapy>Xwm pasIndHble MeXaHU3Mbl POCTa
IwIeHKN Ru, BK/TI04as IIepexof OT OCaKAeH!s OKCHUAA PyTe-
HJA K MeTa/IN4eCKOMY PYyTeHUIO B OIIpefle/IeHHOM TeXHO-
JIOTM49eCKOM OKHe IapaMeTpoB Ipolecca. OfHOBpeMeHHO
aBTOpPAMU M3YYEeHBI BOIIPOCHI aHM30TPOIIHOTO I/Ia3MOXM-
MMYECKOI'0 TPaB/IeHVs PYTeHNS U IPOJeMOHCTPUPOBAHBI
OCHOBHBIE 9TaIlbl CYOTPaKTUBHOI TEXHONIOTUM (OPMIUPO-
BaHIA CUCTEMbI MEKCOEVIHEHNIT Ha OCHOBE HAHOIIPOBOJIOB
pyTenus c cedenneM 30x30 um. VI.JI. Amupos, A.H. Ky-
npusaHos, B.B. Haymos, M.O. Vswomos, [.I. Boroumns,
A H. Kponotkum, [1.B. Jlonaes n T.B. PaxnmoBa B cTaTbe
«OcHOBHBIE aCHEeKTBl (POPMMPOBAHUA MeTaIN3ALUN
B Cy0JeCATMHAaHOMETPOBOI TEXHONIOTUY MU3TOTOB/ICHUSA
MHTETPATbHBIX CXeM» MIPefiCTaBIIN Pe3y/IbTaThl IPOLiec-
coB TpasjeHnsA mieHok Mo, W, Ru B ranorencopepxaiiein
IUTa3Me C MCIO/NIb30BaHMeM pa3pabOTaHHOTO JTa3epPHO-UH-
TephepoMeTpUIeCKOro in-situ MeTofa KOHTPOJIsL. BakHbIM
pesy/IbTaToM paboThl CTajIa IEMOHCTPALVA BO3SMOXKHOCTI
MPELU3MOHHOTO aTOMHO-CN0eBoro TpasneHus W u Mo
B XJIOp- 1 pTOpCOfiepiKalllel Iasme.

3agada CHIDKEHNA YPOBH:A Jierpajialiiy JVU3/NeKTPUKOB
C YIbTPAHM3KOM JUINEKTPUYECKON IIPOHUIIAEMOCTHIO
B IIJITA3MOXMMMIYECKUX IIPOLIECCAX CTPYKTYPUPOBAHMA
oCTaeTcsl aKTyajabHON B TexHonoruyu Damascene. Cra-
b II.B. Jlomaesa, T.B. PaxumoBoii, F0.A. MankeneBu4a
u E.H. Bopounnoii «TemneparypHbie 9 dekTsl 1 Mexa-
HusMbl BosgeitcTBus atomoB O, N u F wa SiOCH nano-
HOPUCTBIE AUAIEKTPUKI» NIOCBSAILIEHA aHA/MN3Y QYH/IaMeH-
Ta/IbHBIX MEXaHJ3MOB BO3/IeIICTBIA AaKTUBHBIX PAINKaIOB
Ha HaHOIIOPYCTbIE OPraHOCUTNKATHBIE low-k-19/TeKTpuKm
C HU3KOJI IU3/IeKTPIIeCKOll TPOHUIIAEMOCTbI0. ABTOPEI Jie-
TaJIbHO aHA/NIU3UPYIOT MEXaHM3Mbl B3aMIMOJEJICTBI aTo-
MOB ¢Topa, a30Ta U KUCIOpoza ¢ low-k-uanekTprkamm
C pa3HBIM Pa3MepoM IIOP U CTENeHbIO IOPUCTOCTH, CIIONIb-
3ysl 9KCIIEpPMMEHTa/IbHbIe JAHHbIE I METOJbl KBAHTOBO-Me-
XaHIYeCKOro MopemipoBanus. C Toil 5xe Lelblo B pabore
A.B. Makonbkux, P.A. Taiigykacosa u B.O. Kysbmenko «Vc-
C/IefloBaHle METO[OB AHM30TPOIHOTO I/1a3MOXIMIYECKOT0
TpaB/ieHNs low-k C10eB ¢ 3alMTOl IOPUCTOI CTPYKTYPBI
Marepuana» M3y4eHbl MPOLECcChl MaJIONOBPEXIAIIEro
KPMOTe€HHOTO IIJITA3MEHHOI'O TPABJIEHMS HU3TEKTPUKOB
C yNIbTPaHM3KON IMSNEKTPUIECKOI TPOHNLIAEMOCTDIO. [l
3aIUTBI IO [JU3/IeKTPMUKA BHE 30HDI TPAB/IEHNA OT aKTUB-
HBIX KOMIIOHEHTOB IIa3Mbl B paboTe MCIIO/Ib30BAaH METO
IIpe/IBapPUTE/IbHOTO UX 3aII0/IHEHV KOH/IEHCUPYIOIIMCS

BECTHMK Pl

11




BECTHHK PodH

12

@ KOJOHKA TEMATUYECKOr0 PEJJAKTOPA

ra3oM, 4TO MO3BOMIIO CHOPMMPOBATh B OPraHOCUINKAT-
HOM IOPJCTOM JIM3/IEKTPUKe HeOOXOAMMbIe aHU30TPOIIHBIE
CTPYKTYPbI KaHAaBOK 6€3 IIOBPeX/ieHMs IIOPUCTOI CTPYK-
TYpbI B Lie7IoM. B cTaTtbe «AHaIM3 BOSMOKHOCTI HE3aBMU-
CUMOTO PEeryIMpOBaHMsA PA3INYHBIX IIAPAMETPOB I11a3Mbl
BY HecaMOCTOATENIbHOTO paspsAfa C HOMONHUTETbHON
VIOHM3aLyeN 3IeKTPOHHBIM IIy4KoM» M.A. bormanosa,
J.B. Jlommaes, O.B. [IpoumHa, T.B. Paxumosa n A.T. Paxu-
MOB JIeMOHCTPUPYIOT pe3y/IbTaTbl MCCIeJ0BAHNA HOBOTO
THUIA IJIa3Mbl HecaMOCToATe/IbHOro BU-paspaga Huskoro
TaBJIeHMs C JONO/THUTE/IbHOI MOHM3aLMell TyYKaMy BbICO-
KOYHEepreTHYHbIX 37IeKTPOHOB. IIpe/yiosKeHHbIiT OAXOT, OT-
KPBIBAeT IIepPCIIeKTUBBI IPELN3NOHHOI 00pabOTKY MOBEPX-
HOCTMU IITa3MOJ1 C O4eHb HI3KOJ1 SHEeprelt MOHOB (LopsaKa
HeCKO/IbKIX 3B), 1CI10/1b3yeMoil B TeXHOMOTHAX aTOMHOTO
C/I0€BOT'O TPABJIEHVS Y OCAXK/IeHNA B II/TA3MEHHBIX peak-
Topax HoBoro moxonexHuA. A.®. ITanp, A.H. Pa6unkuH,
A.O. Cepos, [I.B. Jlonaes, 10.A. Mankenesud, A.T. Paxn-
moB 1 T.B. PaxumoBa B cBoeM coobmenun «VccnegoBanme
BY® usnyyenns mmasmbpl u CTPYKTYpBl MaTHETPOHHOTO
paspsjia OCTOSHHOIO TOKa» IPeNCTABU/IN Pe3yIbTATbI IC-
CTIe[JOBaHMIA I/Ia3Mbl MATHETPOHHOT'O paspsifia IIOCTOSHHO-
IO TOKa, BK/II0Yas I3MEePEHVI MHTeHCHBHOCTY BAKYyMHOT'O
YO usrydeHns n1asmbl, ABJAOLIETOCS OfHOM 13 OCHOBHbIX
IPUYYH JleTPafialiiy OPraHOCUIMKATHBIX ITOPUCTBIX low-k
MaTepuasoB.

B pa6ore I A. Komanpuna, A.C. Bumnesckoro, [I.C. Ce-
peruna, K.A. Bopornnosa, K.B. Pygenko, A.B. MsakoHbkux
u VL.E Cnekropa «Omnpepenenue sneKTpOfMHAMIYECKIX
IapaMeTpPOB TOHKNX IUIEHOK B COCTaBe I'eTePOCTPYKTYP
MEeTO[JAMI TeparepleBoit 1 NHPPaKPaCHON CIEKTPOCKO-
IMM» MCCTIEOBAHDI MEXaHN3Mbl IIOTEPD, AAIOLINE BKIIA[,
B IN/IEKTPUYECKYIO IPOHUL[AeMOCTD low-k-I1I3/IeKTpMKOB.
BriepBble ObUIM IIPOBEEHBI MCCIETOBAHNA QYHKINY AUS-
JIEKTPUYECKOT0 OTK/IMKA TOHKUX IIeHoK B TIij-auamnaso-
He 4acTOT. ABTOPBI YCTAHOBM/IM, UTO JOMUHUPYIOLIMMU
MeXaHM3MaMy, GOPMUPYIOLIMMI KBa3UpPeTaKCALMOHHYIO
nonocy B TIij-06/acTy, ABIATCA CTPYKTYpPHBI 6ectio-
PAROK — GO30HHDII MK B CTEK/Ie — Y YPOBEHb BJIArOHa-
ChILIIEHHOCTY B mopuctoil cpefe. Ilocnennee ykaspiBaer
Ha HeO0OXOAMMOCTD CIIeLMa/IbHBIX IIPUEMOB I PaboThl
C TaKMMJ MaTepyazaMy Ha BCeM MapIIpyTe CO3laHuA CU-
CTeMbl MHOTOYpoBHeBoIl MeTausauuu VIC.

A.B. CagoBHukoB 1 A.A. MapTBIIIKIH B CBOEIl CTaTbe
«DyHKIIMOHA/IbHBIE MEXCOeJVHEHNSI Ha OCHOBE KBa3u-
IBYMEPHBIX ¥ TPEXMEPHBIX MaTHOHHBIX CTPYKTYp B JIaTe-

PA/IbHBIX ¥ BEPTUKAJIbHBIX TOIIOTOIMAX»
paccMaTpMBAIOT a/IbTePHATYBHbIE METO/bI
Hepenaun 1 06pabOTKM CUTHA/IOB MeXTY
aKTUBHBIMU 3/1IeMEHTaMJ MHTEeIPaIbHbIX
CXeM, OCHOBAaHHbIE Ha IIPUHLIMIIAX MarHo-
HUKI. ABTOpBI J€MOHCTPUPYIOT Mexa-
HY3M YIpaBJIeHNs Iepefadeil CIIMH-BOI-
HOBOT'O CUTHAJ/Ia B TPEXMEPHbIX MarHOH-
HBIX CTPYKTypax, 00pa3oBaHHbBIX OPTO-
TOHAJIbHBIM COYIE€HEHNEeM MarHUTHbIX
II0JIOCOK >Ke/1e30-UTTPUEBOro IpaHara.

B pa6orte «VccnenoBaHme CBOJICTB Mar-
HUTOONTNYECKNX IIJIEHOK U I/ICHOYHDBIX
HAHOCTPYKTYP I UHTErpaIbHO-OITH-
YeCKUX HeB3aMMHBIX YCTPOICTB MeX-
coefyiHeHuI BepxHero yposHa YBVC»
E.A. Bunkos, C.C. Cadonos, A.I. Temu-
psases, A.C. Pegopos, A.A. Pegoposa
u M.B. JIoryHOB mccnefoBanu CUHTE3
U MOJeNMPOBaHMe MarHUTOONTIYECKIX
IUICHOK U IIJIEHOYHBIX HAHOCTPYKTYP AL
MHTETPAIbHO-ONTNYECKUX HeB3aMMHBIX
YCTPOJICTB MEXCOEJUHEHNIT BEPXHETO
YPOBHS Y/IbTPaOO/IbIINX MHTETPATbHBIX
cxeMm. Ha ocHOBe pe3y/nbraToB 9THUX MC-
C/Ief0BaHMIl II0Ka3aHa BO3MOXKHOCTD
pa3paboTKM OBICTPOAENCTBYIOUIUX
YCTPOJICTB ONITUKIU-HA-KPUCTAILIE, BKIIIO-
4as yCTPOIICTBA TeparepleBoro Auanaso-
Ha YacToT.

BaxkHOCTb IpOBefieHHBIX (QYHIAAMEH-
Ta/IbHBIX 1 IPUK/IQ{HBIX PabOT B paMKax
BBIIIO/IHEHHBIX IPOEKTOB CHOpMUPO-
BAaHHBIMM B paMKaX KOHKypca POODU
POCCUIICKMMM HayYHBIMU KOJJIEKTUBA-
M OCOOEHHO SIPKO IEMOHCTPUPYET CO-
BpEeMEHHasl CUTYyalllsd B OTe4eCTBEHHOI!
MIKPO3/IeKTpOHIKe. Bce paspaboTanHbie
Marepuaabl M TEXHOJOTUU [ CUCTEM
MHOTroypoBHeBoit MeTauusanuy VIC He-
JOCTYIIHBI K IMIIOPTY 13-3a py0eska B Ha-
crosuiee BpeM:. IloaToMy nnposeneHHbIe
VICCTIeIOBAHMA TIPECTABILAIOT CO00IT ep-
BbIJl YBEPEHHDII LIl Ha IIyTH CO3/IaHNsA
IepefiOBbIX OTeYeCTBEHHDIX TeXHOJIOTHIA
BEOL B MMKpO- 1 HAHO9/IEKTPOHMKE.
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WHTETPAJIbHbIX CXEM

I[mopugHbIe opraHocnuKaTHbie low-k-TuanekTpmkmn
¢ 6eH30/IbHBIMI MOCTUKOBBIMI I'PYIIIAMU C TOBBIIIEHHON
MeXaHWYeCKOI MPOYHOCTHIO VI MAJIBIM pa3MepPOM MOP
mis coppemenHonn BEOL mertannusamuir*

A.A. Pezsanos, A.C. Buwnesckuil, [].C. Cepeeun, A.A. JIomos, K.A. Bopomuos,
M.P. Baxnanos

B naHHoi paboTe nccnenoBaHbl KPUTUYECKUE CBOICTBA NEPUOSUHECKOr0 Me30NopucTOro OpraHoCUIMKATHOrO AU3NeKTpIKa
C PasNn4HbIM COOTHOLLEHMEM GEH30MbHBIX MOCTUKOBBIX 11 METUIbHBIX FPYMN C UCMONb30BAHWEM COBPEMEHHBIX METOLOB, TaKMX,
KaK a/MncoMeTprYeckas nopo3umMeTpus, CneKTpoCKoms NOBEPXHOCTHbIX akyCTYECKMX BOMH, PEHTTEHOBCKAs PehNeKToMeTpus
1 apyrue. NokasaHo, Y10 pasmep nop U LUEPOX0BATOCTb MOBEPXHOCTY MIEHOK YMEHBLIAKTCA C YBENUYEHUEM KOHLIEHTpALMK
0EH30/bHBIX TPYNM, XOTA NPU KOHLEHTpaumu >25 Mon.% pa3mep nop pesko YMEHbLUAETCH 1 Mano MEHAETCS Npu anbHeiLlem
yBenuyeHnm. G pocToM KOHLIEHTPALKM GEH30MbHBIX TPYMN TAKXE YBENNYNBAETCSH AMANEKTPUYECKas NPOHMLAEMOCTb 11 YNy4LIAKTCA
MexaHu4eckue cBoicTBa. YeenuyeHne moayns KOHra HoCUT NepKONALMOHHbIA XapakTep U Pe3K0 BO3PACTAeT NPW KOHLEHTpaLuK,
6113k0M K 50 Mo %. bbino 06HapyxeHo, 4To BeefeHue 30 Mac.% nopucTOCTU B NEHKM C 6EH30MbHBIMY FPyNnamu, B KOTOPbIX
OTCYTCTBYIOT METW/bHbIE TPYNNbl, BEAET K yBenuyeHuto moayns tOHra. Takoe noBefeHue CBS3aHO C POPMUPOBAHUEM
KpUCTannonofo6HOM CTPYKTYPbI HA Kapkace NeHKWU. YBenuyeHue SU3NEKTPUYECKON NPOHULAEMOCTU CBA3AHO C 60MbluUei
nonspru3yemocTbio 6eH30MbHbIX TPYNN MO CPABHEHMIO C METUMbHLIMU TPYNNAMU, @ TAKXe C UX 60MbLUeR MAPOUILHOCTbI
I Hanu4uem afcopompoBaHHON BOAbI.

Knrouesble cnosa: low-k-guanektpuku, noposumetpus, VK-cypbe, NOBEPXHOCTHLIE aKYCTUYECKME BOJHLI, MEXaHUYecKue
CBOMCTBA.

*Paboma evinontena npu gurarcosoti noodepixe PODI (npoexmor NeNe18-29-27024 u 18-29-27022).

Beenenue

[Topucteie MaTepuanbl Ha OCHOBe
KPEeMHISI UMEIOT MHOXKECTBO Pa3MNIHbIX
U TIOCTOSTHHO PaCHINPSIONUXCS 06macTel
npumeHeHus [1]. OHM ucnonb3ywTCs
B TeTePOTeHHOM KaTaju3e, B XpOMaTO-
rpaduu, B KadecTBe aiIcOPOEHTOB B 9KO-
JIOTMYEeCKUX TPUIOKEHUIX (HATPUMED,
TOKCUYHbIE METAJITBI, Ta3bl, MECTUIINIbI
U T. JI.), MaTPULBI 471 pepMeHTOB 1 ben-
KOB (61OKaTamM3aToOPhI), B KauecTBe Kap-
Kaca JI/Isl CMHTe3a KOCTHOW TKaHU WIH
CUCTEMBI KOHTPO/IMPYEMOIi TOCTABKY JIe-

PE3BAHOB

Ackap AnBapoBsuy
Hay4Ho-uccnenosarenbcKui
MHCTUTYT MOJIEKYNSPHON

~ JNEKTPOHIKK

nHeTuTyT M. KA. Bannesa PAH
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BULLHEBCKMH
Anexkceii GepreeBuy
MWP3A — Poccuiickuit
TEXHOMOrNYECKui YHNUBEPCUTET

MIP3A — Poccuiickuii
TEXHOMONYECKUIA YHIBEPCITET

KapCTB W JJaXKe B Ka4€CTBE TOHKOCTIOMHBIX TUIMEKTPUKOB
B MUKPO3JIEKTPOHHBIX YCTPONCTBaX [2-4].

Opuum 13 Hanbomee SKOHOMUIECKU 3HAYMMBIX TIPU-
TIOXKEHUIT SIBMISIOTCSI COBpEMeHHbIe MHTETPaNbHble CXeMBI
(MIC), re mopucThie IUIMEKTPUKN C HU3KOIT TUSTEKTPIe-
Kol poHuItaeMocThio (low-k) Ha OCHOBe OKCHU/Ia KpeMHUSI
VICTIO/IB3YIOTCS BMECTe C METAJ/IaMI C HU3KUM YfielIbHbIM
CONPOTUBIIEHVEM /I (POPMUPOBAHUA MEXCOEHEHNIT
nns ymenblueHus RC-3afiep>kek, AMHAMIYECKO MOIITHO-
CTY, IEPeKPEeCTHBIX IOMeX [4, 5].

Cospemennbie VIC BKIIOUAOT B ce6s1 HECKONTBKO MU~
apfiOB TPAH3UCTOPOB 1 IPYTUX 3NEKTPOHHBIX KOMIIOHEHTOB
Ha 1iomany okono 1 cm?. KomnonenTs! VIC gomKHbI ObITH
9TEKTPUYECKU COEVIHEHBI MEXAy o001, 4TOOBI 0becte-

CEPETWH

Amutpnii Cepreesuy
MVP3A — Poccniickuin
TEXHOSOrMHECKMIA YHUBEPCUTET

JiomoB BOPOTUIOB BAKJIAHOB
Auppeit Anekcanaposuy KoHcTantun = Muxann Popnonosuy
DU3NKO-TEXHONOTNYECKMI AHaTonbeBny MIP3A — Poccuiickiii

TEXHOMOrM4ECKMIA YHUBEPCUTET
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4UTh UX HajlIexXalee GyHKunonuposanye. C 1990-x rogos
3a/iep)KKa paclpoCTpaHeHNUs CUTHAIa B MEXKCOEVHEHVSX
CTAQHOBHUTCS BCe 60/ee Ba)XKHBIM (DaKTOPOM, OrpaHNIMBa-
o1yM nponssoputenbHocTh VIC. Obiiiee conpoTusieHne
(R) IpOBOIHMKOB B CTPYKTYpe MeKCOeIMHEHNIT 1 eMKOCTh
(C) Mexxpy TpOBOHMKAMY yBemM4InBal0T RC-3a1epyKKy IIpu
pacnpoctpaneHny curdana B nersax VIC. Heo6xogumoctb
cHkeHyst RC-3a7epyKKy, OMHAMUYECKOr0 9HEpronorpe-
071eHNA U TIepeKPeCcTHBIX IIOMeX Obl/Ta OCHOBHOII JIBIKY-
1Iei CUJION BHEAPEHMUA HOBBIX MAaTEPUANOB B CTPYKTYpPY
MexcoenuHenui. MeHasa cucreMa MeTajausanuy Obiia
peanM30BaHa B KaueCTBE 3aMeHbI A/TIOMUHIEBBIX TIPOBOJ-
HMKOB 13-32 60/lee HU3KOTO 00bEMHOTO COIPOTHBICHNUS
1 6071ee BHICOKOIT YCTOIYMBOCTH K 37IeKTpoMurparmi [6, 7],
a TpaguuonHbIit SiO, 6T 3aMeHeH MaTepuaTaMi C HU3-
KOJ1 IVI9/IEKTPUYECKOIT poHmIiaeMocThio (low-k) Ha ocHOBe
opranocumukarsoro crexknaa (OSG). ITomynpoBognukoBas
IPOMBILITIEHHOCTh B OCHOBHOM McIonb3yeT maenku OSG
low-k, HaHeceHHbBIe METOJOM I/Ia3MEHHO-CTUMY/IMPOBaH-
HOro ocaxjenus un3 razosoit ¢asel (PECVD), n3-3a ux
JIydIIIei COBMECTUMOCTH C CYIIeCTBYIOLIMM 000pyAOBaHY-
€M, JICIIO/Ib3yeMBIM I OCAXK/IEHNSA SiOz, U C TEXHOIOTHEN
MHTErpaLuy aMaclieH, pa3paboTaHHOI [ MEXKCOey-
HeHMII Ha ocHOBe Menn [4, 6]. OfHako HefjlaBHee pasBUTHE
CyOTpaKTUBHOI MHTErPALlMM Ha OCHOBE IIaTTePHUPOBAH-
HBIX METaJI/IOB, TaKNX Kak Ru, Mo, W, Tpebyet paspaboTku
HOBBIX TEXHOIOTUI OCAXIEHIA low-k ¢ BO3MOXKHOCTDBIO 3a-
IIO/IHeHVIs 3a30POB MEXK/]Y METa/INYeCKIMI IPOBOIHIKA-
mn [8]. Xopomuro n3BectHO, yto PECVD mioxo 3amonuser
y3Kue IPOMEeXYTKH, Y MCCIe0BATeIbCKIUIT MHTEPEC CMe-
CTWICA B CTOPOHY UCIIO/Ib30BAHMA 30/Ib-T€/Ib-TeXHONIOT N
C LeHTpUPyr1poBaHyeM. 30/Ib-Te/b-TeXHOJIOTYA C LIeHTPU-
¢yrupoBaHueM obecrieurBaeT MPeBOCXOAHYIO CIIOCOOHOCTD
3aIIO/IHEHNS 3a30POB, YIy4IleHHble MeXaHIYeCKIe CBOI-
CTBA U XMMIYECKYIO CTOMKOCTD, @ TAK)KE IIMPOKUIA CIIEKTP
1ie/IeHAIIPaB/IeHHBIX MO (UKALINIL.

OpHolt U3 BaKHBIX IPo61eM low-k-1ameKTpuKoB sABA-
eTCs YXYAIIeHMe UX 3TeKTPOPUINIECKIX XapaKTePUCTUK
[0 CPAaBHEHMIO C TPAAUIVIOHHBIM JUOKCULOM KPEMHUSL.
BbIIo OKa3aHO, 4TO 9TO MOXeET OBITh CBA3AHO C IPUCYT-
CTBMEM KICTIOPOJHBIX BaKaHCUIT, KOTOpbIe MOTYT 06paso-
BBIBATbCS B Pe3y/IbTaTe OTPbIBA METU/IbHBIX TEPMIHAIb-
HBIX Ipynn B nporecce YP-oTxura. XoTsd MCCIENOBaHNA
9MeKTPOPU3NYECKUX XaPAKTEPUCTHK U UX MOJIE/IMPOBAHIe
NIOKa3bIBaIOT, YTO KpuBble BAX feficTBUTEIBHO MOTYT OBITDH
OICAHBI MOZETIBIO C KICIOPOZHBIMM BaKaHCUSIMM, OCTa-
€TCsA He COBCEM SCHBIM, KaK MOYKHO UCKIIIOUUTH ITOJ00H0e
B/IMSIHME OCTATKOB NOPOOOpasoBarens, KOTOPble BENYT
cebs KaK aMOP(HbIIT KPeMHIIT 1 TOXe MOTYT YBE/INYNBATh
Toku yreuku. Knucnopopusle Bakancuu (oxygen-deficient
centers (ODCs), ODC(I) (-Si-Si-) m ODC(II) (=Si:) centers)
ABJIAIOTCA AMAMAaTHUTHBIMI 1 IOSTOMY He MOTYT ObITb 3a-
PETMCTPUPOBAHBI METOOM J/IEKTPOHHOTO-IIAPAMATHUTHO-
ro pesonaHca (9I1P), 1 NX MOXXHO PeKOTHOCIMPOBATD TOMb-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

KO C IOMOIIBI0 (POTOTIOMMHUCIIEHI[UN
(®JI). IToaTOMY MBI BBITIOTHIIN UCCTIERO-
BaHue GOTOMOMIHECIICHIINY B II/IEHKAX,
cofepKalux 6eH30/1bHble MOCTUKOBBIE
Y MeTI/IbHBIE TePMIHA/IbHBIE TPYIIIILL.
Oxnupganocp, uto OSG-Marepuansl,
HaHeceHHbIe Kak MeTogoM PECVD, Tak
U METOOM LieHTpuQyruposanus, 6y-
IyT VIMETb CBOJICTBA, OYeHDb ONU3KuUe
K SiOz, HO YacTMYHAas 3aMeHa MOCTUKO-
BBIX aTOMOB K1cnopona B Marpute SiO,
(=Si-O-Si=) Ha TepMuHa/NIbHbIE OPTAHN-
yeckne (=5i-0-Si=) =8i-CH,...H,C-S8i=)
TPYIIIBI CHIDKAET CTENeHb CIIMBKM Ma-
TPUIIBI AUATEKTPUKA U PE3KO yXyAIIaeT
MeXaHU4eCKIe CBOICTBA. BhImn orjeHeHbI
pasnuMYHble HOAXOAbI K YIy4IIEHNIO Me-
XaHMYECKUX CBOJVICTB, U OHUM U3 HaM-
6osiee MOMY/IAPHBIX B HACTOALLEE BpeMs
SBJISIETCS 3aM€eHa METU/IbHBIX KOHI[EBBIX
TPYIII pasINYHBIMI TUIAMY OpTraHMde-
CKMX MOCTMKOBBIX IPYHIL B KauecTse
IePBBIX JOCTIDKEHMII B 3TOM HalpasJie-
HIM MOYKHO Ha3BaTb PabOTHI, CO3[JaHHbIE
B rpynmnax bpunakepa [9], O3nna [10]
un Bnaccaka [11]. Beiio mokasaHo, 4To
nporecc camocbopku (EISA) ¢ ncnons-
30BaHIEM IIPEKYypPCOPOB aNTKOKCUCUIAHA
C YIJIepOIHBIMY MOCTUKAMM HPUBOAUT
K 00pa3oBaHMIO MIEPUOANIECKOTO Me30-
HOPUCTOTO OPTaHOCUINKATHOTO CTEK/Ia
(PMO) ¢ ymopApgo4YeHHOI IOPUCTO-
CTBIO U YIJIEBOZOPOZHBIMI MOCTUKAMI,
BHEIPEHHBIM) B MATpPUIy IJIeHKH [4].
[Toxasano, yto marepuansl OSG low-k
C YIJIEPOAHBIMM MOCTMKaMM 00/1afjaioT
JTYYIIVMI MeXaHIYeCKUMMI CBOMCTBAMIL.
[Tosxe Bmaccak u coasropsl [11] Teo-
peTUYecKy OIpeNeNuIn, 4To Ipyu 3aMe-
I[eHVY IIOJIOBMHBI aTOMOB KMCIOpPOJa
MOCTVKOBBIMIY YI7IePOHBIMY IPYIIIIAMI
00'beMHBIil MORY/Ib IIOCTEIIEHHO YBeIN-
yuBaeTcs orT 3HadeHus 39.5 I'Tla (xmac-
cuyeckuit S$i0,) mo 59.3 I'Tla. Hepasno
CO00I[aIOCh O IUIEPCBA3aHHOI CETEBOI
ApXUTEKTYpe C MCIOTb30BaHUEM IIPEKyp-
COpoB 1,3,5-cunmnbensona, rme KaXKblil
aTOM KPeMHIUsI MOXXeT OBITb COelVHEeH
C IATBIO APYTMMM OMIVDKAMIINMY aTOMa-
mu KpemHysA [12]. [Ipyras mHTepecHas
ujes MOXeT ObITh CBSA3aHA C BO3MOX-
HOCTBIO ITIONY4YEHNUA YIOPAZOYEHHOTO
Me30HOPHCTOTO KPEeMHUIIOPTaHNIeCKO-
ro Marepuaga ¢ KPUCTAIIONOf00HOI
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CTPyKTypoit cteHok [13, 14]. B aTtmx
VICCTIeOBAHMAX TMOPUMHBI MaTepua
0eH30/T-OKCH/[] KpeMHIS OBUT TIPUTOTOB-
JIeH € MCIIO/Ib30BaHVeM OPIaHOCUIAHOBO-
r0 MOHOMepa ¢ 6EH30/IbHBIM MOCTUKOM
(C,H,0),SiC H,Si(OC,H,), (1,4-6uc(rpu-
atokcucumun)benson, BTESB). ITpu uc-
TI0/Ib30BAHVN JJAHHBIX, TIO/TYYeHHBIX C I0-
MOIIBIO S/IePHO-MAarHUTHOTO Pe30HaHCa
(IMP), peHTreHOBCKOI Audpakumn,
9eKTPOHHOI b paKLuy U HaOTIONeHNS
C IOMOIIBI0 TIPOCBEYMBAIOIIETO IJEK-
TpoHHOr0 MUKpockomna (II9M), 6b1r1 ce-
JIaH BBIBOJ, O GOPMUPOBAHUN KPUCTAIIIO-
HOIOOHOI CTPYKTYPBI CTEHOK IIOP.

CrejoBaTe/IbHO, MaTepUabl ¢ 6€H30/Ib-
HBIMJ MOCTVMKOBBIMI I'PYIIIIaMI OTKPBIBa-
0T BO3MOXXHOCTY J/LL Ia/IbHETIIEr0 yIyd-
IIeHVsI CBOJICTB IUIeHOK low-k. Ounm mo-
3BOJIAIOT 3HAYUTEILHO YIYYIIUTh MeXa-
HIYeCKIe CBOVICTBA 3 CYET BO3MOKHOCTI
OCK[IEHVSI MaTepUaIOB CO CBEPXCBA3aH-
HOII CTpyKTypoll [12] u xpucTamiono-
[OOHOI CTPYKTYpOIt CTeHKY 1op [13, 14].
Jlpyryie mpeuMyIecTBa CBA3aHbI C OYeHb
MaJIBIM pa3MepoM IIOp ¥ XOPOLIeil Tep-
MITYECKOI CTaOMIBHOCTBIO [1], 4TO cOOT-
BETCTBYET CTPOTYM TPeOOBAaHUAM TEXHO-
noruu mexxcoeguuenuit VIC. OpHako mMa-
Tepuajbl C OEH30/IbHBIMU MOCTMKOBBIMMU
TPYIIIaMI MIMEIOT HeKOTOpbIe IIPO6/IeMBl,
KOTOpBIE MOTYT IIOMEIIATh UX IIPaKTIYe-
CKoMy npuMeHeHM0. OHI MeHee YCTOli-
YYBBI K YIBTPApUOIETOBOMY U3TTY4EHMIO,
Ul CaMblil HeraTUBHBIN 3¢ deKT 3aKmoda-
eTCA B TOM, YTO OEH30/IbHbBIE MOCTUKO-
Bble IPYIIIBI He 00eCIeYBa0T IIOITHOI
ruzpodobusannu low-k-guanekrpuka.
C y4eToM 3TOTO Lie/Ibl0 HACTOAMLIel pabo-
TbI OBUIO ZOCTIDKEHNME TIOHMMAHNUSA POJIN
0eH30/IbHBIX MOCTVMKOBBIX ¥ KOHIIEBBIX
METW/IbHBIX IPYIII B KPUTHYECKUX CBOJI-
crBax rubpupHbIx mwieHoK OSG, B ocobeH-
HOCTY UX POJIb B YIy4IIEHNN MeXaHIde-
CKVX CBOJICTB.

Matepuansl 1 MeTO[bI JMATHOCTUKHU

PMO low-k-0uanexmpuxu

(npexypcopuvt u ocaxcoerue)

IIpekypcopsl i HaHeCeHUA
low-k-guanekTpuKoB  MOMy4Yanu
30/Ib-Te/Ib-MeTOZIOM ITyTeM CMELINBAHMA
MeTunTpuMerokcyucunana (MTMS, >98%,
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Tabnuua 1. A66pesuamypa 06pasi06 u cocmas nieHoK-npexypcopos,
UCNONb306AHHBLX 6 OAHHOM UCCTIE008aAHUU

BECTHHK P

MTMS/BTESB MLTIRILE
Sample ID nopoobpa3soBarens,
OTHOLUEHME o
Bec. %
100MS 100/0 0
100MS-P 100/0 30
25SB-P 75/25 30
45SB-P 55/45 30
60SB-P 40/60 30
100SB-P 0/100 30
100SB 0/100 0

Fluka) u 1,4-6uc(rpustokcucummn)6ensona (BTESB, 95%,
abcr) B pasmI4HOM MOJIBHOM COOTHOLIEHVM B TETPArupo-
dypane (THE 6e3Bopnbrit, 99.9%, Sigma-Aldrich) B npu-
cyTcTBUM AenoHM3upoBaHHol Bopel. BTESB / (MTMS
+ BTESB), paBusie 0, 25, 45, 60 u 100 mon.%. Konnye-
crBo ~OH Ha metokcu (-OMe) - u atokcu (-OEt) - rpyn-
bl B pacTBope cocrassano 0.4. VIckmoueHne cocTaBd-
mn 100 Mon.% pactBoper MTMS, e mna obecnedenns
OJHOPOAHOCTY (POPMUPYEMBIX ITIEHOK MCIIONTb30BaIN
OH/(OEt + OMe) = 0.8. HCI (37%, Sigma-Aldrich) ncnons-
30Ba/M B KayecTBe KaTa/iM3aTopa. Mo/mbHOe COOTHOIIeHMe
(MTMS + BTESB)/HCI cocrasnsano 1:0.002. KoneyHoe skBu-
BaJIeHTHOE COflep>KaHue Si B pacTBOpPax COCTAaBIIO ~ 6.5 Mac.%.

BTESB npepcraBnser co6oit mpekypcop ¢ 0eH30/b-
HBIMI MOCTMKOBBIMM TPYIIIaMM, KOTOPBII MOXKET ylyd-
HIUTh MeXaHM4decKye cBoicTBa IuteHoK. MTMS pemaer
low-k-uameKTpuK FOCTaTOYHO IUAPOGOOHBIM, HO YXYA-
IIaeT MeXaHMYecKMe CBOJCTBA M3-3a BBEJIEHUA KOHIle-
BbIX MeTunbHbIX rpynn Si-CH,, cHuXawomux creneHb
cimBky MaTpuipl. Cepun o6pasuos low-k ¢ pasmynbl-
mu koHeHTpauyamyu MTMS u BTESB 6b11u npuroros-
nennl MetomoM camoc6bopku (EISA) [4]. CmemaHHbIi
npexypcop Harpesanu mpu 60 °C B TedeHMe 3 4acoB IpK
IIOCTOSHHOM TlepeMemuBanun. Ilocne oxmakmenns mo-
6aBmam 30 Mac.% MOBEPXHOCTHO-aKTMBHOTO BellleCTBa
Brij*30 (C,H,.(OCH,CH,),OH c MonapHoit maccoit
362 r/monb, Sigma-Aldrich) B xauecTBe mopoo6pasosa-
TeJA 1A IOMy4YeHNA IOPUCTON CTPYKTYPhL. Bee 06pasibr
OBV HaHeceHbI Ha IIacTHHBI Si (100) ¢ ucnonb3oBaHmeM
TEXHOJIOTMM LeHTPUYIUPOBaHNA U IIPOLUIN ABYXCTYIIEH-
YaTylo mpoLeRypy omkura: 1) markmit orxxur mpu 200 °C
B TedeHne 30 MMH Ha TopsAYell IINTe 1A yAaneHnsa pac-
TBOPUTeJIAA; 2) BBICOKOTEMITepaTypHblil oT>xur mpu 430 °C
B TedeHNe 30 MUH B Ile4M C a30THOI cpefoil. Onucanne
06pas1oB IpyBeeHO B mabnuue 1.

VK-¢ypve-cnexmpocxonus (FTIR)

XyMu4eckuii cocTaB MCCIeAyeMblX 00pasiioB MOCTIe
ocaxjenus anamusuposanu MerogoM FTIR Ha nmpubope
Nicolet 6700 (Thermo Electron Corporation) B guanaszone
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4000-400 cm™* ¢ paspemienueM 4 cM™ (64 ckaHa) B pexxnme
nponyckauus. [Ipy Heo6X0xMMOCTY 06pasLbl OT>KUT AN
npu 200 °C B TeyeHne 30 MUH Iepef; M3MepeHUEM B BO3-
IYLIHOJ Cpefie /A BOCCTaHOB/ICHMA OPUCTOCTH 1 yasie-
Hna H,O/opranndecKnx 0CTaTKoB.

Cnexmpanvnas annuncomempus (SE)

u annuncomempuyeckas noposumempus (EP)

Onruyeckne XapaKTePUCTUKU IUICHKM M3MEPAINCH
crekrpockonmdeckuM amncomerpom SE850 (Sentech)
(A=300-800 um). TonmuMHa IIEHKY 1 TOKA3aTe/b IIPEIOM-
JIEHNA PAaCCUUTHIBAINCD IO M3MEPEHHbIM YI/IaM MOJIsIpU3a-
LMY Y ¥ § C MCIIOTIb30BAHNEM HOJIMHOMMAIbHOI QYHKINN
Koum. TTopucrocts meHok low-k u pacnpenenenue mop
II0 pa3MepaM XapaKTepU30Ba/ly C IIOMOLIBIO S/IUIICOMe-
TPUYECKOJT TOPO3UMETPUH TIPU ATMOCHEPHOM JIaB/ICHN,
OCHAIIIEHHOIT TeM e 9/UIMICOMeTpoM. B kadecTBe ajco-
pOeHTa MCIONIb30BaIM MAapbl M3OMPOINIOBOTO CIHMPTA
(UIIC), pazbaBneHHOro cyxum azoroM. OTKpbITas IOpHU-
CTOCTb IIEHOK PacCYUTBIBAETCS KaK 00beM aficopoupo-
BaHHOI X1AKocTH (afcopbaTa) 1o 3HaUYeHWsIM ITOKa3aTe-
neit mpenomnerns (RI), usmepeHHsIx mpu agcop6uym VIIC
1o ypasHeHuto Jlopenua - Jlopenna:

nfff_l _

2 2

Nats— 1 ns—1
V= +(1-V)5—= 1

N + 2 ( )n§+2 ’ (1)
Ifie 1, — M3MepAeMBbIi RI nopucToii IeHKN IpY YacTUY-
HOM I/TM TIOTTHOM 3aTlOJIHEHNM TIop afcop6arom, n_, — RI
XUKoro agcop6ara, n - RI marpuipt 1 V - 06beM KOH-
JIEHCYPOBAHHOTO afcopbara.

Cnexmpockonus no6epxXHOCIMHBIX AKyCMuuecKux

sonn (SAW)

CreKTpOCKOINS MOBEPXHOCTHBIX aKyCTUYECKUX BOJH
(SAW) [15] mmm crieKTpOCKOMMA Ta3epHO-MHAYLMPOBaH-
HBIX aKycTH4ecKrx BonH (Lawave), paspaborannas Fraun-
hofer IWS, saBnsercs ogHuM 13 Hauboee MOMYIAPHBIX
METOZIOB OL[eHKV MEXaHMYeCKIX CBOVICTB. Lawave nsmepsi-
€T YaCTOTHYIO 3aBMCUMOCTDb (a30BOIl CKOPOCTH, KOTOpast
3aBMCUT OT YIPYTUX CBOVICTB UCCIIENYEMON TIJIEHKIA.

AmoMHO-CUN08a MUKPOCKONUS U PEHIN2EH06CKAS

pednexmomempus

OleHKy 1IIepOXOBATOCTY U BU3YATU3ALIMIO TOOTpaduu
HOBEPXHOCTU IPOBOAMIN C IIOMOIIbIO ATOMHO-CU/IOBOTO
mrkpockomna Dimension Icon (Bruker). Curnan matum-
Ka BBICOTBI ObUIT 3aMKCUPOBAH B IpOIlecce CKAaHMPOBa-
HusA. CKaHMpPOBaHMe OCYIECTB/ISIIOCh PacTPOBBIM Me-
topoM ¢ yactoroit 1 I Pasmep o6mactu ckaHMpOBaHMs
1x1 mMxMm?. [I7s1 M3MepeHuit B KOHTAaKTHOM peXXuMe Obl
BbI6paH AFM-gatunk DNP-S10, HoMuHanpHass KOHCTaHTa
xectkocTu k=200 H/M 1 HOMMHA/IBHBII pafiyc KOHYMKA
30Ha R=10 HM. VIsMepeHUs NJIOTHOCTH M TOILIVHBI UC-
ClleflyeMbIX 00pa3I[0oB NPOBOAWINCh Ha PEHTTEHOBCKOM

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

pednexkromerpe SmartLab (Rigaku),
OCHAIIlEHHOTO PEHTT€HOBCKOI TPyOKOil
C MOIIIHOCTBIO 9 KBT.

Vzmepenue ousnexmpuueckoii

nponuyaemocmu

Kpusbie C-V 6bIIM IIOTy4eHBI C MC-
nonb3oBanueM usmeperns C(f) saBucu-
MOCTU B amamasoHe 4yactor 1-100 kIix
C Ucronb3oBaHmeM usMeputena Agilent
4284A LCR n pTyTHOII 30HZOBOI CTaH-
nyu MDC 825-150. PesynpraTsl 11X
U3MePEHMIT O3BOIU/IMA OLEHUTDh 3aBU-
CUMOCTDb JIMSTIEKTPUYECKOI IPOHNUIIae-
MOCTM OT COCTaBa MaTepuaa.

Jlomunecuenyus

[ToproroBneHHble 00pPa3Ibl U3MEPS-
NN IpU 9HEPIUAX BO3OYXAEHUS OT 6
1o 10 3B c ucnonb3oBaHmeM pasaMuHbIX
cucreM. CHeKTpPbl NTIOMUHECLEHLNN
U BO30Y)XJEHVS JTIOMUHECLEHIIVN 13-
MepAnuch ¢ nomompbio FinEstBeAMS
Ha Haxonurese 1.5 I'sB cuHXpoTpoHHOI
ycranoBku MAX IV. Criektpsl Bo30YyX-
LeHUs JTIOMUHECLeHINY U3MepsINCh
CO CIEKTpajIbHbIM paspelleHNeM He Me-
Hee 4 M3B ¢ ucnonp3oBaHyueM onrTuye-
CKMX GMIBTPOB U3 IUIaB/ICHOTO KBaplia
u MgF, B nuanasone suepruit 4.5-7.0 9B
u 6.5-11 3B coorBercTBeHHO. Ob6pas-
Lbl IOMEIA/NN B Te/lMeBblil KPUOCTAT
3aMKHyTOro nukna ARS, ocHaleHHbII
perynsaTopom temmneparypsl LakeShore
325, Temneparypa u3sMepeHys paBHANACh
7 K. CriexTpbl TIOMUHECLEHIIUY peru-
CTPUPOBA/IN C IIOMOLIbIO OITOBOIOKOH-
Horo crnekrpomerpa Andor Shamrock
SR-303i (Andor Technology Ltd., Ben-
dacrt, Benukobpuraumns), 0CHalIeHHOTO
cuerHOI romokoit Hamamatsu H8259-
01.

Pesynprarbl 1 06cyxpmeHne

Xumuueckuii cocmas

[Ipurorosnenne OSG-Marepuanos
30/Ib-Te/Ib-MeTOJJOM BK/IIOYaeT IUJPOJIN3
U TIOIMKOHJEHCALINIO aJKOKCU- /WK
Ta/IOT€HCU/IAHOB B TIPUCYTCTBUU BOZBI
U MOAXOJsAIero Karanuaaropa (puc. I).
Comnanas xkucnora (HCI) nconbsoBanach
B KauecTBe KaTajusaropa B 9TOM UcCre-
[IOBAHNN J/ISI yCKOPEHNSA peaKLny TUAPO-
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mm3a. CuIaHO/NbHbIE (PYHKI[VIOHA/IbHBIE
TPYIIIbl pearupyoT caMu ¢ co6oit uwim
C QIKOKCUTPYIIION Ha CTajuy KOHJeH-
caluu C BbIfe/IeHyeM BOJBI VIV CIVPTA.
HaxkoHel, mocje moMHOM KOHEHCALUI
obpasyercsa CWIbHO CUIMTAass MaTpPULA.
307b-TeNb IpeacTaBsieT coboi CIoX-
HBIII IIPOLECC, 3aBUCAINII OT MHOIUX
MepeMeHHBIX, TaKMX, KaK IPUPOJa KaTa-
7M3aTOpa, KONMNIECTBO BOJBI IO OTHOIIIE-
HUIO K aJIKOKCU/JHBIM IPYIIIIaM ¥ TeMIle-
parypa peakiyu. OCHOBHBIMU (paKTOpa-
M, BJIVISIOIVIMY Ha IIPOIIeCChl ITUAPOTIN-
3a 1 KOH/IEHCAI[Y a/IKOKCHa KPeMHIUA
B pacTBOpe, ABNAIOTCA MOJAPHOE COOT-
HOILIEeHMe KaTann3aTopa M aTKOKCUfA
(K1), MonsgpHOe COOTHOLIEHME BOJBI
u ankokcupa (K2), npupopa pactsopure-
711, TeMIIepaTypa U IIPOJO/DKNTEIbHOCTD
CMHTe3a, a TaK)XKe KOHIIEHTPAIV aJIKOK-
cnpoB Kpemuus [16, 17]. KI okaspiBaeT
Hanbosee CUIbHOE BIUSIHIE Ha CKOPOCTb
rupponusa. 3HadeHnsa K1, mpeBbllIao-
I¥Ie VX ONTVMA/IbHbIN YPOBEHbD (B CIIy-
Jae KIMC/IOTHOTO TUAPONN3a), YCKOPSIOT
KOHJIEHCAIINIO 1, KaK ITPABIJIO, IPUBORAT
K renieobpasoBanmio. VI3-3a aToro mpu ot-
ki1oHeHun KI OT CBOEro OINTUMaIbHOIO
3HAYeHNUSA MOTYT OBITH IOJTyYEeHBI Hey-
CTOIYMBBIE PaCTBOPBI, KOTOpbIe OYAYT
MMETb TEHEHIMIO K BbIIIaJIeHIIO 0CaIKa.
Copeprxanne Bopsl (K2) Taxoke siBnsieTcs
BXHBIM I1aPaMeTPOM [/ YIPaB/IeHNs
nporeccoM EISA n obecrieuenust ogHo-
ponHOCTY POPMUPYEMBIX ITIEHOK.
MeTrunbHble T'PYHIBl B OCHOBHOM
PacrosoXeHbl Ha MMOBEPXHOCTU CTEHOK
nopbl. B ciyyae M3roroBneHus IJIEHOK
OSG ¢ mpekypcopaMn ¢ yIrinepogHbIMU
MOCTHKaMH, TaKUMM Kak 1,4-6uc (Tpu-
srokcucunun) 6euson (BTESB), mexa-
HIU3M peakuNy NPUHININANBHO OCTa-
eTcsA TeM JKe, HO YITIEpOJHBI MOCTUK
COXpaHseTCcs B CTPYKType Marpuibl. Vc-
ronb3oBaHue TexHomornu EISA mosBo-
et GOpMUPOBATD YIOPALOYEHHYIO I10-
puctyto crpykrypy (Periodic Mesoporous
Organosilica, PMO) n yrneponHbiit Mo-
CTVIK, PacIO/IOKEHHBIN B CTEHKE MOPBHI.
Haunb6onee Ba>kHble KOMIIOHEHTBI IS
MIOAIePXKaHUA HU3KOI IN3/IEKTPUIECKON
IIPOHNIIAEMOCTH CBSA3aHBI C KOHIIEBBIMMI
METW/IbHBIMM I'PYIIIAMU, CONPSKEHHBI-
mu ¢ aromamu Si. Ha puc. 2 mokasana
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j Tmaponus
(2) MonmkoKAEHCALIR
OR OR
Haranua
MacTiuHsA ruaponus @ SHOK') . 4 0
R——Si——OR “ R'—Si—OH + ROH : 1
H,Q oo
I o
OR OR
3 R R R R
Monwwongescayms
B = Ofpazosanne 3008
RO Si O—=—H + HO——Si OH = - RO 5i O~—Si 0 5i OH
H,0 ufunm -BOH
OR OH OR OH | OR
g K R ] R’ o

Cuinsa
RO Si—r-0—S—~0—5 aH = -
H,0 winnm -ROH

OR OH OR

Puc. 1. Cxema peaxyuu 06pasosarust nnenox OSG u3 npekypcopos ankokcucunanda; Ha 6cmaske
2 nokasanvt o6paszosanue u cmpyxmypa OSG-nnenku ¢ KOHYeEbIMU MEMUNLHBIMU 2PYNNAMU
u3 MTMS-nodo6uvix npexypcopos. R’ u R npedcmasnsiom cobotl anxunvhvle epynnovl (6 ciyuae
MTMS o6e npedcmasnstom co6oii CH,). MemunvHbie KoHYeBble 2pyNnbl 6 0CANOALMbLY NIEHKAX
PAcnonazaomes Ha N0BEPXHOCMU CHIEHOK Nop.

(a)

Absorbance (a.u.)
Absorbance {a.u.)

1300 1200 1100 1000 900 ROO 700
Wavenumber (cm™)

1300 12000 1100 1000 900 00 T
Wavenumber (cm™)

Puc. 2. Temnepamypras ssomoyus nuxos Si-O-Si u Si-CH, 6 mamepuanax PMO, ocaxcdenrvix
u3 cmecu MTMS/BTESB (a), u mamepuanax OSG, ocaxcoennvix 6e3 BTESB (nnewxu low-k ¢ kou-
yesvimu memunvromu epynnamu) (b).

temneparypHas spomonusa FTIR-crekTpoB ¢ 0CHOBHBIM
BHUMaHNeM K rpynmam Si-O-Si u Si-CH,. BuzHo, 4to kak
B wienkax MTMS/BTESB (SB), copepxaryx 6eH30/1bHbIE
MOCTMKOBbIE TPYIIIbL, TaK 1 B neHKax MTMS nnTencus-
Hoctp rpynn Si-CH, crabunbna go 550 °C. Jlump npu
600 °C MHTEHCMBHOCTD 3TOTO MMKAa 3HAYUTE/TbHO CHIKA-
eTcs. Ecu cpaBHUTD €ro ¢ MHTeHCUBHOCTBIO cBA3ert C=C
(puc. 2, 1500 cm" m 1600 cm™'), CBA3aHHBIX ¢ HaM4MeM
0EeH30/IbHBIX MOCTVKOB, TO BUHO, YTO 3TY MUKM CHIKA-
0T CBOIO IHTEHCUBHOCTD y>ke TIpu 550 °C. CnefoBarenbHO,
OeH30/IbHbIe MOCTMKOBBIE TPYIINBI MMEIOT 60JIee HU3KYIO
TePMUYECKYI0 CTabUIBHOCTD, 4eM rpymmbl CH,, cBAsaHHbIe
¢ Si. B merom 10T aKT HeyAMBUTENEH, TIOCKONBKY B He-
CKOJIBKMX ITYO/IMKAIMAX YoKe CO00IIanoch o 6omee HI3KOI
TepMu4ecKoil 1 YP-CTOMKOCTH YINIEPONIHBIX MOCTUKOB,
XOTs1 6€H30/IbHbIe MOCTVKY SABJIIOTCS Hanbosiee yCTomdn-
BBIMI, 33 HYMM CTIEAYIOT MeTI/IEHOBbIe MOCTHUKY [1, 13, 18,
19]. Pasuuiry B repmocroitkoctn rpynm Si-CH, n Si-Ph-Si
MO>KHO HOHATD IO IPOYHOCTY CBSA3€H. DHEpIys paspbiBa
rpynn Si-CH, B nnenkax OSG low-k ananusupopanach
C IOMOII[bI0 KBAHTOBO-XVMIYECKIX PACYeTOB Ha TUIIIIHBIX
as mopenbHbIX OSG BemecTsax. [Ipy aHanu3e HeCKOMIbKUX
MOJIEKY/IIPHBIX (PParMeHTOB (OKTaMeTI/I- U TeTPaMeTU/IIIN-
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K/IOTeTPACUTIOKCAH, a TAKXKe HA TeKCAMeTH/I- ¥ TeTPaMeTII-
IVCUIOKCaHe) TOKa3aHO, YTO SHePIiA AUCCOLVIALINY CBA3N
Si-CH, cocrasnser 0komo 85-92 Kkaj/Monb. ITV 3HaYEHN
6/113Ku K 9Hepruu aycconyanyu csisu Si-C, mpuBegeHHO
B (4, c. 35-78]. IIpn aHanm3e YeThIpeX BO3MOXKHBIX peak-
it paspbia cBsasy MeTofoM DFT 6b110 ycTaHOB/IEHO, 4TO
sHepruA gucconymanyy Si-Ph MoxxeT BappypoBarbcs B Iy-
amasone 70-82 kKaj/Mo/b. DTU JaHHbIE SCHO TIOKA3bIBAIOT,
4o A gucconyanuy csasu Si-Ph B Si-Ph-Si tpebyerca
MeHbIIIe 9HEPTUN 110 CPaBHEHMIO €O cBA3bI0 Si-CH.. Tomo-
xeHne 1 popma nukoB Si-O-Si Takxke faeT NpeacTaBIeHne
00 M3MeHeHMAX, IPOUCXONAIINX NPV PaspyLIEHNUN CBA3el
Si-CH,. B cnyyae mieHku ¢ KOHIIEBBIMYM METU/TbHBIMU
rpynmamu (puc. 3b) nonoxenue muka Si-O-Si u3meHser-

® o e 100SB 8i-0-8i, C=C
) —— 100SB-P w 20
] T (=
C-H rlm,,\ S0SB-P = B
\ o Lo .
Si-OH, H-O-H | L —— 45SB-r ==
It 5 —— 25SB-P I21E pe
AN \ C-H & s BEB
100MS-P [/ 14 3
' 100MS | /o g
o i1y 12w
-, E
8
Z
Lo

J

4000

Puc. 3. FTIR-cnexmput nopucmoix u Henopucmotx 06pasuos MTMS/BTESB, omoscennolx npu

3600

800

2400 2000 1600 1200
Wavenumber (em')

3200 2800

memnepamype 430 °C. Mnmencusrocmyv nuxos noznouwjeHust 6 oonacmu 4 000-2 800 cm’ yse-

udeHa 6 8

1.7

MNokazatens NpenoMneHns
N i w N w o

—_
(]

pas 074 myyuieti BUOUMOCTILL
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e
R

0%

matrix

S A
R 5K |
SRS

Puc. 4. Ilokasamenv npenomnenus RI , usmepentoiii memodom SE, u noxasamens npenomnenus

mampuupt RI

¢ codepian

(ouerennoiit memodom EP) ons nneHok, HareceHnvix u3 cmecu MTMS/BTESB

‘matrix

uem nopoobpasosamerns 30 mac.% nocne 00nonHUMenvHo20 (neped usmepeHuem)

omacuza npu 430 °C. [Jannvle makace céedervt 6 Tabnuuy 2.
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CA B CTOPOHY OO/IBIINX BOTHOBBIX YMCET
(cuHee cMelieHMe), YTO CBUJIETENTBCTBYET
0 TOM, YTO MATPMUIIA IVIEHK! CTAHOBUTCSA
6oree moxoxert Ha okcup Kpemuus. Criek-
Tpbl PMO ¢ 6eH30/IbHBIMI MOCTUKOBBI-
MM TPYIIaMU HAYMHAIT M3MEHATBHCA
paHbllle, YeM HauMHAeT CHIDKATbCA KOH-
nenrpanusa Si-CH, (550 °C). Ceobopnoe
IJIEY0 CHEKTPOB IIPU BOTHOBBIX YNMC/IAX
>1100 cm cBsI3aHO ¢ HanmuuueM OeH30-
JIbHBIX MOCTMKOBBIX TPYIIII, 3aTeM TaKXe
cranoBuTCA Iofo6HbIM SiO, pn 600 °C.

Ha puc. 3 noxasaust FTIR-criekTpsr 06-
pasLoB, OcaK/ieHHBIX U3 cMeceit MTMS/
BTESB pasnuuHolt konnexnTpanun. Cre-
JIyeT ellle pa3 IMOAYePKHYTb, YTO IMEHHO
3TM 00pasIbl ObUIM PUTOTOB/IEHBI /IS
OLIEHKV MEXaHNYEeCKNX CBOJICTB B 3aBU-
CUMOCTH OT KOHILIEHTPALVI BKTIOUEHHBIX
KOHI[€BBIX METUIbHBIX rpynn B PMO
¢ 6@H30/IbHBIMM MOCTUKOBBIMY TpyIIIIa-
Mu. MakcuMabHas MHTEHCHBHOCTD KA
=Si-CH, HabmofaeTcs B 9MCTON TI/IEHKe
Ha ocHoBe MTMS. Hamune He6o/b1I0TO
curnana =Si-CH, B HeMeTU/IMPOBaHHOM
o6paste (100SB) MO>XHO OOBSCHUTD Ya-
CTUYHOI JeCTPYKLMEN apOMaTHYeCKOTO
KOJIbL]a OCTAaTOYHBIM KUCTIOPOZOM, UTO
MOXeT IIPUBECTY K 00pa30BaHNIO KOH-
uesbix rpynn =Si-CH,. [lsa nuka npu
1 600-1 500 cm™ OTHOCATCS K BaJIeHT-
HoMy C=C kome6aHMi0 6EH30TBHOTO
Konbia (MocTuk). BaxkHo, 4TO IIeHKU
¢ 0eH30/IbHBIMU MOCTMKOBBIMU TPYII-
namu He ruzpodobHble (MK agcopou-
poBaHHOIT Boxbl pu 3 800-3 200 cm™).
VHTEepecHO, YTO BBeeHMe IIOPUCTOCTI
fenaeT mIeHKU 6omee ruapodoOHBIMU
(100SB-P 1o cpaBHenuto ¢ 100SB) Hecmo-
Tps Ha OO/IBIIYIO IVIONIA/Ib TOBEPXHOCTIL.

Hannvie annuncomempuu

Ha puc. 4 noxasaHo uM3MeHeHMe II0-
Kasarens IpenomaeHus (pu 632.8 HM)
B 00pasljax ¢ pasIMYHOIl KOHIEHTpa-
11ell 6eH30/IbHbIX MOCTUKOBBIX IPYIIIL.
[Inotueiit 100MS, copepxamuii TONbKO
KOHIIeBble METVWIbHBIE IPYIIIBI, MMeeT
RI=1.381, yT0 61M3KO0 K ~30-1IpOL[eHTHO-
My TOpUCTOMY 00pasiy ¢ 6eH30IbHbIMM
MOCTUKOBBIMYU TPYIIaMI, B TO BpeMs
KaK IUIOTHBI oOpaselr; ¢ G€H30/bHbI-
MM MOCTMKOBBIMY IpyIIaMu 6e3 IpyI
=Si-CH, nmeer RI=1.52 (100SB). Bse-
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fenue nopucroctu (30 Mac.%) cHyKaeT
RI inenxu 100MS go 1.274. [Tob6aBnenue
25 Mon.% npekypcopa BTESB ¢ 6en3ornb-
HBIMIJI MOCTVMKOBBIMU TPYIIIIAMU B CMe-
IIaHHBI TpeKypcop ¢ 30 mac.% mopo-
obpasoBaTe/s yBelMM4YMBaeT OKa3aTe/b
npenomnenns fo 1.381, KoTopblit 3aTeM
HECKO/IbKO CHIDKAETCA TPV CHYDKEHUN
koHnenrtpauyy BTESB, focturas 1.366
npu xoHuenTpauun BTESB 60 mom.%.
O6paser; 100SB-P nmeer 60see BBICOKMIT
IIOKa3aTeslb IIPeJIOM/IEHN, paBHbIIL 1.389.

B mabnuye 2 Taxxe IpuUBeNEHBI 3Ha-
YEHM M3MEPEHHOM AVINEKTPUUECKON
nponnmaemocty (100 xIiy) mast o6pas-
1roB MTMS/BTESB pasnuuHoil KOHIeH-
Tpauyn. [Job6aseHne nopoobpasoBaTes
K 100MS npuBoauT K peskoMy HafeHnIo
IVIJIEKTPUIECKON IPOHNLIAEMOCTH C 2.77
110 2.23, 1 970T 3 HeKT KONMMIeCTBEHHO
onuchIBaeTca ypaBHeHueM Kaysmy-
ca - MoccoTTn, Tak KaK 3TV IUICHKU
ruppodobHbIe (OTCYTCTBYET afcopou-
pOBaHHasA B/Iara) ¥ M3MeHeHue IU3TIeK-
TPUYECKO} IPOHUI[AEMOCTN CBA3AHHO
TOJIBKO C VX MOPUCTOCTBI0. Bxmouenne
BTESB B mmpeKypcop ¢ HUSKIM 3Ha4eHN-
eM IM3NMeKTPUYECKOil MPOHNIIAeMOCTH
yBeIN4MBaeT 3TO 3HadeHue. Bemmum-
Ha JIM3TeKTPUIECKON IPOHNIAEMOCTH
MPaKTUYeCKV OAVMHAKOBA B MaTepuasax,
OCaKJEeHHBIX ¢ 25, 45 1 60 mo1.% BTESB,
u B 1.5 pasa ysennunsaerca B 100SB-P,
HAHECEHHOM ¢ II0poobpas3oBaTeseM,
Ho 6e3 MTMS. Topaspo 6onee 3HaunTeNIb-
HOe YBe/IdeHue JUIeKTPIIecKoll po-
HIUILIaeMOCT HAO/IOfIAeTCS B HEIIOPUCTOM
Matepuase ¢ 6€H30/IbHBIMI MOCTMKOBBI-

WHTETPAJIbHbIX CXEM

mu rpynmnamu 100SB. PasHuiia B iuaneKTpudecKoli IpoHHu-
rraeMocTy MexXAy 100SB-P u 100SB He MOXeT OBITh TOYHO
omnucaHa ypapHeHueM Knaysuyca - MoccoTtu 1 onpeperns-
€TCs He TOJIbKO BBICOKOJT ITO/IAPU3YeMOCTbI0 OeH30/IbHOTO
KO7IbITa 1o cpaBHeHmIo ¢ rpymmamu CH., Ho 1 607iee BbICO-
KOJ1 TMAPOPUIBHOCTBIO GEH30/IbHBIX MOCTMKOBBIX TPYIII,
coziepkaiuxcs B low-k-yanexTpuke.

Mopdgonozus nosepxnocmu low-k-ousnexmpuxa

Ha puc. 5 npencrasnensl fanuele AFM 1o n3MepeHnio
IIepPOXOBATOCTY MOBepXHOCTU 06pasios. Hanbomburas
IIEPOXOBATOCTD IIOBEPXHOCTY HAOTIONA/NIACh Y 00Pa3IioB,
OCaXK[IEHHbIX C UCIOIb30BaHMeM drcToro MTMS 6e3 mo-
poobpasosarensa (100MS). IIlepoxoBaToCTh CHIDKAETCSA
py JoOaBIeHNN B IPeKypcop nopoobpasosarend. ITo
Ke HabMogaeTcsl Ha KPUBBIX PEHTTEHOBCKOI pedieKTo-
MeTpun (He IOKa3aHO 37ech). [lanbHelilee yMeHbILICHNE
IIEPOXOBATOCTY IOBEPXHOCTH CBA3AHO C BHEPEHMEM OeH-
30/IbHBIX MOCTVMKOBBIX IPYIII B IOPYCTBIE IVIEHKN. MOXHO
OTMETHUTD YeTKYI0 KOPPe/ALMIO C KOHIeHTpalyell 6eH30-
JIbHBIX MOCTMKOBBIX Ipymir. Koppensauuu ¢ mokasarenem
IpeTOM/IeHNs He HaO/IIoaeTcsl.

Hannvie noposumempuu

IInenxn 100MS n 100SB, HaHEeCceHHBIE 6e3 JCIIONb30Ba-
HI1A TIOPOOOPa30BaTe/Ist, MUMEIOT COOCTBEHHYIO OTKPBITYIO
HOPUCTOCTD (ZOCTYIHYIO Ay afcopbumm Monexyn UIIC),
paBHYyI0 7.5% 1 10.2% oT o6bema mieHKH (puc. 6). Beenenue
nopoo6pasosaress (30 Mac.%) B pacTBOp /LA CUHTe3a M-
JIEKTPMKA YBeIMYNBaeT HOPUCTOCT. Hanbomnpluyro nopu-
croctb (33%) nemoHcTpupyert wienka 100MS-P. lo6ase-
H1te BTESB B pacTBOp CHMKaeT HOPUCTOCTD 110 CPaBHEHUIO
¢ wrenkoit 100MS-P. ITnenkn c 45, 60 Mmon.% u yucrsiin SB
(100SB-P) nmeroT mpaKTN4ecKy OAMHAKOBYIO HOPUCTOCTD,
6muskymo Kk 30%. Hanmenburyto mopucrocts (21%) nmeer
IJIeHKa, HaHeceHHas ¢ 25 moir.% BTESB.

[Tokasaresnp mmpenomieHns MaTpuilbl (Kapkaca) oopasia
100MS paBen 1.415. O6paser; 100MS-P umeer nouru Takoe

Ta6nuya 2. Ce600Ka 0CHOBHYIX PUUUECKUX CB0LICINE UCCTIE008aHHBIX 00pA31406

Sample ID 100MS | 100MS-P | 25SB-P 45SB-P 60SB-P 100SB-P 100SB
Rl 1.38 1.27 1.38 1.37 1.37 1.40 1.51
RI . 1.415 1,42 1.50 1.54 1.56 1.60 1.58
Otkpbrrasd 75 33.1 21.2 28.1 30.8 29.3 10.2
nopucTocTh, %
[lnanexktpnyeckas
MPOHNLAEMOCTb 2.77+0.05 | 2.23+0.05 | 2.69+0.05 | 2.710.05 | 2.92+0.05 | 4.48+0.05 | 7.69+0.2
(npm 100 KIw)
Tonwwna (EP), Hm 239 226 17 200 195 205 182
TonwwuHa (XRR), HM 215 195 161 195 178 178 176
MnoTHoOCTb, r/cm? 1.19 0.86 1.14 1.10 1.19 1.28 1.43
Mogynb tOHra, [Ma | 5.94 £0.09 | 0.36 +0.01 | 0.88 +0.02 | 1.12 +0.02 | 5.55+0.08 | 10.86 £ 0.17 | 9.8 £0.10
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WHTETPANbHDBIX CXEM
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Puc. 5. Illepoxosamocmv nosepxrocmu 6 sasucumocmu om omrouienuss MTSM/BTESB 6 co-
cmase dusnexmpura. Hauxyouiyio wepoxosamocmo umeem wucmuoiii o6pasey, 100MS. JJo6asrne-
Hue nopucmocmu u BTESB 6 cocmas low-k ymenvuiaem uiepoxoearmocmo noeepxXHocmu.

ke 3HaueHne (1.418). Dty 3HaYEeHA 3HAYUTEIBHO HIDKE, YeM
ykasauHble it weHok PECVD SiCOH, xoropble 06514HO
[IeMOHCTPMPYIOT IIOKA3aTe/lb IPETOM/ICHS MaTPULIBL, O713-
kuit k mnotHomy SiO, (1.45-1.46) [20]. Otot dakr cBupe-
TE/IbCTBYET O TOM, YTO B MaTpHUIle YNMCTHIX IVICHOK Ha OC-
HoBe MTMS Taxxe IpUCYTCTBYIOT MyCTOTHI (CBOOOHBII
o6beM), HefoctynHble Ay agcop6biyu monekyn UIIC. Cyna
110 130TepMaM afcopouun (puc. 6a), wienka 100MS nmeer
OYeHb XaOTUYHYIO CTPYKTYPY C IIMPOKUM pacIIpefie/ieHn-
€M II0p II0 pa3MepaM C pacIIVpeHneM 10 5-6 HM (puc. 7a).
XaoTu4yHas CTPYKTYpa, BEPOATHO, ABIACTCS MPUINHON
BBICOKOJI IIEPOXOBATOCTU MOBEPXHOCTH, HAOIIOLaeMOil
¢ nmomoipio AFM. Beepenne nopoo6pasoparens B Ipe-
KYpPCOp yBE/IMYMBAET OTKPBITYIO IIOPUCTOCTD Ha BETNYNHY,
HEeCKOJIbKO TIPEBBIIIAION[YI0 KOHIIEHTPALNIO TI0Opo0Opaso-
Baresns (33% mOpMUCTOCTH TPU KOHL[EHTPALUK OPoobpa-
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Puc. 6. Puc. 6. V3omepmbvt adcopOuuu/decopOuuu uccnedyemvix nopucmolx 00pasyos: a - 100MS;
b - 100MS-P; ¢ - 25SB-P; d - 45SB-P; e - 60SB-P; f - 100SB-P; g — 100SB.

3oBaresna 30 Mac.%). ITpu aTom pesko me-
HseTCs pacpefieNieHye IIop 110 pa3MepaM.
V3oTepma afcopOumu/mecopOryu nuMeet
APKO BBIPAKEHHYIO IIET/IIO TYCTepesnca
(puc. 6b) 1 MOXET OBITH MHTEPIIPETUPOBA-
Ha Kak 00pa3oBaHue IOp CIIOXKHOI dop-
MBI, BKTIOYAIOLIVX BHYTPEHHME yCTOTHI
pasMepoM OKOJIO 5 HM, KOTOpble COef-
HAIOTCS MEXY CO00IT MEJIKUMU IIOpaMu
pasMepom oxono 3 HM (puc. 7b).
BBenenne mpexypcopa, copepskalie-
ro 6eH30/bHbIe MOCTUKOBBIE TI'PYIIIIbI
(BTESB), yBenmuunBaeT MoKa3aTeNb Ipe-
JIOMJIEHVSI MaTpuLsl (puc. 4), ymeHblIa-
eT MOPUCTOCTD U pasMep mop (puc. 6¢c-e
u puc. 7c-e). Ilokazarenb mpenoMIeHs
MaTpUIBI NTOCTENIEHHO YBeIMYMBAETCA
¢ xoHueHTpauneit BTESB u focturaer
1.596 B wrenke 100SB-P. [Tnenka 100SB,
HaHeceHHas 6e3 mopoobpasoBarers,
umeer RI = 1.577. [lobaBnenue Bce-
ro 25 mom.% BTESB k pacrsopy, cozep-
xamemy MTMS, cunbHO nsMeHsAeT BUL
usorepmsl apgcopbuym UIIC (puc. 6¢):
ycYe3aeT MeT/Is TUCTepesuca.
CremoBaTenbHO, BBEIEHNE TaXKe He-
00NIBIIOrO KOMMYECTBA IPEKypcopa,
cofiepxamiero 6eH30/bHbIE MOCTUKO-
Bble IPYIIIBI, PE3KO YMEHbIIAET pasMep
nop. IIukoBsIl pasMep IOP MeJIEHHO
yMeHbIIaercs ¢ KoHneHTpanuerr BTESB
o1 0.63 uM B 25SB-P 10 0.43 1M B 100SB-P
u 0.34 um B 100SB (puc. 7c, f, g coort-
BeTCcTBeHHO). CrefiyeT yIOMAHYTD ele
onHy ocobeHHOCT: 100SB nMeeT oueHb
y3KOe pacIpefiefieHne IIop 110 pazMepam
(puc. 7g), B TO BpeMs KaK Bce fpyrue 06-
pasupl, comepskamue SB, MMET IOpHI
6onburero pasmepa (zo 3 HM). [Toatomy
BBeJleHIe TOPUCTOCTU U IpeKypcopa
MTMS Bcerpja yBenmamuBaeT CTeNeHb He-
YHOPAJOYEHHOCTN CTPYKTYPBI IJIEHKIL.
JlanHble, momy4yeHHble MeTOROM EP, X0po-
IIO COIVIACYIOTCS ¢ u3MepeHuamu PALS,
IpefcTaBIeHHbIMY B [21].

DomontomuHecyeHUUA

Coexrppl ®PJI HEeMOPUCTBIX IIJICHOK
MMEIT YeTKO BBIPa)KEHHBIE IOJIO-
col pu 3.67 9B (mpm BO3OYXmeHUM
5.6 3B) u 3.69 3B (mpu Bo3OYXaeHNUU
7.3 3B) (puc. 8a). Ilopor YP-moBpex-
menus B maeHkax OSG low-k 6mmu3ox
K 6.0-6.2 3B [22]. PesynbTatsl, mpeacTas-
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WHTETPAJIbHbIX CXEM

JIEHHbIE Ha puc. 8a, TIOKa3bIBAIOT, YTO MH- 10 (a) (b) —+ Anc (c) (d)
TeHCUBHOCTD DJI yMeHbIIaeTCA IpuMep- 8 e - flec

HO B IIATh pas Mocje Bo3felicTaus 7.3 3B g 6 - fec - Aac - Aac
II0 CPaBHEHMIO C 00pasIioM, OOTy4eHHpIM = * = Bec = Bec
5.6 9B. OfHaKo MONIOKEHMe TPYTINbI OCTa- 2

eTcsl IpeKHNM. Bo3MoxkHOe 00bsACHeHNMe 001“456780‘234567“ T e T
COCTOUT B TOM, YTO (POTOHBI C SHEprye R (nm) R (nm) R (nm) R (nm)
7.3 3B ypandoT (BecTpyKTUPYIOT) YacTb " © ® -

KOMIIOHEHTA, OTBETCTBEHHOTO 32 3MIIC- ¢ | ﬂ | ﬂ |l

cuto OJI ¢ sneprueir 3.67 3B. Ananorny- g5 o Aac e A

Hble BHIBOJIBI MOXHO CJeiaTh i O mopu- ¥ - e - - g

CTBIX II7IEHKAX C 6€H30/MbHBIMM MOCTHKA-  ~ ,

mu 100SB-P (puc. 8b). Ot mnenkn 06- 0

JTy4amich GpoTOHAMIU C sHeprueit 5.6, 6.2 0 1 R "2““) 3 40 1 R(lnm) 340 b (]2““) 34

u 7.2 3B, HO pasHuULa B MOJIOKEHNN T1O-

noc OJI He samerHa. OfHAKO MHTEHCHUB- Puc. 7. Pacnpedernenue nop no pasmepam 07s 8cex uccnedosanvix 06pasyos: a - 100MS; b -
HOCTb U3/Ty4eHMsI OUeHb CU/IbHO IajaeT 100MS-P; ¢ - 25SB-P; d - 45SB-P; e — 60SB-P; f - 100SB-P; g — 100SB.

npy cpapHeHMM MHTeHCMBHOCTY PJI mmo-
cre Bo30yxeHns 6.2 u 7.2 3B no cpas-
HeHmIo ¢ 5.6 3B. JIeKOHBOTIOLS ITOKA3bI-
BaeT Ha/jam4me nnKa Ha 2.86 3B, a Takxe
HpPOC/IeXUBaeMble IMUCCUY C [INHAMU
BOJH 2.24 u 4.2 3B. BBenenne nopoo6-
pasoBaTe/isl U3MEHsET OCHOBHYIO OMIIC-
cuio Ha 3.76-3.78 9B, a nammune 4.20 3B
CTQaHOBUTCA 00jlee BBIPOKEHHBIM (puc.
8b). Takum 06pasoM, aMMUCCUS TPU _
3.9-4.2 3B cBsA3aHA C OCTaTKaMU yIJie- " %‘" ”
BOMOPOAOB: yaIeHIe H0p006pasoBaTe- e wPrféstor:'gné'ray,agv 3 " :'I‘Ph%;on‘gne}'éy, ;Q/ S 5Photgn enTergy,ReV o
JISL BCErfa MMeeT TeHIEHINI0 OCTaBIIATh

onpenesaIeHHoe KO/IN4eCTBO OCTATKOB Puc. 8. Cnexmpot OJI (a) nenopucmoti nnerxu OSG 100SB npu 8036yxcoenuu gomonamu 5.6 u

nop006pasoBaTeH;{ [23]. MHTepeCHYIO 7.3 3B (b) nopucmuix nnenox 100SB-P npu 6036ysmoenuu domonamu 5.6, 6.2 u 7.2 3B (6) u (c)
cnexmpuot 8030yxcoenust OJI (OJ19) ons nnenxu 100SB.
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MHGOPMALIMIO MOXKHO TAK)Xe IONTY4UTDb
u3 crekrpos PLE.
Nsmepenus ®JI pgna nnenkn 100MS

u 100MS-P  rakxe mPOBORMAMCH — a ryc—— : b 12 prer.
Ha CHCTeMe, VICTIOIb3YeMOIl /ISl IIIEHOK 12 T: sy ey e ool Eopy— 302486V
100SB. ITnenxn MTMS npn Bo36yxpe- o il ‘
Hun ¢poromomunectenunu (PJI) 7.0 B 6F X
TOKa3a/I1 TOJIbKO OfVH VK C U3/TydeHN- 3 - K
em npn 2.83 3B (puc. 9). O6pasipl, BO3- s 0.0 P ——
Oyxnennbie YO-cBeToM ¢ sHeprmeit 3 as{l~ ™Y S oo} et
6.2 3B, UMEIOT JOIOTHUTE/IbHBII UK ITPU ‘g . % sl
4.35 3B. [TocnegHuit muk ropasgo 6omnee s - ;‘E’ o
BBIP@KEH B IJIEHKAX, IIPUTOTOBIEHHDBIX
¢ mopoobpasoBaresieM, YTO TAKXe IIOf- 0.0 o TRHW Eoer vo ‘
TBepXKZlaeT Hall IIPefbIAYIINil BbIBO fap pres e nof Fom =310 248V
0 TOM, 4TO 3TOT IIUK MOXKET OBbITh CBA3aH Wl ol
C HaJIM4MeM OCTaTKa OpoobpasoBaress.
100MS-P Take MOKa3bIBaeT HaIMdle o ot
TO7IOC U3y Terms mpu 4.95 1 5.16 3B. Urereevsvmvevesraver Bl ol i
[Tnotusie 06pasusl MTMS, Bo36y»xzeH- Photon energy, eV Photon energy, eV

HBIC (bOTOHaMM C SHeprmen 7.0 3B, mme- Puc. 9. Cnexmpot @JI (a) 100MS npu 8036ynodenuu gomonamu 6.2 u 7.0 2B u 100MS-P npu
0T TOopa3fo MEHbIIYI MHTEHCMBHOCTD 6036yxcdenuu 6.2 3B u (b) 6036yrdenuu OJI cnexmpor 100MS.
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®JI, yem o6pasel, BO30YKeHHBIIT (OTOHAMM C SHEPryeit
6.2 3B. Cnefiyet ot™MeTuth, 4To YP-(OTOHBI € 3Hepruei
6.2 3B cunmbHO CHIDKAIOT MHTEeHCUBHOCTD DJI B mIeHKax
100SB, Ho He B tenke 100MS. Hanbosee BeposiTHbIM 06B-
ACHEHUeM ABJIAETC 6ojee BBICOKAsL YCTONYMBOCTD K YIIb-
TpadUOIEeTOBOMY U3Ty4eHNUIO KOHI[EBBIX METVIBHBIX TPYIIIT
II0 CPAaBHEHUIO C YITIEPOSHBIMI MOCTMKAMU MaTepyajIoB
PMO. Crexrpsi Bo36Oyxaenus (PLE) nokasassl Ha puc. 9b.
Qoromomunecyennys npu 3.10-2.48 3B kak B MIOTHBIX,
TaK 1 B IOPUCTHIX 00pas1jax uMeeT SIPKO BbIPaYKEHHBIE [0~
JIOCBI B036y>K,T.[eHI/IH npu 6.2 3B, a TakXKe I1e4n, COOTBET-
cTByromye 5.5 1 7.25 3B.

Mexanuueckue ceoticmea

Mexanndeckne cBorictBa (Momynb FOHra) nccmenosan-
HBIX 00pPa3I0B OIIEHNBA/IY METOOM CIEKTPOCKOINH TI0-
BEPXHOCTHBIX aKycTI4ecKux BonH (LAwave). [Ina nsmepe-
HIJI TOHKVX IVIEHOK TPeOYIOTCS BBICOKOYACTOTHbBIE BOJTHBI
C MaJoil ITTyOMHOI NPOHMKHOBeHMA. [IoBepXHOCTHDIE
aKyCTUYecKye BOJIHBI OYeHb UyBCTBUTE/IbHBI K XapaKTe-
PUCTMKAM IIOBEPXHOCTY MaTepuaa, fake eCay TOJINU-
Ha JICC/Ie[lyeMOTro MaTepuaja HAMHOTO MEHbIIe ITyOMHBI
IPOHNKHOBEHMA BONMHBL. CKOPOCTb pacnpoCTpaHEHU
SAW B 06pasriax 3aBUCKUT OT Tpex CBONCTB: Moayi [OHra,
koapummenta [lyaccona u morHocTy wieHku [24]. [l
IIPaBV/IBHOTO TIpVIMeHeHN MeTofa SAW MBI ICTIO/Tb30Ba/IN
MeTof XRR /11 OLleHKY IIOTHOCTH MCCTIENyeMBIX IITIEHOK.
Bce peHTreHOBCKIE KpUBbIe IeMOHCTPUPYIOT OCLMILALIUN
Kuccura n ykasbiBaloT Ha OGHOPOLHOCTD TOJILIMHBI II/IeH-
K11, IIEPOXOBATOCTD €€ HIDKHEN Y BEPXHEN IIOBEPXHOCTEIL.

B mabnuye 2 noxazaHbl pe3yIbTaThl M3MEPEHNUIT MOY-
ns1 FOnra ¢ momorpio SAW ¢ 1CII0/1b30BaHMEM TOJIIIVIHBI
U IVIOTHOCTHM, NOTy4YeHHbIX ¢ momoupio XRR. TonmuHa,
nsMepenHas XRR u SE, nokasbiBaeT ofHAKOBYIO TeHIEH-
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LMI0 C HeOONbLION CUCTEMATUYeCKOI
pasHuieil. BBefenne mopoobpasosates
B MaTepuan 100MS cHMKaer ero Imaor-
HOCTb Ha 28%, 4TO BIIOJIHE COITIACYETCS
C U3MepEeHHOI! 06aBOYHOIT IOPYUCTOCTHIO
100MS-P (V(100MS-P)-V(100MS)=26%).
Onnako ¢ o6pasmamu 100SB n 100SB-P
cutyauus mHad. IIpu stom usmeHe-
HIe IUIOTHOCTU cOCTaBMIO 0kKomo 10%,
a V(100SB-P)-V(100SB)=19%. 3tot dpaxr
CBUJIETE/IbCTBYET O TOM, YTO BBefleHMe I10-
pucroctu B obpaser; 100SB 3ameTHO yBe-
JIMYMIO TIOTHOCTD MaTPUIIBL.

V3 mony4eHHBIX Pe3y/IbTaTOB BUJHO
peskoe magenue mopynda IOHra npu po-
6aBneHnyu nopoobpasosarend B 100MS
(puc. 10). Ita TeHpeHIWs 0OBIYHO Xa-
pakrepHa g OSG-Marepuanos ¢ KOH-
IeBBIMI METVWIbHBIMM Ipymmami [5]. Jlo-
6asnenne BTESB B pactBop mpekypcopa
IPYBOJNT K IIOCTEIIEHHOMY YBe/TNYeHNIO
MeXaHMYEeCKOl NMPOYHOCTY MaTepuaa.
ITpu sTom npu 25 mon.% u 45 Mom.% Mo-
nynb IOHra ele HM30K, HO IPYU yBelNu-
yeHuu copiepsxanusa BTESB B Marepuane
fo 60 mom.% mopynp IOHra BospacTaer
mo 5.5 I'T]a.

B cyyae paccmarpuBaeMbIX B JaHHOI
paboTe MaTepuanoB MeXaHNYeCKIe CBOII-
CTBa I'MOPUHBIX MaTEPUANOB 3aBUCST
OT IIOPYICTOCTY ¥ CPeIHeNl CBA3aHHOCTH
(r) aTOMOB, BXOAIINX B COCTAB AUA/IEK-
TpUKa, ¢ Si [25]. Takum 06pa3om, KaxKblit
aTom Kucnopona B Marpuie SiO, moxer
00pa3oBbIBATD JiBe CBSI3M, @ CpeIHee 3Ha-
JyeHIe CBA3aHHOCTU MOXKHO PacCuMTaTh
IO YpaBHeHNI (2):

ank?”/c
ank '

rae k coorBetcTByeT atomam (Si mmm O),
1, — 9ICTIO aTOMOB, CIIO0COOHBIX 06pa3o-
BBIBATb IIETIOYKM CBA3EH, 7, — CBA3AHHOCTD
aroma faHHOrO Tuma. Hampuwmep, mus
crpykrypnl T-tuma (O,=8i-CH,), koto-
past, Kak oxuyaercs, OyeT TUINYHON Ya-
cThi0 Hax o6pasios MTMS, 3HaueHne
(r)=2.4, B To Bpems Kak unctbii SiO,, rne
BCe aTOMBI Si CBA3aHbI MeXTy 06011 aTo-
MaMI KUCIOpofia, umeert {r)=2.67.

(]-Si . 3[)071418 + % : 2lmnds) _

3
(1&-‘*‘2_0)

(ry= ()

example:{r), =

6

55 = 2.4.

(3)
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B o6pasuax BTESB ¢ 6eH3onbHBIMM
MOCTMKOBBIMM TPYIIIaMU 3 CBS3Y aTOMa
KPeMHIs COeIVHEHBl C MOCTMKOBBIMU
aToMaMM KMC/IOPOJa U OJHA CBA3b CBA-
3aHa C MOCTMKOBOII MOJIEKY/ION OeH30JIa.
CnemoBarenbHO, BCe aTOMbI Si cBs3a-
HBI MeXJ[y c000il M YMCTIO B3aMOCBS-
3ell MO/DKHO OBITb aHa/JIOTMYHO SiOZ,
(r)=2.67. CpaBHMBasi IJIEHKY OJ[IHAKO-
BOI1 IIOPUCTOCTY, HO Pa3HOTO COCTaBa
100MS-P u 100SB-P (puc. 10), MmoxHO
yBUIETD, 4TO pasHuLa B Moxyne IOHra
00DACHAETCA pasHUIlEll B YNC/IE CBA-
3aHHOCTY. OXMJAeTcs, YTO U3MeHeHe
CBSA3aHHOCTH B IVICHKAX C IOCTeIIeHHBIM
yBermrueHneM KonuenTpanuy BTESB 6y-
et miaBHbIM. CrejoBaTe/IbHO, HaO/oa-
eMoe usMeHeHne Moxyns IOHra ¢ mopo-
roM BO/m3n 50 Mo.% KoHIeHTpanuu SB
CBSI3aHO He TO/IBKO C (OPMaJIbHO paccyu-
TaHHBIM uncIoM {r). OOBIYHO KECTKOCTD
MaTepyanoB CBsA3aHA C TONONOIMYeCKO
CBA3aHHOCTDBIO CUCTEMBI B IielIoM. B Ha-
11X 06pasiiax CMEIIMBAIOTCS IBA Pa3HBIX
matepnana (MTMS un BTESB) ¢ pasubiMu
3HAUEHMAMM CBSI3AHHOCTU U MOJY/IeM
IOnra. CneoBarebHO, pasyMHOe 00bsIC-
HeHVe VI3MEPEHHbIX 3HaYeHMIT MOJLy/Ieil
FOHra MoxeT OBITb OCHOBAHO Ha MOJIEN,
KOTOpasl pacCMaTpyBaeT HALIM IUIEHKU
KaK KOMIIO3MIMIO 13 IBYX Pa3HbIX MaTe-
puanos. B IByXKOMIIOHEHTHOI CuCTeMe
C OYEHDb PA3HBIMM XaPAKTEPUCTUKAMU
XKecTKoCTu Monynb IOHra fo/KeH yBenn-
YMBATbCS OT MeHee )KeCTKOro MaTepyarna
K 60JIee TBepIOMY, KOT/Ja KOHIIEHTpaLis
JKeCTKOT'O MaTepuasa IpeBbllIaeT olpe-
JleTIeHHYI0 KpUTUYECKYI0 KOHIIEHT PaLIo,
Ha3bIBaeMYyI0 IIOPOrOM IIEePKOJIALIVMN.

JlonoHuTeIbHOE HEOOBIYHOE IIOBe-
ieHue HaONMofjaeTca B CIydae IVICHOK
100SB. IIpu aTOM BBefieHMe IIOPUCTOCTI
He NPUBOAUT K yXYILIEHNIO MeXaHuJe-
CKMX CBOJICTB, HaO/MIOfjaeTCA Haxke He-
3HAYUTeIbHOE yBemdeHne Mopy/asa IOura
(puc. 10). PasymHOe 06bsICHEHME CBA3AHO
C CaMOOpTaHN3alMell IVIEHK Ha OCHOBE
BTESB. lpan u gp. [26] nokasanu, uc-
nonb3ys AMP u VIK-®ypbe, ymeHbleHNe
HAIPsDKEHNS CBA3MU Y HeOOIbIIIOe YBe/N-
YyeHMe CTelleH!) KOHIeHCALUM C yBelnye-
HYEM [IIVHBI MOCTMKOBBIX COeJHEeHNI]
U3-3a yBe/IM4YeHNsA CBOOODbI BpallleHNs
U JOCTAaTOYHOI MUKPOIIOPUCTOCTH, 4TO-

Ne 2 (118) anpenb—utoHb 2023 T.
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OBl IPUCIIOCOOUTHCA K YBETMYEHNIO 00'beMa OpraHI4eCKIX
rpymi. [Ipekypcop unctoit mnenku SB (BTESB) goBonmbHO
0O/IBIION, 1 B OTCYTCTBME MOPYCTOCTY IVICHKA He MOXKET
caMoCOOMpaTbCs BO BpeMs OCKICHMA U3-3a CTePUIECKIX
OTpaHMYEHNIT ¥ OTPAaHMYEHHOIT CBOOO/bI BpaleHs1. Bee-
JieHVe TOpoo6pasoBaTesis AelaeT MaTpUIly IVIeHKH 6oree
9MACTUYHOI (0COOEHHO NIpU yAa/leHU) opoobpasoBare-
7is1), ¥ MaTpuLa IpuobpeTaeT BO3MOXKHOCTD A1st 6oriee ad-
dexrusHOI camoc6opku. CormacHo VHaraku u coaBTopam
[13], xoTopble paspaboramm marepuansl PMO ¢ BTESB,
OeH30/IbHbIE KOJIbIIa BBIPOBHEHBI II0 KPYTy BOKPYT HOPHI
¥ 3aKpETUIEHBI ¢ 00eMX CTOPOH CUINKATHBIMM LIeII0YKaMIL.
TugpodobHble GeH30/MbHbIE CIOU U TUAPOPUIbHBIE CHi-
JIMKATHBIE C/IOV PACIIONIATAIOTCS MOIEePEeMEeHHO BJJOIb Ha-
IpaB/IeHNs MOPBL. DTO CHIDKAET KOHIIEHTPALUIO TU/POK-
CUJIbHBIX TPYIIIL, IPYBOAUT K 00pa30BaHNUIO IePUOANIECKH
YIOPSOYEHHbIX Me30II0p, ! HAOIONAeTCsl KPUCTAIIIONO-
fo6Hass OpraHM3auusA OpPraHNYeCKMX MOCTUKOBBIX TPYIIIT
BHYTpM CTeHOK 1op. Hakower, chopmupoBaHHas MaTpuia
CTaHOBUTCA O0JIee IIOTHON (OHA 06pasyeT KPUCTa/UIONO-
HoOHbIE CTEHKM TI0p, KaK moKasaHo Vuaraku u fp. [13]
U TIONTy4eHHas nopucras maeHka 100SB-P moxer nmeThb
6oree BBICOKYIO JKECTKOCTD, Y€M IIJIOTHAsA 100SB, kak mo-
KasaHO Ha puc. 10.

3aknroueHme

Iopucrpiit guanexrpuk PMO ¢ pasninuHbIM cooTHOLIe-
HJeM MeTV/IbHBIX KOHI|eBBIX IPYIIII U G€H30/IbHBIX MOCTH-
KOBBIX I'PYIIII HAHOCHUJICSA C MCIIOIb30BAHMEM CMeC MeTI-
tpuMetokcucuaana (MTMS) u 1,4-6uc(TpuaToKcrcmmn)
6ensona (BTESB) B pasnmnyHOM MO/BHOM COOTHOLIEHNUN
(0, 25, 45, 60, 100 mo1.% BTESB). ITnenku Obuin Ha"ECE-
HBI Ha KpeMHIEBbIe IIACTHHBI € MICTI0/Ib30BAHMEM METOfia
EISA, repmuuecku oroxxoxeHbl Ipu 430 °C 1 uccnefoBaHbl
C UCII0/Ib30BAHMEM Pa3/IMYHbIX COBPEMEHHBIX MHCTPYMeH-
TOB.

IToxasano, 4TO pasMep MOp ¥ MEPOXOBATOCTD IIOBEPXHO-
CTH IJIEHOK YMEHbLIAIOTCA C YBeIMYeHMeM KOHIIeHTpaLuy
6eH30/IbHBIX MOCTUKOBBIX Ipynit. OfHako Hanbonee C1b-
HbIe I3MEHEHNA pasMepa IIop U MepOoX0BaTOCTY IIPOUCXO-
AT IPY KOHLIEHTpaLuy OeH30/IbHBIX MOCTMKOBBIX TPYIIIL
MeHee 25 M0m1.%. HaunHas ¢ KOHIeHTparyn 6eH30/TbHBIX
MOCTHMKOBBIX IPYIII 25 MOIL.% pasMmep IOp M IIepOXOBa-
TOCTb TIOBEPXHOCTY MA/Io M3MEHAIOTCA IPU AaTbHeNIIeM
yBeMM4YeHUM KOHLIEHTPaLM/ MOCTUKOBBIX IPYIIIL.

TiarenrpbHbII IOKOOP MPEKYPCOPOB IUIEHOK M YC/IOBMIL
HaHeCEHM VI OTXKNUTA, MCKTI0YAOIINX Pa3pblB XMMIYECKIX
CBsi3€l1, ¥ aHA/IN3 XMMMIECKUX 1 CTPYKTYPHBIX CBOJICTB I10-
3BOJIA/IN CIIeTIaTh BBIBOJ, YTO MICTOYHMK TFOMIHECIIEHII N
He CBSI3aHBI C HA/IMYMEM KIUCIOPOOfieDUIIUTHBIX IIEHTPOB,
KaK B cmydae uucToro SiO,, 9To TakKe MPENCcKasaHo s
OpraHOCUMINKATHBIX low-k-guanexTpukos [27-29]. Ilo-
Ka3aHO, YTO MCTOYHMKAMM JIIOMUHECIIEHLIMN SBISIOTCS
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yI/IepoficofiepKalliyie KOMIIOHEHTBI, BXOZAIIE B COCTAB
low-k-MaTpuipl, a TaKkXe yITIepofHbIe OCTATKH, 0Opasylo-
1Mecs IpY yAaJIeHN1 Iopoobpa3oBateis 1 pa3pyleHNn
OPraHOCHU/IMKATHOTO AMA/IEKTPUKA, COfEPXKAIUX KOHIIEBbIE
MeTWIbHble Ipyminsl. HabmogaeTcs JOCTaTOYHO XOpOLIas
KOPpe/ALUA MeXJY Heprueil MMKoB (GOTOTIOMIHECIIeH-
LMY ¥ XUMITYECKVIM COCTABOM.

KoHieHTpanysa 6eH30/bHBIX MOCTMKOBBIX TPYIII TaKXe
YBEIUUMBAET AUIEKTPUUECKYIO IPOHNUIIAEMOCTD Y YIy4-
IITaeT MeXaH4ecKue CBONCTBA. [ToBbILIeHNe MaIeKTpude-
CKOJ1 IIPOHNUI]AeMOCTH CBSI3aHO KakK ¢ OOJIbIIelt IOApU3y-
€MOCTBI0 O€H30/IbHBIX MOCTMKOBBIX IPYIII 110 CPAaBHEHUIO
C METWIbHBIMY IPYIIIIaMU, TaK U C O0JIbILIelT TUAPO(UIbHO-
CTBIO TUICHOK, COflepKalluX OeH30/IbHble MOCTUKOBbIE IPYII-
nbl. YBermuenue Mopyis FOHra ¢ KoHueHTpanuest 6eH30/Ib-
HBIX MOCTVKOBBIX I'PYIII HOCUT NePKO/IALMOHHBII XapaKTep
¥l Pe3KO BO3pacTaeT Ipy KOHL[EHTpaLuy OeH30/IbHbIX MO-
CTMKOBBIX Ipym, 6/1m3koit Kk 50 Mor.%. Taxoke 6b10 06Ha-
PY>KEHO, 9TO BBEfIEHVE TIOPUCTOCTY OKOMO 30% B YMCTBIN
BTESB (100SB-P) 6e3 KOHI|eBbIX METH/IbHBIX TPYILII YBE/IN-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

uyBaet Mopy/b IOHra. [Ipegmnonaraercs,
9TO TaKOe HeOOBIYHOE TIOBEfIeH e CBsI3a-
HO ¢ GOpMIPOBaHNEM KPUCTATIIONOA00-
HOJI CTPYKTYPBI Ha KapKace IJIEHKIL.

ABtope! 6marofapar VBana OBuUMHHN-
KoBa 3a nposefeHne AFM-usmepeHmii.
Pa6oTa yacTU4HO OAEp)KaHA IPAHTAMU
PODI Ne18-29-27024 m Ne18-29-27022,
MUHUCTEPCTBOM HayKMU M BBICIIETO 006-
pasoBaHua Poccuiickoit Pepepanun
(mpoext FSFZ-2023-0005) u Muun-
CTepCTBOM HAYKM U BBICIIETO 00paso-
BaHuA Poccuiickoit Pegepannun B pam-
Kax rocygapcrseHHoro saganusa OTU
um. K.A. Bamesa PAH (npoextr ®OHH-
2022-0019), a Tak>Ke 4acTh UCCIENOBAHNS
BBIIIOJIHEHA 3a c4yeT rpanTa Poccuiickoro
Hay4yHoro ¢onga Ne23-79-30016 (https://
rscf.ru/project/23-79-30016).
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Abstract @

In this work, the critical properties of a periodic mesoporous organosilicate dielectric with different ratios of ben-
zene bridging and methyl groups are studied using various modern methods, such as ellipsometric porosimetry,
surface acoustic wave spectroscopy, X-ray reflectometry, and others. It is shown that the pore size and surface
roughness of the films decrease with an increase in the concentration of benzene groups, although at a concen-
tration of >25 mol.%, the pore size sharply decreases and changes little with a further increase. With an increase
in the concentration of benzene groups, the dielectric constant also increases and the mechanical properties im-
prove. The increase in Young's modulus has a percolate behavior and increases sharply at a concentration close
to 50 mol.%. It was found that the introduction of 30 wt.% porosity in films with benzene groups, in which there
are no methyl groups, leads to an increase in Young's modulus. This behavior is associated with the formation of
a crystal-like structure on the film framework. An increase in the dielectric constant is associated with the greater
polarizability of benzene groups compared to methyl groups, as well as with their greater hydrophilicity and the
presence of adsorbed water.

Keywords: low-k dielectrics, porosimetry, FT-IR, surface acoustic waves, mechanical properties.

*The work was financially supported by RFBR (projects 18-29-27024 and 18-29-27022).
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Table 1. Sample abbreviation and composition of precursor films used
in this study

sample D MTMS/?TESB Concentration of pore
ratio former, wt.%
100MS 100/0 0
100MS-P 100/0 30
25SB-P 75/25 30
45SB-P 55/45 30
60SB-P 40/60 30
100SB-P 0/100 30
100SB 0/100 0
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Fig. 1. Scheme of the formation of OSG films from alkoxysilane precursors; inset 2 to the figure shows the formation and structure of a methyl-
terminated OSG film from MTMS-like precursors. R" and R are alkyl groups (in the case of MTMS both are CH3). The terminal methyl groups in the
deposited films are located on the surface of the pore walls.
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Fig. 2. Temperature evolution of Si-O-Si and Si-CH, peaks in PMO materials deposited from MTMS/BTESB mixture (a) and OSG materials deposited
without BTESB (low-k films with methyl groups) (b).
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Fig. 3. FTIR spectra of porous and non-porous MTMS/BTESB samples annealed at 430 °C. The intensity of absorption peaks in the region of 4 000~
2800 cm™ is increased by 8 times for better visibility.
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Fig. 4. Refractive index RI  measured by the SE method and matrix refractive index RI,

1.7

WHTErPAJIbHbIX CXEM

Refractive index

Rl

BECTHHK P

i (estimated by the EP method) for films deposited from a

mixture of MTMS/BTESB with a porogen content of 30 wt.% after additional (before measurement) annealing at 430°C. The data is also summarized

in Table 2.

Table 2. Summary of the main physical properties of the studied samples

Sample ID 100MS | 100MS-P | 25SB-P | 45SB-P | G6OSB-P | 100SB-P | 100SB
RI,, 138 127 138 137 137 1.40 151
R, 1415 142 150 154 156 1,60 158
80'“"” porosity, 75 331 212 28.1 30.8 29.3 102
Dielecric constant | 72,1 05 | 2.93:0.05 | 2.69:0.05 | 2.71:0.05 | 2.9240.05 | 4.48:0.05 | 7.69:0.2
(at 100 kHz)
Thickness (EP), nm | 239 226 171 200 195 205 182
Thickness (XRR), nm | 215 195 161 195 178 178 176
Density, g/cm? 119 0.86 114 110 119 128 143
é‘;‘;"gsmod“'“s' 5.94+0.09 | 0.36+0.01 | 0.88+0.02 | 1.12+0.02 | 555+0.08 |10.86+0.17 | 9.8+0.10
0.8
0.6
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Fig. 5. Surface roughness as a function of the MTSM/BTESB ratio in the dielectric composition. The worst roughness has the pristine 100MS. Adding
porosity and BTESB to the low-k composition reduces surface roughness.
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Fig. 6. Adsorption/desorption isotherms of the studied porous samples: a) 100MS; b) 100MS-P; c) 25SB-P; d) 45SB-P; e) 60SB-P; f) 100SB-P; g) 100SB.
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Fig. 7. Pore size distribution for all studied samples: a - 100MS; b - 100MS-P; ¢ - 258B-P; d - 455B-P; e - 60SB-P; f - 100SB-P; g - 100SB.
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Fig. 8. PL spectra (a) of the nonporous OSG 100SB film upon excitation by photons of 5.6 and 7.3 eV (b) of porous 100SB-P films upon excitation by
photons of 5.6, 6.2 and 7.2 eV (b) and (c) PL excitation spectra (PLE) for the film 100SB.
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Fig. 9. PL spectra of (a) 100MS upon excitation by photons of 6.2 and 7.0 eV and 100MS-P upon excitation of 6.2 eV and (b) PL spectra of 100MS
excitation.
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Fig. 10. Young's modulus as a function of the concentration of benzene bridging groups.
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WHTETPAJIbHbIX CXEM

ViccnegoBaHye TOHKUX MMOPUCTHIX INIEHOK HA OCHOBE
IpeKypcopa, cofepsKaniero peHnIeHoBble MOCTKOBBIE
rpyInmnbr*

H.A. Bopomwvinuyes, A.C. Bumnesckuii, /].C. Cepeaun, K.A. Bopomunos, A.C. Cuzos, M.P. baxnanos

Pa6ota HanpasneHa Ha 1ccneaoBaHne MUKPOMOPUCTOM OPraHOCUNNKATHOM NMNEHKI C (DEHNIIEHOBBLIMI MOCTUKAMI, @ TaKKe
MonbITKy ee ruapodo6usawnn nytemM MoguUKaLmu noBepxHOCTH napamu rekcametungucunasana (HMDS). MonyyerHas
13 NNEHKO0OPA3YIOLLEro pacTBOpa NneHka ¢ 1,4-theHnneHoBbIMI MOCTMKAMK 06naaana 60nbluuM Moaynem HOHra u manbim
pasmepom nop. OaHaKo u3-3a CTEPUYECKIX APMEKTOB NPy HOPMUPOBAHII NMEHKN HA MOBEPXHOCTI 0CTAaBANOCh HOMbLLIOE
KOMM4YECTBO HEMPOpearpoBaBLLNX CUMAHONOB. MMapothobusauns, uHayumupoaHHas HMDS, CHIKAET KONMMYECTBO OCTATO4HbIX
CUNAHONOB W afcopObMPOBaHHbIX HA HUX MOMEKYN BOAbl. CHUKEHME MOBEPXHOCTHON TMAPOMPUALHOCTU NNEHKW NPUBENO
K yBENM4EHMI0 3Ha4eHNA WCA, @ TaKKe K YMEHbLLEHUH AMANEKTPUYECKOA NPOHILIAEMOCTI 11 TAHFEHCA YrNa ANANEKTPUYECKNX NOTEPb.
ANNUNCOMETPIUYECKAA NOPOMETPHUA NOKa3ana CHIKEHIE OTKPBITOR NOPUCTOCTYM 663 MMEHEHMS PACTpefeNneHIns Nop No pasmepam.
OpHako WK-cnekTpockonus ¢ npeo6pa3oaHneM Oypbe YKa3biBAET HA OrPaHN4EHHYI0 BPEMA3ABMCUMYK) TEMMNEPATYPHYHO
CTabUIbHOCTb METUIbHbIX FPYNM, BBEAEHHbIX Npu 06paboTke B napax HMDS. TepmoobpaboTka ruapodo613upoBaHHON NieHKN
NPOAEMOHCTPUPOBANA CHUXKEHUE OTKPBITON MOPUCTOCTM, MEHBLLYIO YCaaKy U 60nbLuni Mogynb HOHra.

KnroyeBble cnoea: MUKpONOpuCTas nieHka, CUNoKcaH ¢ 1,4-cDeHnneHoBbIM MOCTUKOM, low-K-A13anekTpuki, ruapodobusauns,
CUNUNNPOBaHWE, rekcameTUnancunasaH.

*Paboma evinontena npu gurarcosoti noodepixe PODI (npoexmor NeNe18-29-27022 u 18-29-27024).

Beenenue

Marepuanpl ¢ HU3KON JUIIEKTPU-
veckoit mpouunijaemoctoio (low-k), ra-
KJle KaK IOpPUCTbIe OPTaHOCUIMKATHbIE
CTeK/a, UCHONb3YIOTCA B MUKPOIJIEK-
TPOHMKe [/ YMeHbIIEHUA 3aJepiKeK
CUTHa/la B MHOTOYPOBHEBBIX CUCTeMaX
MeTannusanyuyu. HecMoTps Ha Bce cBon
IpeuMYyIecTBa, BBefleHUe B MaTepuasn
CYOTpPaKTUBHOI MOPUCTOCTY (yAaneHue
MOJIEKY/I IIOpOTeHa 13 00beMa IJIeHKN
¢ 0o6pasoBaHMeM IIOPYCTOI CTPYKTYPHI)
pas3IMYHBIMU METORaMU, B TOM YUCIIe
C TIOMOIIIBIO 30/1b-T€/Tb-TEXHOIOT I, IME-
€T CyIlleCTBeHHbIe He[OCTAaTKN, a UMEH-
HO: YXy/ilIeH}e MeXaHIYeCKUX CBOIICTB,

MIP3A — Poccuiickiii
: TEXHOMOMNYECKMIA YHINBEPCIATET

MWP3SA — Poccuiickuii

A
o ~g
TEXHOMOMVHECKYIA YHUBEPCUTET
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TEXHONOMNYECKIAN YHUBEPCUTET

TEXHOMOrM4ECKNIN YHUBEPCUTET

HeOOXOMMMBIX [I/I1 MHTEIPAIUY, & TAK)Ke aficOpOIINI0 MO-
JIEKYJI BOJIBI 32 CUET OTKPBITO IIOPUCTOI CTPYKTYPBI, YTO
IaryoHo BIIMsET Ha 97eKTPOpM3nUIecKyie CBOVICTBA.

B mocnennee Bpems 6onee monynsapusivMu cramu OSG
low-k-Marepnanbl ¢ MOCTUKOBBIMY YIJIEPOJHBIMHU IPYII-
namu. MaTepuanbl ¢ MOCTMKOBBIMM OPraHMYECKUMMU
IPyIIIaMy MOTYT 00pa3oBBIBATh IVICHKY C YIIOPS/IO4YEH-
HOIT TOPUCTOCTHIO, U UX HA3BIBAIOT MEPUOTNIECKUMI Me-
30IIOPUCTBIMU OpraHoCUIuKaTamu (periodic mesoporous
organosilicates - PMO) [1]. BxntoueHHbIe MOCTUKOBbIE
aJIKV/IbHBIE TPYIIIBL HO/DKHBI YAYYIIATh MeXaHU4YecKue
CBOJICTBA M3-3a 60JIee BHICOKOM JKECTKOCTY Ha U3IHUO CBsI-
3eit Si-C-Si, yem y Si-O-Si [2, 3]. IloBbleHHast TPOYHOCTD
3TUX TIEHOK BaXKHa JIJISl TEXHOIOTUM MHTerpanun back-
end-of-line (BEOL) n nagesxxnoctu ycrporicts ULSL

[l MaHHOTO 9KCTIEpUMEHTa B KadeCTBe KpeMHUITopra-
HIYECKOTO TIPeKypcopa ObIT BBIOPAH alKMIEHCUIOKCAH —

BOPOTbLIHLEB BULLIHEBCKUI CEPETMH
Omutpuia Anexceii Gepreesny Avutpuin Cepreesuny
AnekcanppoBuy MVP3A — Poccuiickuit MUP3A — Poccuiickuit

TEXHONOTMYECKWI YHVBEPCUTET

 J
BOPOTUJI0B ‘R\ curos BAKJIAHOB
Konctantuu \  Anekcanpp Cepreesuy Muxaun PopnonoBuy
AHaTonbeBuy T4 MUP3A — Poccuiickuit MVP3A — Poccniickmit

TEXHOMOrM4ECKMIA YHUBEPCUTET
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WHTErPAJIbHBIX CXEM

1,4-6uc (tpuarokcucummn) 6enson (BTESB), comeprxarnuit
1,4-bennnenosyro MocTukosyio rpymmy, =Si-C H -Sis,
II0CKO/IBKY IVIEHKY, IOy YeHHBIE C MCIIOMTb30BAaHUEM 3TOTO
MOCTUKOBOTO IIPEKYPCOpa, ABIAITCA APKUM MIPeACTaBN-
TeneM low-k-1a/meKTpuKoB, 06/1agaoIuX OOMBIINM MO-
mynem IOnra n manbimu pasmepamu nop (papuyc 0.76 HM).

Cxema IKCIIEPUMEHTA, MAaTE€pUA/Ibl I METOABI

JI/1s1 IpOBefieHNs MCCIeOBAaHNil ObIIN IIPUTOTOB/IEHBI
06pasipl OSG-IJIEHOK ¢ pas/IMYHBIMYU KOHIIEHTPALUAMI
1,4-(heHMIEHOBBIX MOCTUKOBBIX Ipymil. [l IpUroTos-
JIeHUsA IJIEHKOOOPa3yIolUX pacTBOPOB MCIIOIb30BaIN:
metwiaTpuMetokcucunan (MTMS, >98%, Fluka) B kaue-
CTBE MeTWI-MOAM(MULMPOBAHHOTO /IIKOKCU/IA KPEMHIUA
u 1,4-6uc(rpustokcucummn)6benson (BTESB, 95%, ABCR),
coflepKaluii OpraHMIecKyl MOCTMKOBYIO TPYIIITY MEeXIY
aroMaMy KpeMHIA. KOMIIOHEHTBI CMeINBaNy B TeTParu-
npodypane (TTD, 6e3BogubIil, 299.9%, Sigma-Aldrich)
B IPUCYTCTBUY IeMOHN3MPOBAHHOI BOAbL. B KauecTBe Ka-
Ta/13aTOPA UCIONb30BANN CONAHYIO KUCIOTY (HCl, 37%,
Sigma-Aldrich). BTESB cmemmBamn ¢ MTMS B momp-
HBIX KOHLIEHTpalMAX, paBHbIX 0, 25, 45, 60 u 100 mon.%.
Copep>xaHne BOAbI Ha METOKCUTPYIIITY B PAacTBOpPe CO-
crasnano 0.4, monbHOe orHOmeHe MTMS:HCI cocTas-
nsmo 1:0.001. KoHeyHOe 3KBUBa/NeHTHOE cofepKaHue Si
B PacTBOpax cocTaB/so 5.3-6.7 macc.%. Iloporen Brij
L4 (C,H,.(OCH,CH,),OH) ot Sigma-Aldrich ¢ monaproit
Maccoit 362 r/MOJIb MCIIO/b30BAJICA B KaUeCTBE CTPYKTYPO-
00pasyIolLero areHra B polecce CaMocOOPKY, BbI3BAHHOI
ucnapenueM (evaporation-induced self-assembly — EISA)
mnst popMupoBaHms HOPUCTOCTY 1TeHOK [4]. KoHuenTpa-
1y noporena cocrasnsana 30 macc.% ot cymmb MTMS
u BTESB. [Inenku ¢opmMmpoBamyu 13 MpPUrOTOBIEHHBIX
IJIEHKOOOPa3yIoIMX pacTBOPOB Ha KPEMHMEBBIX IIIa-
CTMHAX METOJOM LIeHTpU]YrMpOBaHus, IOC/IE Yero Mof-
Bepraiy ux Cymke Ha ropsdeit muurke npu T =120 °C,
30 MUH, 3aTeM Tu=200 °C, 30 MyH. OT>XUT IPOBOAVIIV IPU
Tu=430 °C, 60 MuH.

Tommuny (d) n nokasarens npenomnenns (RL; n) me-
HOK OIIpefie/IsA/IN METOZIOM CIIeKTPAIbHOI ST/TUIICOME TP
(ammumncometp SE850, Sentech) mpu yrie nagenus myda 70°
u fuanasone aiuH BomH 300-800 HM. 3HaueHMs d U 1 pac-
CUNTAHBI C VICIO/Mb30BaHMeM Mofien Ko TpexcroitHoin
(BO3[yX/TIeHKA/KPEMHMIT) CTPYKTYPBI, COOTBETCTBYIOIIEl
IJIMHE BOMHBI 632.8 HM. YcafIKy pacCUMTBIBaIN IO CIefy-
1omeit Gpopmyre.

Ad= 100%, (1)

1

r7ie d, - TOMIMHA NCXOHOM T/IEHKN, d, — TONIIMHA IIEHKN
nocsie 06paboTKM.

[l aHaMM3a XMMIYECKOTO COCTaBa M CTPYKTYPbI IVIEHOK
ucnonbsosamu VK-®ypre-cnexrpockonmio. VIK-crexTpsr
IOITIOIeHNs perucTpupoBamu Ha Oypbe-criekTpoMerpe
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Nicolet 6700 (Thermo) B pexxume mpo-
IyCKaHNA C paspelleHyeM 4 cM' B pac-
IIVPEeHHOM JIMaIia30He BOTHOBBIX YMCeT
7 400-400 cm’. [T xaxporo obpasia
PETUCTPUPOBAIN HECKOTIBKO (4-6) crek-
TPOB C OTHOCKUTENBHO Hebompumm (32)
YMC/IOM CKaHMPOBAHMII B PasTMIHBIX
TOYKAX, a 3aTeM IIPOBOAVIIN YCpPeAHEeHMe
JUIA YMEHbIIeHNA MyMOB. ba3oByio -
HIIO KOPPeKTUPOBAIIY C UCIIONb30BaHNEM
HOIMHOMUA/IBHO-CUTMONIAIbHOI (PYHK-
1y npubmmauTenpHo 10-ro mopsaka.
[ly1sl OLleHKM 3HAYEHUIT JUI/IeKTpude-
cKoit mponntaeMocty (k) 1 TaHreHca yria
IV9NEKTPUYecKuX notepb (tg §) obpas-
I0B MCII0/Ib30BANMN PTYTHBII 30H (MDC
802B-150) ¢ zramMeTpOM KOHTAKTa OKO-
10 790 MKM U M3MEPUTEIbHYIO CUCTEMY
CSM/Win Semiconductor Measurement
System (Materials Development Corpo-
ration) ¢ LCR-meTpom (4284A, Agilent).
Teomerpust M pacmpefeneHne Imop
ObIIM OXapaKTePM30BAHBI C MTOMOIIBIO
MaJIOyIJIOBOTO PEHTTeHOBCKOIO pacce-
SHVA CO CKOMIb3SAIIMM IafieHVeM JIyda —
GISAXS ¢ ucnonp3oBaHMeM KaHama
BL23A B HanuoHanbHOM LIEHTpe UCCIIe-
JIOBAaHMII CUHXPOTPOHHOTO U3JTy4eHMs
B Cunpwxy, TaiiBanp. [Tagarommii my-
YOK MOHOXPOMATU3MPOBAICS [0 [JIN-
uer Bomubl (\) 1.55 A ¢ paspemennem
AMA=107. Tlogpo6Has uHOpManusa
0 [eTeKTOpe, JualasoHe BOTHOBOTO
BEKTOpa paccesHMA (q), yIe IafeHns
Yl SHEPIUY PEHTTEHOBCKOTO M3TyYeHMs
6bi1a onucana B [5]. Bce GISAXS pan-
Hble OBUIM CKOPPEKTUPOBAHBI C YYETOM
HpornycKaHusA 06pasia, GoHa U YYBCTBU-
TE/IBHOCTH J€TEeKTOpa. 3aTeM reOMeTpus
nop OblTa IpoaHaNTU3UPOBAHA U CMOJIe-
NMpPOBaHa C VICIONb30BAaHIEM MOJE/N
IVIVHApa [6] Ha OCHOBE IPOrPaMMHOTO
obecneyenusa SASView (Caltech).
OTKpbITask HOPUCTOCTb U pacHpefe-
JleHMe TIOp 1O pasMepam ObUIM OljeHe-
Hbl C IIOMOIIbI0 MeTOJa 3JIUIICOME-
tpudeckoit nopometpun (ellipsometric
porosimetry - EP) [7]. Jna aroro nc-
HO/Ib30BA/IN CIIel[MaNbHO pa3paboTaH-
Hywo B PTY MUPSA nopomerpudeckyo
IPUCTaBKy K 9/UIMICOMETPY Ha 6ase
IIByX BBICOKOTOYHBIX PacXoJOMepOB
(D512MG, Horiba). Pacxogomepsr ocy-
IIeCTB/LA/IN MIPeL3MOHHOE YIIpaB/IeHue
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COCTaBOM IIapOTra3oBOIl CMecH, I0ofaBa-
eMoll Ha obpasell 4yepe3 CIelMaNbHOE
como. [lepBblit KOMIIOHEHT ITapoOraso-
BOJ1 cMecH — a30T. Bropoil KOMIIOHEHT -
a30T, KOTOPBII IPOOY/IbKMBAETCSA Yepes
TepMOCTAaOMIN3NPOBAHHBI OapboTep
C XKUAKUM aficopHaToM (M30IPONIIOBBLI
crinpt, VIIIC). OTKpbITasA HOPUCTOCTD —
V., en ~ TUICHOK PACCUNTHIBANIACH KAK 00b-
€M KOHJIEHCHPOBAHHOTO SKIKOTO afICop-
6ara [8] Ha OCHOBe 3HAYEHNIT II0KA3aTe/IA
Ipe/IOM/IeHN s, UI3MEPEHHBIX BO BpeM:d
agcopbunu (ncﬂ), C VICIIO/Ib30BaHMEM MO-
IuQUUMPOBAHHOrO ypaBHeHMA JIopeH-

na - Jlopenua [7, 9]:
ny—1 ni—1
)
o, — 1
s) ®)

Iie 11, — TIOKa3aTe/b PENOM/ICHMA TOPH-
CTOI TIIEHKY, YACTUIHO WM IIOTHOCTHIO
3aII0JITHEHHOII MOJIeKylIaMu ajcopbara,
n_ - IO0KasaTe/lb IIPe/IOMICHNS IICHKU
110 ajicop6uym (IycThie OpbI), 1, — TI0-
KasaTeJIb IPeJIOM/IEHNS )KUIKOTO aficop-
6ara (1.377 gna VIIC). Pazmep mop pac-
CYMTBIBAIM IO KPUBOJ HOCTEIIEHHOTO
3aroHeHus (acopOLyM) 1 OOPOXKHE-
HuA (fecopOLuM) IOPUCTOI CTPYKTYPBIL.
Pasmep Me3010p paccUnTBIBAIM IO YPaB-
HeHuto KenbBuHa, a pasMep MUKPOIOP
OIpefe/Ls/IN 110 ypaBHeHuto [lyouHuHa —
Pagymkesnya, afanTMpOBAaHHOMY /A
nopomerpuu [10]. 3HaueHMA MoOpyns
FOHra nIeHoK oIeHNMBaINCh 10 SKCIEPHU-
MEeHTa/bHBIM M30TepMaM Aedopmannn,
BBI3BaHHOIT fecopbreit [11].

Hanonnpentuposanne (NI) ucnons-
30Ba/IOCh fi/1A M3MepeHus mopyns IOHra
(Y,,) mnenok. Vsmepenns npoBOAMIUCH
¢ IOMOIIbI0 HaHOMHAeHTOpa Nano In-
denter XP System (MTS Systems Cor-
poration) B HerpepbIBHOM pexxume. [1n-
paMupanbHbII HAKOHEYHUK bepkoBuya
VICTIONIb30BAICA JIA MOTy4eHNsA MpuBe-
nennoro monynA (E). ins onpenenenus
Mopyna ynpyroctu (E) mncronb3osancs
merop Omusepa — ®appa [12]. Kpome
TOTO, I/Iy0VHA BIABIMBAHNA COCTABIIANA
He 60see 20% OT TONIIVHDI IUVIEHKI, YTO-
Obl VICKTTIOUNTH BJIMSIHME KPeMHUEBOI
ITOJIOXKKIA.

AHanmus CTOMKOCTY OCaXKIEHHBIX TI/Te-
HOK K TepMIYeCKOMY OTXWTY 1 OIIpefie-

Vopen = 100% (
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JIeHVe MEeXaHU3MOB VIX BO3MOXKHOTO pa3pylIeHNs OCTa-
TOYHBIM KUC/IOPOZOM ObIIM IPOM3BEEHBI C IOMOIIBIO Te-
opun ¢pyHKuMoHana wiotHocTu (density functional theory
- DFT). Pacuerst DFT 6bU1t OCHOBaHBI Ha MPUMEHEHNN
¢yHnkumonana PBE0-D3 [13-14], KoTOpblit BK/IOYaeT JIOH-
IIOHCKIIe AVCIIePCMOHHBIe B3auMopelicTBuA [15] Ha ypoBHe
teopun PBE0-D3/6-31G”, peanusoBaHHbIil B TporpaMMme
Jaguar 9.6 [16]. 3nauenn: monHoit sHTanbIVMM (H) 1 CBO-
6onHoit aHeprum [166ca (G) 6bUIV HOTYYeHBI M3 YACTOTHBIX
pacueToB. Pasnocty BeruncieHHbIX H 1 G MeXly peareHnTa-
MM U TIPOAYKTAMM HPENCTABIAIT co601t sHTanbmmo (AH)
u cBo6ozHYI0 sHepruio [M66ca (AG) faHHON peaKumi.
[l aHanM3a MOBEPXHOCTHOM ruAPOodOOHOCTI C TOMO-
b0 M3MepuTens Kpaesoro yrna (DSA25B, KRUSS) 651
HOJTyYeHBl CHUMKM YITIa KOHTAaKTa ¢ BOHoil (water con-
tact angle - WCA) To/mbKO 4TO IPUTOTOB/IEHHBIX 00-
pasuoB-clyTHUKOB. 3JHaueHNsAs WCA omnpefesiinch Kak
cpepHMe 10 7-9 To4KaM, B KXXI0M U3 KOTOPbIX Aenanu 10
CHMMKOB. VI3MepeHus IPOBOANIICH IIPY KOMHATHOI TeM-
neparype (~21 °C) 1 aTMOCEPHOM JjaB/IeHNY C IIOMOLIBIO
npunoxenns KRUSS ADVANCE ver. 1.13.0.21301, ncronb-
3ys mopenb Ellipse (Tangent-1) mm Young-Laplace ¢ aBTo-
MaTMYeCKVM BBICTaB/IeHUeM 6a30BOI IMHNIINL.

O6cy>KpeHne pe3ynbraToB

Ha puc. 1 npepctasnensl FTIR-crieKTpbl OTOMXOKEHHBIX
nopuctbix OSG-mieHok. Hanbomnee nHTeHCUBHbBIE MMKN
Ha FTIR-criekTpax cBs3aHBI C CUIVKATHOI MaTpuLel (Ba-
neHTHbIe Konmebanns Si-O-Si mpu 1 200-1 000 cm™) u ¢ koH-
uesbIMu MeTUIbHbIMHI rpynnamu Si-CH, (~1 275 cm™), xa-
pakTepHbMU 11 pa3imaHbix OSG low-k-mienok [17-18].
Bupano, 4to crekTpsl 06pasios 25B-100B umernT oT/m-
YyTe/IbHbIE NO/IOCHI IIOI/IOeHNA, 00YC/IOBIEHHbIe HaJIN-
4yeM B €r0 CTPYKType MOCTUKOBBIX 1,4-heHnnIeHOBBIX
(p-mM3aMelleHHBIX) Koyell. MOXKHO OTMETUTD CTIeAyIoIye

BECTHMK Pl

] Si-0-Si, C=C

1 0B s
5] -8 ; = -
N ] | N
S | 5B C-H konsua %:,Qﬁ
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5 i SiOH,H-OH \ o S
S 1 —100B ! | =
=
g ] S
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Puc. 1. FTIR-cnexmpot nepuodudeckux me30nopucmolx KpemHutiopeanuueckux nieHox ¢ 1,4-ge-
HUZIEHOBbIMU MOCUKAMU ¢ KoHuernmpayueii om 0 do 100 mon.%, omoxcxennvix npu 430 °C

6 meuenue 30 MuHym Ha 6030yxe.
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XapakrepHble nomnocsr: 3 050, 1600, 1510, 1150, 1025,
525 cm™ [19].

KonnyecTBeHHbINT aHANMN3 CIEKTPOB MIOKA3bIBAET, YTO
yBenmMuenye cofiepkannsa ankunencunokcana BTESB yse-
NMMYNBaeT MHTEHCUBHOCTb MOCTMKOBBIX KOMIIOHEHTOB
¥ yMeHbIIAET KOHIeHTpanuio cBaseit Si-CH,, a Taxke yBe-
NNYMBAET KOIMYECTBO IOBEPXHOCTHBIX CU/IAHONIOB 1 afi-
copbupoBanHoit Boap! (mmmpokas nonoca Si-OH, H-O-H
Ha 3 600-3 200 cm! n ik Si-OH na ~950 cm™). B mabn. 1
HpUBeieHbI CpaBHUTeNbHbIE faHHble 11 OSG-06pasion
C Pa3IMYHBIMY KOHLEHTPALMAMY YITIePOJHBIX MOCTUKOB.
O6paser; 0B HaHOCU/IN € UCTIONB30BaHMeM TONbKO MTMS
(mmenkoo6pasyroumit pactBop He copepxan BTESB). O6-
pasis 25B, 45B, 60B (akcrmepuMeHThI 2-4) ObIIN HaHeCe-
HbI 13 cMect MTMS n BTESB ¢ pasHbIMI COOTHOILIEHUAMU
U COflepKaT KaK KOHL|eBble METU/IbHbIE, TAK U 1,4-(beH1/me-
HoBble MocTyK. O6paser; 100B HaHOCHIN € MCTIONB30BA-
HIeM TOMbKO ankwieHcmnokcana BTESB 6es MTMS.

Kax y>xe ynioMmHan0ch, KOHLIEHTPALMIO IOPOreHa COCTaB-
nsama 30 Macc.% OT CyMMBI alKWI- M aTKMIEHCUIOKCAHA.
BbI10 06HapyKeHO, 4TO 00pas3Libl 13 SKCIEPUMEHTOB 4-5,
coziepkalye 60/IbIIOe KOMYeCTBO MOCTUKOBBIX YITIEPOJi-
HBIX I'PYIIIL, AB/IATCA IUAPOQUIbHBIMIL, YTO He II03BOJINIO
OLIEHNUTb 3HAYEHN IU3/IEKTPUYECKOI] IIPOHNI[AeMOCTH.

[laHHbIe, TpefiCTaB/IeHHbIE B MA0/. 1, OTPXKAIOT BKHYIO
MH(OPMALINIO O CBOJICTBAX I/IEHOK B 3aBUCHMOCTH OT KOH-
LEeHTpallMM MOCTVKOBBIX I'PYII. 3Ha4eHM: IOKa3aTesd
npenomneHns (RI) yBeTM4dnBaloTCs ¢ pOCTOM KOHIIEHTpa-
LMY YIJIEPOHBIX MOCTMKOBBIX IPYIIIL, 1 BCe OHM OOsblIe,
4eM RI IJIEHKY C KOHIIEBBIMM METH/IbHBIMMY I'PYIIIIAMU, YTO
CBSI3aHO C MOHVDKEHHOI MMOPHUCTOCTHIO U O0JIee BHICOKOII
MOJIEKY/LAPHOI HOJLAPU3YEeMOCTbI0 APOMATHYECKIUX KOJIer]
II0 CPaBHEHMIO C anudarndeckumn coefHeHnaMu. Visme-
HeHye RI MaTpuiibl, pacCUMTAHHOE 110 JAaHHBIM IIOPOMe-
TPUY, JEMOHCTPUPYET TY Xe TeHAeHImo. TakuM o6pasom,
MO>KHO CHe/IaTh BBIBOJI, YTO CBOJCTBA MAaTPULBl UTPAIOT

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

Haybojiee BOXXHYIO pob. BimsaHme More-
KY/LIPHOI OJIAPM3yeMOCTI Ha 3HAYCHIIA
RI 06BIYHO AB/IAETCA TOMUHUPYIOLINM.

AHajOrMYHOE IOBENEHNME EMOH-
CTPUPYIOT 3HAYEHNA AMINEKTPIIECKOI
IPOHNIIAEMOCTH IIJIEHOK, M3MepeHHBIX
B 9KCIepyuMeHTax 1-3. 3HaueHne k yBe-
INYMBAETCA C yBeNMYeHNEM KOHIIeH-
Tpaluy MOCTUKOBBIX rpymi. [IpidanHoi
ABJIAETCA VICKaXKEeHMe Pery/iApHOIl /ecT-
HIYHOI CTPYKTyphI mieHok MSSQ (0B)
C yMeHbIIIeHeM ITOPUCTOCTH, YBende-
HJeM OCTaTOYHBIX CU/IAHOTBbHBIX TPYIII
¥l I3MeHeHeM 00beMHOII IO/APU3yeMO-
cru [20].

Ha puc. 2 npencraBieHbl 3HaYEHNST MO-
myna IOHra, n3sMepeHHble HAHOMHIEHTO-
pom. Kak BuiHO U3 puCyHKa, 3HAYEeHINA
Y, yBEIMUYMBAIOTCA C KOHIL[EHTpaIuer
MOCTHUKOBBIX I'PyIIIL VI3MeHeHMe MOAy-
ns HOHra mieHoK, chopMMUPOBAHHBIX
u3 cmecu BTESB/MTMS, nemoHncTpupy-
eT IPAaKTIIeCKV TNHEeIHYIO0 3aBUCHMOCTb
OT KOHLIEHTPAll!Yl MOCTUKA B IMaIla30He
oT 0 mo 60 Mom.% anmKMIEHCUIOKCAaHA.
[lna cpaBHeHNA Ha puc. 2 TaKXke IOKa-
3aHbI JAHHbIE, TIOTy4eHHbIE /I XOPOLIO
usBecTHbIX low-k-nnenok (LKD-5109
1 MSQ2.4) ¢ KOHI|EBBIMI METU/IbHBIMMI
TPyHIIaMIL.

Ha puc. 3 mpexncTaBneHbl N30TEPMBI
ajcopouuy 1 gecopOLuy mapoB U30IPOo-
IVJIOBOTO CIMPTA, @ TAKXKe pacipenene-
HIA pajuyca nop B uccienyeMbix low-k-
IUICHKAX, [OJTy4eHHbIX TONMbKO 13 MTMS
u BTESB npu ¢ukcupoBaHHOM copep-

Tabnuya 1. Xapakmepucmuxu nopucmoii memuncunceckeuokcanosoti naenku (0B) u opzanocunukammuoLx naeHox
¢ pasnuunvim codepicanuem 1,4-penunernosoii mocmukosoii epynnut (25-100 mon.%), omosxcnennoix npu 430 °C
6 meuenrue 30 MuH Ha 8030yxe

CocTas nyexko-
obpasytowiero

Moka3a-
Tenb npe-

TBOpa,
pacteopa nomnexus

mon. %

Mopm-
CTOCTb
(%) emocTb k

Moka3a-
Tenb npe-
NIOMNEHWS
MaTpuLbl

LuanekTpuye-
CcKas NpoHuLa-

1 | OB | MTMS=100 | 208 | 15 | 125 |300| 392 | 17 225 1.43
2 | o258 EATTE“QE:ZE 32 | 19 | 131 [110| 355 | 70 239 151
3 | 458 g"TTE'\ggjg 160 | 17 | 136 |076| 293 | 112 295 1.53
4 | eoB l';"TTE'\ggzgg 10 | 38 | 139 |o76| 272 | 144 _ 1.56
5 | 100B | BTESB-100 | 162 | 32 | 145 |076| 196 | 180 _ 1.58
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>KaHuy noporena 30 macc.%. VI3 pucysn-
Ka BUJIHO, YTO JJAHHASA IVICHKA AB/IAETCA
HOTTHOCTBI0 MUKPOIIOPYUCTOI C pafiNycoM
op 0.76 HM.

Taxoke 6bIIM M3ydeHbI 06pa3IIbI C pas-
HOJI KOHLIEHTPALMeil KOHLEBbIX METHU/Ib-
HBIX ¥ MOCTMKOBBIX IpyHIL. Y o6pa3sia
¢ HauborblIIelt KoHLeHTpatuet 1,4-bern-
JIEHOBBIX MOCTHKOB (oTHOIEeHe MTMS/
BTESB = 40/60) Hab/101a10TCs1 M30TEPMBI,
BeCbMa IT0X0XKIIe Ha I/IEHKY, TO/TyYeHHYO
u3 uncroro BTESB (puc. 3b). On umeer
TOYHO TaKOe JKe pacIlpefe/neHne Iop
no pasmepam (maxcumym Ha 0.76 HM),
HO IOPMCTOCTb HeMHOro Bbime (27%
BMmecto 20% B uncrom BTESB). VBenn-
gyeHne copepxanuss MTMS (xpusbie b
U ¢ Ha puc. 4) yBeNMn4nBaeT IOPUCTOCTD,
a pacrpefienieHre pajuyca Hop CTaHo-
BUTCS OMIMOJJa/IBHBIM C HPYCYTCTBYEM
Me3010p. VI30TepMbl Ipu 3TOM JOBOJIb-
HO CUJIPHO OT/IMYAIOTCA OT IVIeHK MSSQ
(o6paser 0B) (puc. 3a).

[Topucrocty nnenox BTESB ymens-
IaeTcs C yBeMMdeHeM KOHLIEHTPaLUN
1,4-(1)eH1/meHOBoro MOCTMKA, 9YTO OTYa-
CTU TIPMBOANT K YBEMTMYECHNIO 3HAYCHIIA
k, xak mokasano B ma6zn. 1. Takum o6pa-
30M, MOXKHO CfIe/IaTh BBIBOJI, 4TO 0Opasel
45B mpepcTaBisAeT MHTEPeEC [ OIpefie-
JICHHBIX TeXHOIOTMYECKNX IIPUMEeHEeHNI,
KOIZ]a pasMep IOp MOXKeT OBbITb OYeHb
Ma/IeHbKVM IIPJ OTHOCUTEbHO BBICOKOI
HOPYCTOCTH.

AHasu3 reoMeTpuy 0P ObUI BBIIIOTTHEH
Ha OCHOBe [IVIarpaMM PacCestHuA € TIOMO-
b0 GISAXS-mopenu. IHTEHCMBHOCTD
KapTUHbI paccesnus, I, npomopiuo-
HaJIbHA IIPOM3BENEHNI0O CTPYKTYPHOTO
¢daxropa BHYTpu uactuy (popm-dak-
Top), P, u cTpyKTypHOro dakTopa Mex-
iy yacTuamMu (CTpyKTypHOro (pakropa),
S(q), COITIACHO ypaBHeHMIo (2) [6]:

Iy o< Ry - Sy, (2)
I7ile § — BOJIHOBOI BEKTOp pacCesHus,
oIpefesAeMblil IJIMHONM BOIHBI PEHTIe-
HOBCKOTO 13/1y4eHns (1) u yrmom pacce-
anus (0), cormacHo ypaBHeHuio (3):

q= 47” -sinf. (3)

Crpykrypublit pakrop S 61u30K K 1
B cucreMe 6e3 B3aMMOJEIICTBUI MEXTY
JAaCcTMLAMM MM B CUCTeMe C HU3KOM
KOHIIEHTpAIMell, U TI03TOMY MM MOXHO
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Puc. 2. Msmenenue modyns FOnea 6 3asucumocmu om codepyanus 1,4-penune-
HOBbIX MOCTUKOBbLX 2pynn. [l cpasHeHus do6aenenst sHavuenus Y, 0715 Xopouio
ussecmmvix low-k-nnerok ¢ 6nuskoii nopucmocmoto: MSQ2.4 (V=42%) [28] u LKD-
5109 (V.=39%) [29].
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Puc. 3. Mzomepmot adcopbuuu/decopbuuu u pacnpedenerue nop no pasmepam 6 uc-
cr1edyemblx 06pAa3Uax, NOYHEHHBIX U3 HUCMO20: (4) MEMUNMPUMEMOKCUCUNIAHA
(MTMS) u (b) 1,4-6uc(mpusmoxcucunun)oenzona (BTESB) npu ¢ukcuposanrom
codepacanuu nopoeera 30 macc.%.

npene6bpeub. CpefHee paccToAHMe MexXAy nopamu (D)
(TOMIIMHA CTEHKN IIOPbI) ONpefeIAeTCs 13 MAKCUMyMa IH-
TEHCUBHOCTH (quy 11)> KOTODBIIT CBA3aH CO CTPYKTYPHbBIM
dakropoMm S, . Takum o6pasom,
(q)

2
D=+~ (4)

Qay
YT06BI M3YUNTH KOPPEJIALMIO IOP (PacCTOsAHME OT IOPBI
JI0 TOPBI), ObIIM IOCTPOEHDI 3aBUCYMOCTY MHTEHCUBHO-
ctu GISAXS-paccestuns (B II10cKoCTH) OT q, (A™Y) ma tu-
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Puc. 4. Vzomepmol adcopbuuu/decopbuuu napos u3onponun0s020 cnupma

u pacnpedenenue nop no paduycy R e low-k-nnemxax, ocaxoeHHbIX ¢ UCHOTb-
306aHUeM PASTUUHBIX COOMHOUEHUTI MEMUNMPUMEMOKCUCUNIAHA U CMeCU
1.4-6uc(mpusmoxcucunun)bensona (MTMS/BTESB): a - 40/60, b - 55/45
uc-75/25.

opupubix OSG-1mneHok (25B, 45B u 60B), npencraBien-
HbIE Ha PUc. 5 COOTBETCTBEHHO. 3HAYEHNA CPENHETO pac-
CTOSIHMSA OT TIOPBI /10 HOpBI L B 06pasiiax mpefcTaBieHbl
B ma6z. 2. Korfa KOHI[eHTpaIisi MOCTUKOBBIX IPYIII CO-
crasiset 25 Mo %, Hab/oaeTcst OMbKHee yIopsodeHne
IIOp B IVIOCKOCTH C JTIOKa/IbHBIM MaKCUMYMOM. HpI/I yBEIN-
9YeHUM KOHIJEHTPALI MOCTUKOB =45 MO/I.% yIOpsAHOYeH-
HOCTb 00Pa3IoB yMEHbBIIAETCSA, HA YTO YKa3bIBAeT JICUe3-
HOBEHIIe YeTKOTO MK KOPPeIALNIL.

Ha ocHOBe mONMy4eHHBIX 3aBUCUMOCTEN MOIEMNPYIOT-
CA VM aHAIM3UPYIOTCA GopMma 1 pasMep MOp C MOMOIIBIO
nporpaMMHoro obecredenust SASView. Mopennposanne
OCHOBAHO Ha pacIpefe/IeHN MHTEHCUBHOCTI PAaCcCeAHNS,
KOTOpO€ IPOIOPILOHAIBHO MaTeMAaTIHIeCKOMY OXKIJia-

0.10
g

Puc. 5. luazpammor koppensyuu nop npu GISAXS-paccesnuu 6 nnockocmu,
OMPANCAIOULlIE 3ABUCUMOCTT SHAMEHUT] UHMEHCUBHOCMLL OM. 075 26pUO-
HbLX NIEHOK U3 0P2AHOCUNUKAMHO020 cmekna 258, 45B u 60B.

H1I0 popM-PakTopa P, B mommpucrepc-
Holt cucteme [18]. lnameTp u fnuHa mop
mns Bcex OSG-TeHOK OBbIIM OIOMHIA-
TeJIbHO PACCYMTAHBI IO ANIPOKCUMU-
pyoleil KpMBOM B 3aBUCUMOCTH OT q,,
Ha OCHOBE IPEAIONOKeHN O LVIINH-
Ipudeckort popme mop. [lmameTp u fiu-
Ha mop uccnefoBanHbix OSG MIeHOK,
a TaKoKe UX YacTHOe (aCleKTHOe OTHOIIIe-
HIe) IpUBEMleHbl B mabz. 2. BugHo, 4To
pasMep mop (Kax fuaMeTp, TaK U J/INHA)
uMeeT TeHJIeHIINIO K YMEHbIIEHNIO C YBe-
NMYeHVeM KOHIIEHTPALN MOCTUKOBBIX

TPy

Tabnuua 2. Ieomempus nop (Ouamemp YUIUHOPU4ECKOL NOPbI, ee ONUHA, AcheKmHoe OMHouleHue) U paccmos-
Hue om nopoL 00 NopbL 6 NOpuUcmoti Memuncunceckeuokcanosoii nienke (MSSQ) u 6 opeanocunukammolx nienkax
¢ 1,4-penunerosvimu MOCmMuUK0B8vIMU 2pynnamu ¢ koryenmpaueti 25-100 mon.%. [Ins cpasHenus dobaenervt oua-
MempuL NOP CO2NACHO dNNIUNCOMEMPUUECKOU nOPOMEMPULL

Danubie GISAXS

O6pase CocraB nneHkoobpasyHo- Nnamertp
pNo | luero pacTsopa, fluamerp AcneKTHoE OTHOLLE- PAaccToakMe ot | nopy, £p,
e mon. % nopbl, e, [lHaMBTD/ NN nopbl 10 NOpbl, HM
HM HM
1 0B MTMS=100 4.6 3.4 1.35 — 6.00
MTMS=75
2 25B BTESB=25 2.2 1.0 2.20 8.1 2.20
MTMS=55
3 45B BTESB=45 3.2 1.8 1.78 — 1.52
MTMS=40
4 60B BTESB=60 3.0 15 2.00 — 1.52
5 100B BTESB=100 1.6 0.5 3.20 — 1.52
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IlogBoas UTOI, MOKHO CKa3aTb, YTO
pasmep mop mieHok MSSQ 6es yriepop-
Horo MocTuKa (o6paser; 0B) mpu ukcu-
poBanHbIX 30 Macc.% MOpOreHa ABJAET-
csA caMbIM 6071bIINM, TOCKOIbKY MTMS
umeeT KoH1eByto rpyniy —~CH,, o6pasy-
IOLIYI0 OTHOCUTE/IbHO PBIX/IYIO CETEBYIO
CTPYKTYpPYy ¢ OO/NBIIMM BHYTPEHHUM
o6bemoM. B ormmane ot MSSQ, xomio-
HEHTBI OpPraHNYeCKM MOAU(UIMPOBAH-
HOT'O IMOKCMJA KpeMHMs UMEIT 0 TpU
cBA3n Si—O u yrnepogHbIii MOCTUK MeX-
1y aroMaMu Si, TO eCTb IIPUCYTCTBYeT
00sIblIIe CeTYATBIX CBSA3EI, YTO IPUBORUT
K YMEHDIIEHUIO BHYTPEHHET0 00beMa 1,
CJIe0BaTeNbHO, K YMEHbIIEHNUIO pasMepa
IOP C yBe/IYeHMeM KOHIIeHT ALy yIje-
POIHBIX MOCTUKOB OT 25 1o 100 mom.%.
[M6KOCTh MOMIEKYT (PEeHNIEHOBOTO MO-
CTHMKA 1 MX KOHLIEHTPALM TaKKe BIMAeT
Ha pasMep IIOp U, BO3MOXXHO, Ha IOpsI-
nok. ITogo6HO TeTpasgpam OKCHAa KpeM-
HI, TeTPA3LPbl CUIOKCAHOB C YIJIEPOJ-
HBIMJ MOCTHKAaMU MMEIOT TP MAEHTUY-
Hble yrnoBble KoHurypanuu (Si-O-Si)
U UX YeTBEPTHIN TeTPadLpUYECKUIT YTON
coemyHeH 1,4-eHnieHoBbIM 6710KOM C Si
B I1apa-KOHQUTY ALV, UMEIOIINM TOMb-
KO OfIHy OCb BpauleHN:sA. B codyeraHun
¢ mpocTpaHcTBeHHBIM 3 dextom 1,4-de-
HIJICHOBbIE KO/bL]A UMEIOT TeH/IeHLINIO
BBICTPAMBATLCA U3-32 TI—TT-COIPSDKEHNA,
YTO IPUBOAUT K HAaMMEHbILIEMY pasMe-
py nop. Korza comep»xanue c1I0KCaHOB
C YITIepOIHBIMM MOCTUKOBBIMY CBA3AMU
HEBENNKO, Hanpumep 25 MomL.%, Imycroe
npocTpaHcTBo 75 mMon.% MTMS u no-
poreHa JIoNlycKaeT CTPYKTYPHYIO afal-
Talyio B OMmKHeM mopsake mop. [lpn
KOHIIeHTpa1yu 60 Mo % OIVKHEro yIo-
PALOYEHNA TIOP He HAOMIAeTCs, TIOTOMY
4TO CBOOOJA BpallleHNs YoKe He B CMIax
BIMATb Ha CTPYKTYPY C OTHOCUTEIBHO
BBICOKOJ1 CTETIEHbIO CIIVBKI.

lannble, monyuenHsle GISAXS u EP,
IIOKA3bIBAIOT OTHOCUTENbHO XOPOILIYIO
KoppersALuio. B ma6s. 2 nokasansl ana-
MeTpbI 0P, PACCYMTAHHbIE IO HAHHBIM
GISAXS u EP. Cornacuno EP, o6pasiysr
45B u 60B upeanbHO MUKPONOPUCTEIE.
MO>KHO TIPEIONIOXNUTD, YTO ITY IIEHKU
MMeIOT HeK1e JOIIONHNUTe/IbHbIe BHYTPeH-
HJie TPaJIVieHTBl, CIOCOOHBIE I10-PasHOMY
paccenBaTbh peHTreHoBCKue nyum. EP

Ne 2 (118) anpenb—utoHb 2023 T.
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n GISAXS nokasbIBaoT, 4TO pasMep MOP U IOPUCTOCTD
yMeHbIIaoTcs npu nepexogie o OSG TONbKO ¢ KOHLIEBbI-
MM MeTMIbHBIMM TPYIIIaMU K IUIEHKaM ¢ 1,4-¢peHnneHo-
BBIM MOCTHKOM. OTJebHOE ICCIel0BaHNe YCAIKN IITIeHOK,
HPONCXOJsIIeil BO BpeMs 0TXura (mabz. 1), mokasano, 4To
u3MeHeHus Tomuuubl Ad coctasnsamu 15% (MTMS) u 32%
(100B). 3T0O mO3BOMNAET IPEAIIONOKUTD, YTO ISMEHEHNE
TOJILIVHBI ¥ YMEHbIIEeHe TIOPUCTOCTY B OCHOBHOM IIPO-
VICXOIMT BO BpeMs OT>KUTa.

Paspywenue mocmukoevix zpynn ocmamo4Hvim

Kucnopooom (0annvie DFT)

Tepmmueckast CTabUIBHOCTH KOMIIOHEHTOB low-k-
MaTepuasoB fAB/IAETCSA BaKHBIM BOIIPOCOM I VX MHTe-
rpaunu. Hanpumep, low-k-1ieHkn He06XOIMO OT>KUTATh
pu Temieparypax okono 400-450 °C, xpoMe TOro, gaib-
HeJlIlIas IpoIefypa MHTETPaLuy TaKKe BKI0YAeT 3Tallbl
TepMIYECKOT0 OTKNUTa (Hanpumep, ocaxenue auddysu-
oHHOro 6apbepa). PMO MaTepuassl ¢ YITIepOJHBIMYU MO-
CTHKaMy 00/1aJal0T OTHOCUTENBHO HU3KOI TePMIIECKOIT
crabwibHOCTBIO [21]. Boree Toro, HefaBHO MbI 0OHAPYXN-
i, 910 1,4-peHnIeHOBbIe KOblia MOTYT ObITh O0JIee YyB-
CTBUTENbHBIMY K TEPMIYECKOMY PaspyLIEHNIO B IPUCYT-
crBuy YO-u3mydeHns faxke Ipu [yIHe BOMHBL A > 200 HM.
BbI10 mOKa3aHo, 4To 3TOT 3P PEKT CBA3aH CO CMeleHIeM
Y®-kpas nornomienus B 60see IIMHHOBOTHOBYIO 00/1aCTh
CIIEKTpa 110 CPABHEHUIO C MaTepyanaMy, COfeP>KAIIMI
STU/IEHOBbIE/METUIEHOBBIE MOCTUKY [22] m/mam KoHIle-
BbIE —CH3-rpyngI. TakXe OBIIO ITOKa3aHO, YTO BCE OTU
MOCTVKI 9yBCTBUTEIbHBI K Cpefie OTXKMra. B cBA3K ¢ 5TUM
B [JAHHOJ1 paboTe Mbl M3YYWIM MEXaHU3M pa3pyLIeHNUA
OCTATOYHBIM KUCTOPOZOM 1,4-(heHnmeHOBbIX MOCTHUKOB.
[Tory4yeHHbIe pe3ynbTaThl IPUTOAATCA AJIA HalbHeimei
ONTHMU3ALUN TeXHOIOTMIECKIX IIPOLIECCOB.

Anams metopoMm DFT mpoBoauica Ha MOfieTbHOM II0-
nuMepe ¢ MOCTUKOBBIMY rpynmnamu —Si-1,4-Ar-Si- (Ar -
apuiI, CM. puc. 6) IiA OLpefieNieHNs Hanbosee SHepreTnye-
CKY BBITOJHBIX ITyTeN peaKLil, IPOTEeKAXOWIMX TP OKIC-
NeHny peHNIeHOBOTO MOCTMKA KMUCTIOPOROM. Pe3ymbTaTh
pacyeToB IpefCTaB/IeHbI Ha puc. 7 U B maos. 3.

% [o=ay P

-

Si—(%—57 S\iz-o/

HO | L
o\S_,OH
I\ —
“““O/ \Si O/Sl\
HO

HOMO ©*

Puc. 6. Cmpyxmypa modenvHozo cononumepa ¢ 1,4-Ar-mocmuiom, Ucnonp308anHozo 01 pac-
4emos, a maxiuce dneKMPOHHOe pacnpedeseriie HA CAMOLl BbICOKOL 3AHIMOL MONIEKYNIAPHOLL
opbumanu (highest occupied molecular orbital - HOMO), omeemcmeenHoti 3a peakyyioHHy10

CNOCOOHOCMb MOOENbHO20 cononumepa.
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Puc. 7. Paccuumanmvle sHepeemuueck 8b1200Hble 603MONCHble Ny MU peakuuil, npueoosujue
Kk paspuiey cesseii 6 mooenvHoM cononumepe ¢ -Si-1,4-Ar-Si--mocmuxom. JIns naznaoHocmu
cmpyxmypa ynpowsera. Iapamempor AH u AG peaxuyuii npusedenvt 8 maoz. 3.

B 1,4-Ar-MOoCTMKOBOII IITIEHKE NJIOTHOCTD 3/1eKTPOHOB
cunbHee noKamm3oBaHa B nonoxenusax C u C, apoma-
TMYECKOTO KOJbla. TakuM 00pasoM, MONOKEHNS PALOM
¢ C, u C, Ha konbIie 60/mee 67aronpuATHDI I PeaKImu
¢ OH-panuxanoM, 4eM HeIOCPENCTBEHHO caMl II0/I0XKe-
ana C, n C,. Bo3MOXHBIE Ty TH peaKi[uii, KOTOPbIE MOTYT
IIPUBECTH K PA3JIOKEHNIO COONMMEPOB € (heHNMTEHOBBIMU
MOCTUKOBBIMM TPYNIIaMU (puc. 7), ABIAITCA MHOTOATAIl-
HbiMu. Ha mepBoM aTare mpoucXoauT OTILIeI/IeH)e BOfio-
pona OH-pajiukanom. JHepreTmIecKu ST0 BO3MOXKHO 0T C,
apoMaTK4ecKoro Koplia. OfHAKO 3Ta peakliys MaloBepo-
ATHA. BTOpOIT 3Tan — peakuys NpUCOENVHEHNA MOIEKY/IbI
KIC/IOpPOJja B OCHOBHOM TPUIUIETHOM COCTOSIHMU Ha paji-
KaJIbHOM MecTe ¢ 00pa3oBaHueM IIepOKCIUIBHOTO pajyKa-
na. Peaxkuus 3 (puc. 7) MOXeT TIPefCTaBIATb CO00IT OTPbIB
aroma H oT comonumepHoIl Lieny MepoKCUNIbHBIM pajjiKa-
noM. OHAKO 3Ta peaKlns ABJAETCs IHePreTUYeCK) HeBbI-
TOJJHOJ ¥ He MOXKET IMPUBECTH K Ja/IbHENIIEMY Pa3phIBY
CBA3K. B KauecTBe MHOTO BapyMaHTa MOXKET CYIL|eCTBOBATH
aJIbTepPHATVBHBIII Iy Th Yepes IpsMoe H06aBIeHIe MOTIEKy-
JIbI KMCTIOPOZia B OCHOBHOM TPUIIZIETHOM COCTOSTHMY K apo-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

MaTMYeCKOMY KOJbI[y C HOCTeAYIOMIM
BHYTPUMOJIEKY/IAPHBIM CABUTOM aTOMa
H x xucnopopy (peakuus 5, puc. 7). Ita
COITTACOBAHHAs PeaKLys 5 Ha CaMOM Jiefie
ABJIAETCSA XOPOILIO M3BECTHOM peaKLye
BHegpenust. O6pa3oBaBIIasCs KOHIEBas
rpynma —~OH 7erko cBsA3bIBaeTcsA U Mo-
XeT OBITb CABUHYTA MMO0 B IONTOKEHME
C, apomarnyeckoro Konblia (peakius 6),
mb6o K aromy Si (peakuus 7). Peakums 6
CYIeCTBEHHO SHepreTndecku 6osee Bbl-
rOJHasl, YeM CUJIbHAS 9HIEeProHNYecKast
peaxuus 7, ¥ MO>KeT IIPUBECTU K COOTBET-
CTBYIOIIEMY Pa3pbIBy MOCTMKOBOII CBS3M.
M3 Bcero BBHINIECKA3aHHOTO MOXKHO
ClIeNaTh BBIBOJI, YTO CTPYKTYypa -Si-1,4-
Ar-Si-BecbMa yCTOI4MBa K BO3MOXXHOMY
PA3JIO>KEHNIO COIIO/IIMEPHOI LieTIN.

Tuopodobusavyus

s rugpodobusarym 6b1 Mccreno-
BaH MOJIe/IbHBII TeCTOBBIIT 06paser; 100B,
COZIeP>KAILMIT MAKCYMA/IbHOE KOTMYECTBO
1,4-(heHMIEHOBBIX MOCTMKOBBIX T'PYIIII
¥ IPOAB/IAMNIT HAUOOMBIIYIO TULPO-
¢uIbHOCTD B pesy/bTate 9 deKxTa 0cTa-
TOYHBIX CU/IAHOJIOB.

[lns mpoBeeHMS SKCIEPUMEHTA
OT KPEMHMEBON IUIACTUHBI C IJIEHKON
OBUIM OTKO/MOTHI 3 CMEXHBIX KyCOUKa,
o6o3HaueHHbIE: «<W/0» — 6e3 06paboTKM
HMDS; «with» - ¢ o6pabotkoit HMDS;
«Bkg» — pa perncrpaunu VK-cnexrpa
cpaBHeHMA (TIOCTIe MEXaHMYeCKOTO yfia-
JIEHNA C JAHHOTO KYCOYKa IIJICHKM).

O6pasupl «w/o» u «with» ogHOBpe-
MEHHO OBUIM IIOMelleHbl B IPOJyBae-
MYI0 a30TOM KaMepy ropsideil IIMTKK
ycranoBku HP-200-Z-HMDS (Sawatech),
Ha KOTOPOI OCYILIECTBIISANCA IIaBHBII
(10 °C/MyH) HarpeB OT KOMHATHOI TeM-

Tabnuua 3. Ilapamempor AH u AG peakuuil, 8vipajxceHHble 6 KKAT-MOb™', 6 COOMBemMcmeull ¢ 6epOSMHbIMU NYMAMU
UX NPOXONHOEHUS, NPUBEOEHHBIMU HA CXEMAMUHECKOM PUC. 7.

Peakuus -Si-1,4-Ar-Si-

Peakuus -Si-1,4-Ar-Si-

38

1 AH=-3 5 AH = -26
AG=-4 AG=-13
2 AH = —47 6 AH = —5
AG=-34 AG= -8
3 AH = +15 7 AH = +25
AG=+15 AG = +22
4 AH = +18
AG = +17
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neparypai (oxomo 20 °C) go T =390 °C
¢ Boiiepxkkoit 30 muH. ITocime aToro
IUIeHKY I1aBHO (mpumepHo 5 °C/MuH)
octyxamu o T =100 °C. 3arem obpaserr
«W/0» OBLI M3B/IeYEH U3 KaMepBbl, & OCTaB-
mmiics B Heit obpasery «with» 611 06pa-
6oraH B mapax HMDS nipu nmoroke 50 11/4
B Teyenne 5 MuH. ITappt HMDS nony4a-
7 myTeM 6apOOTUPOBAHNS CYXOTO a30-
Ta yepes xumudecky unctoiit HMDS npu
KOMHATHOJI TeMIlepaType, a 3areM IHOfia-
BaJIM VX Ha MUKPOIIOPYUCTYIO IVIEHKY, Ha-
rpetyio o 100 °C.

TemmeparypHyI0 cTabMIBHOCTD IIEHOK
OLIEHMBAJIN IYTE€M OTXKUTA IIPU Ta=250,
300, 350 n 430 °C B Teuenme 30 MuH.
[TpoBezeHHbIE TEPMOOOPAOOTKY IPOBO-
IVUIACh Ha BO3JyXe U HOCU/IN HAKOIM-
Te/IbHBII XapakTep (KaXfas MOCIefyio-
11as1 IPOBOAMIIACD TIOCTIE TIPeAbIAYILIeN).
JIOTIONHNUTEIBHO MCCIe0BAIN 3aBUCH-
MOCTb TeMIIEPAaTYPHOIl CTaOMIBHOCTI
ot Bpemenu ipu T =350 °C B reuenne 90
MUH.

Pe3ynpTaThl 9/IMIICOMETPUYECKUX
usMepeHuit 06061ieHbl B mabs. 4, B Ko-
TOPOJI IIpMBefieHbl TonmuHa (d), mokasa-
TeJb IpenomIenus (n), ycapka (Ad), mo-
pynb HOnra (Y,,) n mapameTpbl OpuCToi
CTPYKTYPBI IVIEHOK, TaKIe KaK OTKPbITas
HOPUCTOCTD (VW), cpemHuIt paguyc mop,
PacCYMTAHHBII 110 U30TEPMe aACOpPOLMY
(<R ,>), M paimychl OP, pacCUMTaHHbIE
0 M30TepMaM afcopoOLym 1 fecopOuum
(R, MR, COOTBETCTBEHHO).

WHTETPAJIbHbIX CXEM

V3 mabn. 4 BUAHO, YTO MOKa3aTe/lb MPeTOMIeHNs 006-
pasia, obpaborannoro mapamu HMDS, yBemnunBaet-
CA 3a CYeT IPUCYTCTBUA HA HMOBEPXHOCTU KOHI[EBBIX
rpynn -O-Si(-CH,),, umeromux 6o7ee BBICOKYIO ONTHYE-
CKYI0 IVIOTHOCTD IO CpaBHEHMIO ¢ KoHIeBbiMu —OH rpym-
HaMIL.

Kak nmokasano B Ta6i. 4, faxe mocie TepMoo6paboTKu
npu T =350 °C B Tedenne 30 MUH TONIIMHA HeOO6paboTaH-
Hoit HMDS nneHku yMeHbIINIach 6onee yeM Ha 10 HM,
B TO BpeMs: KaK II0Ka3aTe/lb IpeioMIeHns Bospoc ¢ 1,401
o 1,420. ITokasarens mpenoMneHust Tuapoho6mu3npoBaH-
HOJI IIJIEHKM, HAIIpOTUB, yMeHbmuica ¢ 1,420 go 1,418,
a ee TO/MIIMHA IPAKTUYECKM He M3MEHMIAch. ITOT pe-
3y/IbTaT CBUJETENbCTBYET O TOM, YTO I'MApopoOmU3anusa
c nomouibio HMDS npeforspalaeT BTOPMYHYIO KOHJEH-
CallMIO U CUIMBKY, KaK CXeMaTW4eCcKy 0Ka3aHo Ha puc. 8,
¥ 3aIUINAeT OT YCAfKyU U CXIONbIBaHMA MuKpomnop. Ox-
HAKO CHIDKeHIe II0Ka3aTe/ls IPeIOMIeHN INIeHKN «with»
CBUJIETETIbCTBYET O TEPMUYECKOI HeCTaOU/IbHOCTY BBe-
nennpix rpynn ~CH,. Kpome Toro, HakonmTenbHas ycauka
rupodo6M3NpOBAHHOI IIEHKY TTOC/IE TePMOOOPabOTKM
npu Ta=430 °C B TeueHye 30 MMH ObUIa HIDKe, YeM y He-
o6paboranHoI I1eHKN (15% n 10% p1s1 HeoOpaboTaHHOI
u o6paboTanHol B mapax HMDS-11eHOK COOTBETCTBEH-
HO).

U3 puc. 8b BUAHO, YTO OTKPBITasg MOPUCTOCTD Vopm
ruapodoOU3NPOBAHHON MIEHKN HODKHA OBITH HIDKE,
OJJHAaKO OTYET/IMBO 9TO pasnyue yAanoch 0OHAPyKUTh
TO/BKO 10 EP-M3MepeHnsM CBeXenpuroToBIeHHbIX 06-
pasmoB-cryTHUKOB (puc. 9a). TpynHOCTD 0OHAPyKeHNUA
BO3HUK/IA 13-32 TOTO, YTO [IOC/Ie HavasIa TepMOOOPabOTKM
IPOUCXOVIN [1Ba KOHKYPUPYIOLINX ITpoLecca:

1) nexoropsie rpymmsr ~CH,, BBeeHHbIe Tp1 06paboTke
B mapax HMDS, Hauay BHIropaThb, TeM CaMbIM YBeINYMBas
V o6pasma «with»;

open
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Tabnuya 4. Snnuncomempuueckue xapakmepucmuku, ycaoka, mooynv IOnea u napamempu nopucmoil cmpyxmypo

00pasuyos «w/o» u «with» npu ux pasnuunoti o6pabomxe.

CpepHwuii
TonupHa lMokasarenb Yeanka OTKpbITas papuyc
06paboTka O6pasey npenomne- o NopucToCTh nop
d, im Ad, % . ~
HUS, n Vu,,e,,! To Rads’
HM
w/o 283 1.433; 1.401 — 5.4 29 0.35/0.76° 0.33°
Nexopnas (B cyxom N,)
nneHka 0
with 286 T 24D — 5.2 24 0.44/0.76° 0.44°
(8 cyxom N,)
Mocne 350 °C, w/o 270 1.420 5 5.7 25 0.35/0.76 0.36
30 mMuH with 282 1.418 1 6.8 24 0.41/0.76 0.43
Mocne 430 °C, w/o 242 1.446 15 7.9 19 0.41/0.76 0.44
30 MuH with 256 1.429 10 8.8 23 0.43/0.76 0.47
" Jlna ceesmenpuzomosnieHHbX 00pa306-ciy MHUKOS.
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Puc. 8. a - Jleymepnas unmocmpauus npoyecca 2udpodobusavyuu ¢ ucnonvdosanuem HMDS
Ha npumepe 00Hoti nopol u 4 monexyn HMDS. Coomeemcmsyioujue mpexmepHoie MO0 0Pt
ons 06pasuoe «w/o» (b) u «with» (c).

d¥d(InR) OTKEPLITAN NOPHETOCTE, Y

Toammuna, nv

a c

30 4 30 30

25 25 25

20 4 20 20

15 4 15 15

f —=wio
10 4 +w{° 10 ——with 10 “s-wlo
——with —+—with
3 3 5
] T T T T J 0e T T T T ] 0 T T T T |
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Napunaasnoe tasaenne PP, Mapunansnoe aasnenne PP, Napunaasnoe nasaenne PP,

14 4 14 4 14

12 4 12 4 2

10 4 10 4 10

8§ 8 8

6 4 L 6

4 4 4 4 4

24 24 2

0 4 0 4 o

0.1 1 10 0.1 1 10 0.1 1 10
Ry mim Ry um R g um

288 1 1 8294In(x) + 286.67 292 288 1 y = 1.3523In{x) + 286.61 277 257 y = 0.9434In(x) + 256.4 A7
287 A R*=10.9328 291 287 4 276
286 290 996 | 275 256 246
285 I8¢
283 24 285 A 274
284 288 254 23 255 245
283 287 7] -
282 4 286 283 " a 272 954 ': F 244

1.7624In(x) + 289,58
R*=0.9674

+ 284 281

285 282 §

¥ = 1.5445In(x) + 274.59

] R = 0.9896
L

+ 270 253

1 /v = 0.99921n(x) + 245.78
e 2
1 R?

0.9833

0 02 04 06 08 1

Mapunaasnoe gasaenne PIP,

0 02 04 06 08 1
Mapunaisuoe gasaenne PP,

0 02 04 06 08 1
PiP,

Puc. 9. MzomepmbL adcopbyuu, pacnpedenerus nop no pasmepam (paduyc R ,) u sasucumocmu
MONUAUHDL O NAPUUATLHO20 0asieHust P/P napozasoeoti cuecu (cmenet 3anonHeHus nop uso-
nponunosuIM cnupmom) Onst 06pasy08 «w/o» u «with»: ceexcenpuzomosnentoie 06pasybi-crym-
Huku (a); nocnie Haxonumenvoi mepmoobpabomxu Ha 6030yxe npu 350 °C 6 meuerue 30 mun
(b); nocne nakonumenvHoil mepmoobpabomxu Ha 6030yxe npu 430 °C 6 meuenue 30 mur (c).

2) 0CTaTOYHbIE TOBEPXHOCTHBIE CHIAHOIBI IIEHKI «W/0»
ABJIAIMCD LIEHTPAaMU aficOpOIIMI BOLBI ¥ CIIOCOOCTBOBAIN
ee XMMIYECKOMY CBA3bIBAaHIIO B MMKPOIIOPYCTOI CTPYKTY-
pe, 3aHMMas YacTb 0ObeMa Iop.

B nononuenue x maézn. 4 pesynsrarsl EP-usmepennii tak-
Ke IIpefiCTaB/IeHbl Ha puc. 9, Iie OKa3aHbl M30TepMBI aJiCco-
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pO1yM, paciipesienieH e IOP MO pasMepam
(pamuyc R ) v 3aBUCMMOCTD TOMIIMHBI d
OT TapIMaNbHOro AasneHns P/P mapo-
rasoBoil cMecu (CTelleHb 3aIOIHEeHUs
HOP M30TPOINIOBBIM CIIUPTOM JIJISI VIC-
XOJ[HBIX IIJIEHOK (a) U mocye TepMoobpa-
6otok mpu T =350 °C (b) n 430 °C (c)
1o 30 MUH KaXKjjas.

IToryyennble pesynbrarel EP-nsmepe-
HIIT COIVIACYIOTCS CO BTOPBIM YTBEpXKJe-
HIeM, IIOCKOIbKY V,  rugpopo6usupo-
BAHHON MCXO[HOI IJIEHKM ObIIO Ha 5%
HIDKe, YeM y HeoOpabOoTaHHOI IJIEHKM
(cM. mabn. 4). Iocne Tepmoo6paboTKN
npu 350 °C B TeueHue 30 MMH 3HAUEHM:
Vgpm HPaKTUYECKN COBIAN, a OCTIe Tep-
moobpaborku mpu T =430 °C B TeueHne
30 MUH Vgpen obpasia «w/0», HapOTHUB,
3HAYNMTENTBHO YMEHBIIMINCh, YTO CO-
IPOBOXK/A/IOCh YCAZIKOI U yBeTNYeHUEM
HOKa3aTessl IpenoMIeHus (cm. maon. 4).
I[Ipu aToM pacmpenenieHue mop MO pas-
MepaM He IIpeTepIeBao CyIeCTBEHHbIX
U3MeHeHuUit (cm. puc. 9), To ecTb Bce 06-
pasubl ZeMOHCTPUPOBANU OMMOIAIb-
HOe pacIipefie/ieHie mop 1o pa3Mepam.
MOYXHO IIPEeAIIONIOKUTD, YTO BO BpeMs
TepMOOOPabOTKI HEKOTOPbIE MUKPOIIO-
PBI B IUIEHKE «W/0» OBICTPO CKMMAIIICH
(cX/IOIIBIBAINCh) M3-3a BBICOKOI'O MEXaHU-
4eCKOro HarpsbKeHust. Bee aTu Habmiope-
HIA YKA3bIBAIOT HA OXXMJIaeMOe YKpeIlIe-
HJie CTEHOK MUKPOIIOPYCTON CTPYKTYpBI
ruzpopo6M3MPOBAHHBIX IIEHOK [23]
BO BpeMsI X TepMOOOPabOTKM, 4TO XOPO-
III0 KOPPEUPYIOT C yBeMIYeHneM MOLY/IA
IOHra nocre o6eyx TepMoo6pabOTOK IIpK
T=350 °C n 430 °C o 30 muH Kaxmas
(cm. mabn. 4). B otnmm4ue or aHanusa,
IPEICTaBIEHHOTO B [23], MBI IIpefIIonara-
€M MHOJI MeXaHM3M YIPOYHEHNs CTEHOK
nop ruapodo6u3NpOBAHHBIX IVIEHOK IIPK
UX TePMUYECKON 00paboTKe, KOTOPHII
obycnosnen paspymennem rpymm —~CH,
[25, 26], KoTOpBIe OBUIM BBeIEHBI IIPH
obpabotke mapamu. V3-3a 4ero Brocnep-
CTBUU TIPOMCXOAUT MSATKAsl BTOPUYHAS
KOHJIEHCAIVSI 1 CUIMBKA, YTO MPUBOLUT
K YBEIMYEHMIO KOJMYECTBA CUIAHOIOB
U BBIJIEJIEHNIO BOJBI B KA4eCTBe MOOOYHO-
ro ipopykTa npu T =350 °C (cm. puc. 10).

Takum 06pasom, pesyabraThl Halle-
IO UCCIeOBaHMNsA, @ TAKXKE Pe3y/IbTaThl,
IpefcTaBIeHHble B [24], OZHO3HAYHO
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CBUJIETEILCTBYIOT 00 YMEHbIIEHUN OT-
KpPBITOJI IOPUCTOCTU B pe3y/bTaTe CU-
mumipoBanyA. OZHAKO B HAllleM CrTydae
MeJIKJe IIOJIOCTY He MOITIM OBITh YaCT4-
HO 3aKpBITHl (HET M3MEHEHNs pacIpe-
Jie/ieH)A TI0p 10 pasMepaM), BO3SMOXKHO,
3-3a VX KBa3ULVIVHPUIECKOIT (OPMBI
(R =R, , TO eCTb IIOPUCTasA CTPYKTypa
He COZIEPXKUT IepelleiiKoB, COeMHAI0-
IIMX TONOCTH [25]) U OYeHb y3KOro pac-
Ipefie/ieHNs Top IO pasMepaM, Xapak-
TEPHOTO /I MCCIeAYeMOr0 MUKpOIIO-
pucroro Marepuana [26], 4To yKasbpIBaeT
Ha YIOPSAOYEHHOCTb CTPYKTYPHI IOP.
B pabore [24] ®aur 1 fp. coobuatoT, YTO
CpefiHee yBelYeHue TOMIVHbI IVIOTHO-
ro cnos SiO, (MpomyKT TepMuUYecKoit fie-
crpykuyn rpymn -O-Si(-CH,),), o6paso-
BABIIETOCs [IOCTIe TepMOOOPAOOTKI K
500 °C, cocraBuno npumepHo 0.1 HM.
B Hamem mccegoBaHMM MBI HabIOfa/N
HECKOJIbKO TTPOTHBOIIONOXHBIN 3 dexT
JULSL CBEXXEIIPUTOTOB/ICHHOI! IVIEHKN. YBe-
JMYeHne pajiyca MUKpOIIOP COCTABUIO
nopazgka 0.09 M, a yBenuveHnue cpej-
HETo pajjiyca Iop 0Ka3anoch faxe elle
HEMHOT0 00JIbIIIE, TO €CTh <R >0.11 am.
Bo3MoxHO, He6o/bIIIas pasHNULA B ATUX
3HA4YEHMAX BO3HMK/IA V13-3a IIOTPEIIHOCTI
EP-nsmepennit. 9T0 MOXeT ObITb CBA3a-
HO C TeM, YTO Mbl aHA/IM3MPOBAJIA Pas-
HJIIY IIOC/Ie OffHOTO 3Tala CUININpPOBa-
HISA, TOTZIA KaK MaKpOIOPUCThIE T/IEHKN

WHTETPAJIbHbIX CXEM

HOABEPraIiCh MHOTOKpaTHOMY (20 pa3) cHIMIMpOBaHuIo.
Kpowme Toro, miorHbiit c1oit SiO, oLjeHnBanu mocue TepMo-
obpaborku mpu 500 °C, xorga 6ompmmHCTBO rpymm ~CH,
HOJBEPITIOCh TEPMUYECKOII JeCTPYKLMY ¢ 0Opa3oBaHIeM
CUJIAHOJIOB, YTO CII0COOCTBOBAJIO 60/Iee OJTHOMY ITpOTeKa-
HIIO TIPOLIeCCOB BTOPUYHON KOHeHcalmy. B Hamem mccre-
JIOBaHNMM MBI He MOIJIM IIPOBOANTD TepMOOOPabOTKY Ipu
TaKOJ BBICOKOJ TeMIIepaType, IIOCKOAbKY TepMuYecKasd
CTaOWIBHOCTD (PEeHNIEHOBBIX MOCTMKOB OTPaHIY€eHa -
MepHo 400-450 °C. Kpome Toro, pasMep I1op HEMHOTO yBe-
IMYMBACTCA C IIOBBILIEHNEM TeMIepaTypbl. MBI ojaraem,
4TO 9TOT 9 PEKT BHI3BAH yBeINUECHNEM pa3Mepa YIie/eB-
IIMX HOP, COCECTBYIOIINX C TEMM, KOTOPbIE CX/IONHY/IUCH.

VK-crnexTpbl 06pa31joB, MOMYYEHHBIX PV PasINIHBIX
pexxuMax 06paboTKi, IpefcTaBIeHsl Ha puc. 10, rie 607b-
[IMHCTBO MIKOB/IIOIOC OTHECEHO B COOTBETCTBUM C [27].
CootHotenns network/cage u IIoLay XxapaKTepHbIX M-
KOB/IIOJIOC TIPUBEJEHBI B MA07L. 5.

W3 VIK-crieKTpoB 1 JaHHBIX, IIPEICTAB/IeHHbIX Ha puc. 10
U B mMabs. 5, MOKHO CIeNaTh BBIBOJ, 4TO 00paboTKa I110-
pucroit enky B mapax HMDS cHmkaeT Konmn4ecTBo cu-
JIAHOJIBHBIX TPYIII U MOJIEKY/I BOZbI (IIOXO paspelleHHas
mMpoKas mosoca B obmactu 3 900-3 200 cm ™), agcopbupo-
BaHHBIX Ha IIOBEPXHOCTY IUICHKY, IIPUMEPHO B [iBa pasa.
UNCI0 CUTAHOTIBHBIX 1 HETHPO/IN30BAHHBIX 9TOKCUTPYIIIT
[28] (momoca 980-900 cm™') Tak)Ke YMEHBIINIOCH IPYMEPHO
B Tpn pasa. KomruecrBo ~CH,-rpym, cBA3aHHBIX ¢ KpeM-
HIeM, TAK)Xe YBeIMYIMIOCh IPYMEPHO BABOE [0 CPABHEHIO
c HeoOpaboTanHoi1 B mapax HMDS 1ieHkoit, o ueM cBupe-
Te/IbCTBYET IIOX0 paspelueHHas nonoca C-H mpuMepHo
Ha 3 100-2 850 cm™!, momoca Si(—CHS)L3 Ha 1 320-1 240 cm!
U II0710Ca Si(—C)L3 Ha 900-840 cm. [IpumMevarenpHo, 4TO
VIK-cniextp rienku 6es o6padorku B mapax HMDS mnoxa-
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Ta6nuua 5. Coomnowenus network/cage u nnouyadu xapaxkmepHoix nuKos/nonoc 06pasuos «w/o» u «with» npu

PA3TUUHBIX PerUMax 0opabomxu.

CooTHoLwe-
Hue
network/
cage

ObpaboTka

Mnowaab nop NMKOM/NoNOCON

OTHOLLEHME NNoLYaau noj NMKom/no-
nocoi K nnowanu nog nonocoi Si-0-Si
(x1000)

Vexogras | WO 12 | 1663 |0.062| 0072 |-0040| 938 | 177 | 66 77 -4.2
nnedka | with 14 | 0645 |0.097| 0138 |-0014| 10.03 | 64 | 97 | 137 -1.4
Mocne | wio 14 | 2008 |0.024| 0091 |-0032| 10.04 | 209 | 24 9.0 -32
§§°M°MCH’ with 14 | 2374 0039 0152 |-0041| 948 | 250 | 41 16.0 -43
Mocne | wio 14 | 1747 0.025| 0109 |-0023| 1025 | 171 | 24 | 107 -2.3
§§°M°MCH’ with 16 | 1633 |0.033| 0107 |-0016] 10.19 | 160 | 33 | 105 -16
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Puc. 10. VIK-Dypve-cnexmpul 00pasu06 «w/o» u «with» npu pasnoix pexcumax o6padomxi.
Ha scmaske noxasana mendenyus usmenenus naubonee noxasamenvioii nonocet Si(-CH,) |
Ha 1320-1240 cm™" ona nnenku «with» npu mepmoo6pabomge (250-350 °C). 3decw, «McxooHas
‘w/o’» u «350 °C, 90 mun 'w/o’» npedcmasnsiom co6oii nOIOCHL CBEHENPULOMOBTIEHHBIX U Hep-
moobpabomannvix (npu 350 °C 6 meuerue 90 mun) nieHox, He o6pabomartvix 6 napax HMDS
(amanonHvle cnexmpot) coomeemcmeenHo. Vcnonvsosarut cnedyroujue 06o3HaueHus: «Vcxoo-
HA» - c8escenpuzomosnentas nuenxa; « Tepmocmabunvrocmo 350» - nocne mepmoo6padomxu
npu 350 °C 6 meuenue 30 mun u «Tepmocmabunvrocmo 430» — noczne mepmoobpabomku npu
430 °C 6 meuenue 30 mun. Bce mepmoobpabomiu nposoounuco Ha 6030yxe U HOCUNU HAKONU-

menvHolil xapakmep (Kaxoas nocnedyouas nposoounacy nocrne npedvloyuei).

3aJ1 XapaKTepHYI0 MO/IOCY ¢ MMKOM ~1 270 cM™!, cooTBeT-
CTBYIOI[YIO CUMMETPUYHBIM JiepOpMALMOHHBIM KO/IeOaHN-
am ceaseit Si-CH,. Takum o6pasom, nanmmane Si-CH, cBu-
HeTe/NbCTBYET He TOIBKO O Pa3pblBe MOCTUKOBOJ IPYIIIIBI
1,4-bennnena B pesynpraTe TepMOOOPAOOTKY TTOPUCTOI
nnenkn B atMocdepe N, (B TII0THOJ I/IEHKe MbI He Ha0/II0-
[y 3Ty HOJIOCY), YTO He IPOTUBOPEUYNT pacyeTaM C II0-
MOIIBI0 TeopyM (YHKIVOHA/IA IIOTHOCTH [27], HO TaKKe
U O paspyLIeHUV apOMaTHYecKOro KO/Iblja OCTaTOUYHBIM
KUCIOPOAoM. ITOT 3peKT yCuamBancs mpu TepMoodpa-
00TKe Ha BO3[lyXe, KaK IIOKa3aHO Ha BCTaBKe K puc. 10, rae
BUJIHO, YTO MHTEHCUBHOCTH noyockl Si-CH, yBenmanBsa-
nach py fnuTenbHou (90 MyH) TepMoobpaboTke 06pas-
na «w/o» gaxe npu 350 °C. Ha BcraBke K puc. 10 Taxoke
II0OKa3aHa AMHAMUKa U3MeHeHMs Haubosee XapaKTepHOIl

a b

n 1

r 2.2

- 2.0

OnTHdeckan WIOTHOCTb, 0TH.e[L.

—+-win (-5V)

0.525

~+=with (-5V)

121108

Taurenc yraa moteps tgd

Jnery

- win (-5V)

=s=with (-5V)

1 0 100 1
Yacrora, kl'u

Puc. 11. Jlusnexmpuueckas npoHUAEMOCHb U MAH2EHC Yena OUdNeKMPUeCKUx nomepo Ons

06pasu08, o6pabomannvix HMDS «with» u 6e3 06pabomxu «w/o».
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Yacvora, kl'n
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IIOIOCHI Si(—CH3)1’3 Ha 1320-1240 cm!
wieHKN «with» B mpoiecce Tepmoobpa-
6orkn. Vs puc. 10 m mabn. 5 MOXHO
CIeNaTb BBIBOJ, YTO TepMuUdecKas CTa-
OMIBPHOCTD IUIEHKHU, 00paboTaHHOIT Ta-
pamu HMDS, 6bl1a HeToCTaTOYHOI, TaK
Kak ee VK-crekTpsl, moyy4eHHble OCe
Tepmoobpaborku mpu T >350 °C (B Teue-
Hue 90 MVH), COBIIAJIAI0T CO CIEKTPaMu
HeobpaboTanHoro B mapax HMDS 06-
pasia. 9To 00yC/IOB/IEHO TepMIYECKO
necrpykuueit rpynn -CH, [24, 25], ko-
TOpble OBV BBEJICHDI B Pe3y/IbTaTe Tep-
MOCTUMY/IMPOBAHHOI peaKLiy MOJIEKYJI
HMDS ¢ noBepXHOCTHBIMM CH/TAHOIAM.

Vcxopns u3 JaHHBIX, IPeCTaBICHHBIX
B Ma671. 5, MOXXHO 3aMeTUTb yBeMYeHNe
orHourenus network/cage B rugpogpo6u-
3UPOBaHHOM 00paslie, a UMEHHO 3a CYeT
pocra xommoHeHTa networked suboxide
U yMeHbIIeHUs KOMIOHeHTa cage. ITo-
CTIefiHee, CKopee BCEro, CBA3AHO C YMEHb-
IIeHJeM YVC/Ia «KO/el (KIeTOYHO-II0-
JOOHBIX UMKINYECKUX CTPYKTYPHBIX
¢dbparmMeHTOB), 00pa3sOBAHHBIX IIOBEPX-
HOCTHBIMM CHJIAHOJIAMU C Y4acTHeM CH-
JIOKCAHOBBIX CBA3eI1 (puc. 8a).

3aBUCUMOCTH IUSNIEKTPUYECKOII IPO-
HUIIAeMOCT k 1 TaHTeHca YITIa AM3TIeK-
TPUYECKMX HOTepPb tgd OT YaCTOTHI IIpef-
CTaBJIeHbI Ha puc. 11.

AHanmus snekTpodusnYecKux Iapa-
METpPOB, @ MMEHHO 3HadeHWil k u tgd
(puc. 11), [eMOHCTPUPYET TEHJEHINIO
K YIy4IIeHNIO [UITIEKTPUIECKMX XapaK-
TEPUCTUK MCCIeNyeMOll TIeHK) (IIpak-
TUYECKY JIBYKpaTHOE CHIDKEHNE 3Haue-
Huit k u tgd), 4o xopouro cornacyercs
¢ pesynbraTamu JIK-crmexTpockonun
(puc. 10 u mabn. 5). Kpome Toro, IIeHK,
obpaborannble B mapax HMDS, ormnya-
IOTCS MEHbUIEN YaCTOTHOM JUCIEePCHen
(1.9 m 17.9 pns o6paborannbix B HMDS
U HeoOPaOOTAHHBIX IIEHOK COOTBET-
CTBEHHO) 3HaYeHUII k, 4TO 0OYC/IOBIEHO
BBICOKOIT IOJIIPM3YEMOCTDIO U TIOJIBIIK-
HocTbio ~OH-rpymm [29].

Ha puc. 12 npoeMOHCTpUPOBAHbI THU-
maHble n306paxenns WCA.

YBenuueHne KOHTAKTHOTO yIJIa CMa-
4uBaHus BoRoit (puc. 12) nopTBepauo,
4TO XOTS HOBEPXHOCTb IUIEHKM IIOCIIE
obpaborku B HMDS crana meHee ru-
IpOdUIbHON, MOTyYeHHOe 3HadeHue
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WCA=61° Huxe ycnoBHOI rpanuipl 90°
[30], To ecTb MccegyeMas IIeHKa COXpa-
HIIA CBOKO TUAPOQUIBHOCTD flaXke OCIe
TepMoobpaboTkn B mapax HMDS. He-
BO3MOXXHOCTb OCTUYb BBICOKOII CTETIeHN
ruapodOoOHOCTI BMeCTe C BBICOKUM 3Ha-
yeHueM k yKasblBaeT Ha To, 4To HMDS
HPOSBIIAET MaAyl PEaKIMOHHYIO CIIO-
COOHOCTD 110 OTHOLIEHUIO K IOBEPXHOCT-
HBIM CI/IAHO/IAM MMKPOIIOPMCTBIX Opra-
HOCVIMKATHBIX IJIEHOK C (PeHNM/IEHOBBIMMU
MocTrKaMy. OfHaKO MOXXHO CJIe/IaTh BbI-
BOJI, YTO OTHOCUTETbHO KPYIIHBIE U JIVI-
HeitHple MoneKynbl HMDS (Han6onpiee
Me>XaToMHoe paccrosiHue 0.775 HM)
CIIOCOOHBI IPOHMKATh B OTKPBITYIO M-
KPOIIOPUCTYIO CTPYKTYPY UCCTIEAYEMOTO
MaTepyana co CpefHNM AMaMeTPOM IIOp
0.66 HM U pearnpoBaTh C HEKOTOPBIMHU
TOBEPXHOCTHBIMM CMTAaHOTAMIL.

BeiBoams1

[IpoBepens uccnegoBanus low-k-
IJIEHOK OpraHMYecKy MOguQUInpoBaH-
Hbeix cunukaroB (OSG) ¢ pasnmu4HbIM
COOTHOIIEHEM KOHI[€BBIX METU/IbHBIX
U MOCTUKOBBIX 1,4-(beHNIEHOBBIX Op-
ranndeckux rpymi. Ilo pesynpraram EP
00pasIibl, IPUTOTOB/ICHHbBIE U3 YUCTOTO
MTMS, copepraliero TOMbKO KOHIIe-
Bble MeTU/IbHbIE IPYIIIbL, MMEIOT CaMylo
BBICOKYIO IIOPUCTOCTb ¥ pasMep IOp,
3aTeM OHM IIOCTEIIEHHO yMEHbIIAITCs
C yBelnM4YeHMeM KOHIEHTpalVM aJIKu-
nercunokcada BTESB, comepxarmero
1,4-deHnneHoBbIe MOCTHKOBBIE TPYIIIIBL.
[IneHku, nonydeHHbIe U3 PacTBOPOB, CO-
mepxamux tonbko BTESB, otmmyarorca
SPKO BBIPAKEHHOI MUKPOIIOPUCTOCTDIO.
C yBemueHneM KOHIIEHTPaLy aKIIeH-
CIUJIOKCAHOB C yITIEPOJHBIMM MOCTYKAMU
IIOBBIIIAETCS CTENEHDb CUIMBKI CUIMKATA,
4TO, C OffHOJ CTOPOHDI, YBE/INYMBAET 3Ha-
yenns MopynA IOHra, a ¢ gpyroil, npuso-
INUT K BO3PACTAHMIO JUINIEKTPUIECKOI
MPOHNIIAEMOCTH. BbImn mpoaHanmanpo-
BaHbl MEXaHU3MbI Pa3pyIIeHUs MOCTHU-
KOBBIX I'PYIII 1 IIOKAa3aHO, 4TO IINIEHKA
C 1,4—(beH1/meHOBbIM MOCTUKOM MMeeT
BBICOKYIO CTAOWIBHOCTb.
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Puc. 12. Tunuunvie usobpaxcenus WCA: o6pasua «w/o» (~37°) (a) u o6pasya «with» (~61°) (b).

Taxoke OBIIO MICCIEIOBAHO BIMSAHME TEPMOOOPaOOTKH
B mapax HMDS Ha MUKPOIOPUCTYI0 OPTraHOCUIMKATHYIO
IJIEHKY, TIOTy4eHHYI0 ¢ ucnonb3osannem BTESB. ITocne
Mopudukaryy nosepxuocty mapamu HMDS xomdectso
CUJIAaHO/IBHBIX TPYIII 1 aJICOPOMPOBAHHBIX HAa HUX MOJIEKYII
BOJIbI IEMOHCTPUPYET TeHJCHINIO K YMEHBIIEHNIO, @ KO-
NINYeCTBO METVIbHBIX IPYII YBEINYNIOCD, YTO IPUBEIO
K ycuwteHuio rupodobHocTy mienkn. Ha cHibkeHme ru-
IpOQUIBHOCTU YKa3bIBAIOT PasINyHble (PaKTOPDI, TAKue
KaK yBemrieHne sHadeHns WCA, yMeHbIIeHe k i TaHTeHC
yI/Ia IMSTeKTPUIeCKUX IOoTepb. AHA/IN3 Pe3yIbTaToB MO-
pPOMEeTpUI TI0KAa3aJsI, YTO CH/IVIMPOBAHIIE MUKPOIIOPUCTOM
IJIeHKY ¢ ucnonb3oBanneM HMDS cHmkaeT OTKphITYI0 10-
PUCTOCTD Oe3 KaKoro-1mb0 U3MeHeHVs paclpefie/ieHus Iop
II0 pa3MepaM 1 6€3 YaCTUIHOTO 3aKPhITIA MUKPOIIONIOCTeIt
HOPUCTOIL CTPYKTYPBI, O/1arofiaps KBasUIVIIMHAPUIECKOI
dopme nmop. Opnaxo anams VIK-crexTpoB mokasai, 4To
rpyrmsl ~CH,, BBeienHbIe mpn o6pabotke B mapax HMDS,
uMerny orpaHndeHHymo (MeHee 350 °C Ha BO3Iyxe) TeMIiepa-
TYPHYIO CTaOUIBHOCTD, KOTOPAst K TOMY Ke AB/IATCS Bpe-
MA3aBJICUMOIL. DJIINIICOMETPpUYeCKIe M3MepPEeHNA 1 Pe3yib-
TaThl VIK-CIIeKTpOCKONuM CBUAETENbCTBYIOT 00 YIpOUHe-
HIY CTEHOK IIOPUCTOII CTPYKTYPBI IUAPOPOOM3NPOBAHHOI
IVIEHKM TIPY ee TepMUYecKoil 06paboTke. ITO IPUBOJUT
K MEHbBIIEMY CHIDKEHNIO IIOPVMCTOCTH, YMEHbIIEHNIO YCaf-
K11 1 yBemraermio Monynsa IOnra. Kpome Toro, Mb1 06Hapy-
XWUIM, 4TO oTXUT nopycroit mieHku BTESB mpu 390 °C
B arMocdepe a30Ta IPMBET K pa3pyIIEHII0 APOMATIIeCKO-
T KOJIbIIa HEKOTOPBIX MOCTUKOBBIX IPYIII € 00pa3oBaHyeM
koH1eBbIx rpymi Si-CH,. 9toT addext ycunmmsaercs mpu
IPOBeJIeHNN Ja/IbHeIiIIIel TepMO0oOpabOTKY Ha BO3JyXe.

Pabora BbIIIONHeHa IpK TOAfepxke Poccmitcko-
ro ¢oHna QyHZAMEHTaIbHBIX MCCIELOBAHWII, IPOEKTHI
NeNe18-29-27022 u 18-29-27024, a Tak)Xe 4acThb UCCIIE0-
BaHM: BBIIIO/IHEHA IIPY NOAAEp>KKe MMHICTepCcTBa HAyKN
u BbIciIero o6pasosanns Poccniickoit Gepneparu (Tocynap-
CTBEHHOE 3ajaHMe Ay yHuBepcuTeToB NeSFZ-2023-0005).
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Abstract .‘/VWVVVWVVVWVVVWVVVWVVVWV\AW

This work is aimed at studying a microporous organosilicate film with phenylene bridges, as well as an attempt
to hydrophobize it by modifying its surface with hexamethyldisilazane (HMDS) vapor. This 1,4-phenylene-bridged
film has a large Young’s modulus and small pore size. However, due to steric effects during the film formation, a
large amount of unreacted silanol remains. Hydrophobization by HMDS reduces amount of residual silanols and
adsorbed water. A decrease in the hydrophilicity of the film surface leads to an increase in the WCA value as well as
adecrease in the k and tgd values. Ellipsometric porosimetry brings out open porosity decrease without changing of
pore size distribution as a result of silylation by HMDS vapour. However, FTIR spectra show limited time dependent
temperature stability of methyl groups introduced by HMDS vapour treatment. Heat treatment of the hydrophobized
film has shown a reduction in open porosity, less shrinkage and a higher Young’s modulus.

Keywords: microporous film, 1,4-phenylene bridged siloxane, low-k dielectrics, hydrophobization, silylation,
hexamethyldisilazane.

*The work was financially supported by REBR (projects 18-29-27022 and 18-29-27024).
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Fig. 1. FTIR spectra of periodic mesoporous organosilicon films with 1,4-phenylene bridges with a concentration of 0 to 100 mol.% annealed at 430
°C for 30 min in air.

Table 1. Characteristics of a porous methylsilsesquioxane film (0B) and organosilicate films with different contents of
the 1,4-phenylene bridge group (25-100 mol.%) annealed at 430 °C for 30 min in air.

The composition

of the film-form- Shrink- |- g o fractive Porosity, | T°“"9'S | Dielectric LA
. . age 4d, . o modulus, refractive
ing solution, o index %o constant, :
%o GPa index
mol. %
1 0B MTMS=100 298 15 1.25 3.00 39.2 1.7 2.25 1.43
MTMS=75
2 25B BTESB25 312 19 1.31 1.10 35.5 7.0 2.39 1.51
MTMS=55
3 45B BTESB-45 160 17 1.36 0.76 29.3 11.2 2.95 1.53
MTMS=40
4 60B BTESB=60 110 38 1.39 0.76 27.2 14.1 — 1.56
5 100B BTESB=100 162 32 1.45 0.76 19.6 18.0 — 1.58
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Fig. 2. Change in Young’s modulus depending on the content of 1,4-phenylene bridge groups. For comparison, Y, values are added for well-
known low-k films with similar porosity: MSQ2.4 (V=42%) [29], LKD-5109 (V=39%) [30].
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Fig. 3. Adsorption/desorption isotherms and pore size distribution in the studied samples obtained from pure: a — methyltrimethoxysilane
(MTMS) and b - 1,4-bis(triethoxysilyl)benzene (BTESB) at a fixed porogen content of 30 wt. %.
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Fig. 4. Adsorption/desorption isotherms of isopropyl alcohol vapor and distribution of pores along radius R in low-k films deposited using
various ratios of methyltrimethoxysilane and a mixture of 1,4-bis(triethoxysilyl)benzene (MTMS/BTESB): a - 40/60, b - 55/45 and ¢ - 75/25.
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Fig. 5. Pore correlation diagrams for GISAXS in-plane scattering, reflecting the dependences of the intensity values on q,, for hybrid films of
organosilicate glass 25B, 45B, and 60B.

Table 2. Pore geometry (diameter of a cylindrical pore, its length, aspect ratio) and distance from pore to pore in a porous
methylsilsesquioxane film (MSSQ) and in organosilicate films with 1,4-phenylene bridge groups with a concentration
of 25-100 mol.%. Pore diameters according to ellipsometric porosimetry are added for comparison.

GISAXS data
The composition . EP pore
of the film-forming | _POre Pore aspect ratio, Distance from | - iameter,
solution, mol. % diameter, | LengthL, diameter/length pore to pore, nm
nm nm nm
1 0B MTMS=100 4.6 3.4 1.35 — 6.00
MTMS=75
2 25B BTESB-25 2.2 1.0 2.20 8.1 2.20
MTMS=55
3 45B BTESB45 3.2 1.8 1.78 — 1.52
MTMS=40
4 60B BTESB=60 3.0 1.5 2.00 — 1.52
5 100B BTESB=100 1.6 0.5 3.20 — 1.52
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HOMO *°*

Fig. 6. Structure of model copolymer with 1,4-Ar bridge used for calculations, as well as electronic distribution in the highest occupied
molecular orbital (HOMO) responsible for the reactivity of model copolymer.
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Fig. 7. Calculated energetically favorable possible reaction paths leading to bond breaking in model copolymers with -Si-1,4-Ar-Si- bridge.
For clarity, the structure is simplified. Parameters AH and AG reactions are given in Table 3.

Table 3. Parameters AH and AG of the reactions, expressed in kcal-mol”, in accordance with the probable pathways
of their passage, shown in the schematic fig. 7

Reaction -Si-1,4-Ar-Si- Reaction -Si-1,4-Ar-Si-

1 AH=-3 5 AH=-26
AG=—4 AG=-13
9 AH=-47 6 AH=-5
AG=-34 AG=-8
3 AH=+15 7 AH=+25
AG=+15 AG=+22
4 AH=+18
AG=+17
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Table 4. Ellipsometric characteristics, shrinkage, Young's modulus and parameters of the pore structure of samples
“‘w/0” and “with” under their different processing

Shrink- | Young's Open Po.r € Averagp pore
. . radius radius
Treatment Refractive age modulus porosity R ~R R
index, n 4d,% | Y, (GPa) V % ads ~ ““des’ ads’
open nm nm
w/o 283 1.433; 1.401 — 54 29’ 0.35/0.76° 0.33
(under dry N,)
Pristine film P
. 4251, . . . .
with 286 (under dry ) — 5.2 24 0.44/0.76 0.44
After 350 °C, w/o 270 1.420 5 5.7 25 0.35/0.76 0.36
30 min with 282 1.418 1 6.8 24 0.41/0.76 0.43
After 430 °C, w/o 242 1.446 15 7.9 19 0.41/0.76 0.44
30 min with 256 1.429 10 8.8 23 0.43/0.76 0.47

" For freshly prepared satellite samples.

Fig. 8. a - Two-dimensional illustration of the hydrophobization process using HMDS using one pore and four HMDS molecules as an
example. Coresponding 3D pore models for samples “w/0” (b) and “with” (c).
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Fig. 9. Isotherms of adsorption, pore size distribution (radius R , ), and dependence of thickness on the partial pressure P/P, of the gas-vapor
mixture (degree of pore filling with isopropyl alcohol) for samples “w/0” and “with”: freshly prepared satellite samples (a); after accumulative
heat treatment in air at 350 °C for 30 min (b); after accumulative heat treatment in air at 430 °C for 30 min (c).

Table 5. Network/cage ratios and areas of characteristic peaks/bands of samples “w/0” and “with” under different
processing modes.

Treatment

Area under peak/band

Network/
cage
ratio

Ratio of the area under the peak/band to
the area under the Si-0-Si band (x1000)

Brisiine i w/o 1.2 1663 |0.062| 0072 |~0.040| 9.38 177 6.6 7.7 4.2
ristne 1im

with 14 0.645 |0.097| 0.138 |~0.014| 10.03 64 9.7 13.7 ~1.4
After 350 °C. w/o 14 2.098 |0.024| 0091 [~0.032| 10.04 | 209 2.4 9.0 ~3.2
30 min with 14 2374 10039 0.152 [~0.041| 9.48 250 41 16.0 ~43
After 430 °C. w/o 1.4 1.747 10.025| 0109 |~0.023| 1025 | 171 2.4 10.7 ~2.3
30 min with 1.6 1633 |0.033| 0.107 |~0.016| 10.19 | 160 3.3 10.5 ~1.6
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Fig. 10. FTIR spectra of samples “w/0” and “with” under different processing modes. The inset shows the tendency for the most representative
Si(~-CH,), , band to change by 1320~1240 cm™" for the “with” film during heat treatment (250-350 °C). Here, “Initial ‘w/0” and “350 °C, 90
min 'w/o0"”, 90 min “w/o” represent the bands of freshly prepared and heat-treated (at 350 °C for 90 min) films not treated in HMDS vapor
(reference spectra) respectively. The following designations are used in the figure: “Initial” - freshly prepared film; “Thermal stability 350” -
after heat treatment at 350 °C for 30 min; and “Thermal stability 430” - after heat treatment at 430 °C for 30 min. All heat treatments were

carried out in air and were cumulative in nature (each subsequent one was carried out after the previous one).
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Fig. 11. Dielectric constant and dissipation tangent for samples treated with HMDS “with” and without treatment “w/o”.

Fig. 12. Typical WCA images: “w/o0” sample (~37°) (a) and “with” sample (~61°) (b).
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WHTETPAJIbHbIX CXEM

AnpTepHaTHBHAA TEXHONOTMYECKas1 CXeMa Y PO eCChl
¢bopMUpPOBaHNUA CTPYKTYP MHOTOYPOBHEBOI MeTAa/TTU3aALNN
YBUC Ha ocHOBe pyTeHna*

A.E. Pozoxcun, O.0O. Ilepmakosa, E.A. Cmuprosa, A.A. Jlomos, C.I. Cumaxun, K.B. Pyoenko

TOHKWE NIEHKN pyTEHWUs 0CAXZATUCL MO TEXHONOTMW MIa3MEHHO-YCUNEHHOTO aTOMHO-CN0eBoro ocaxaeHns (PEALD)
¢ ucnonb3osaHuem Ru(ECp), v KNCNOPOAHOR NNa3Mbl HA MOAVCMLMPOBAHHYIO NOBEPXHOCTL KPEMHUA 11 MOANOXeK Si0,/Si.
YCTaHOBNEHO, 4TO MEXaHU3M POCTA MIEHKN CYLLECTBEHHO 3aBUCIT OT Temneparypbl noanoxki. Aranuad GXRD n BUMC nokasbisaer,
4TO NPK Temneparype Noanoxku 7=375 °C NponucxoamT pe3koe 3MEHeHNe MeXaH3MOB MOBEPXHOCTHBIX PEAKLMIA, YTO NPUBOAMT
K U3MEHEHI0 cOCTaBa nneHku ot RuO, npu HU3KUX TemnepaTypax 1o 44CToM nneHKku Ru npu 60nee BbICOKUX TeMnepaTypax. 1o
ObIN10 NOATBEPXAEHO M3MEPEHNAMI YLENLHOr0 3NeKTPOCONPOTUBIIEHUA MEHOK Ha 0CHOBE Ru. HaumeHbLLIas LiepoxoBaTocTb
noBepxHocTu ~1.5 HM Gbina nonyyeqa npu TonLHe nieHki 29 i Ha Si0,/Si-nognoxke npyu 375 °C. i3mepeHHoe yaenbHoe
conpotmeneHue nieHkn Ru coctasnset 18-19 MkOm-cM. Takxe paccMOTPeHbI BONPOCHI Na3MOXUMUYECKOr0 TPaBIEHIs pYTEHMS

W1 HaHeCeHNs |0W-K-ON3neKTpuKa LeHTPUTYrMpoBaHneM Ha MacCuBbI NIMHUIA.
Kntouesbie cnosa: YBIIC, MexcoeuHeHus, CUCTeMa MeTanauaaumm, pyTeHuia, NnasmoxuM14eckoe Tpasnexue, low-k.

*Paboma evinontena npu gurarcosoti noodepicxe PODIU (npoexm Nel8-29-27029).

Beenenue

CucreMa MeXXCOEAMHEHWIT COBPeMeH-
HbIX nHTerpanbHbIx cxeM (VIC) copepsxut
o 15 yposHeri. Ha Ka/joM TakoM ypoBHe
pacroaraeTcsi CucTeMa IpOBOAALINX 10~
POXeK, pasfie/IeHHbIX AU3TeKTpUKOM. bo-
nee 20 71eT IpOBOJHMKOM Ha BCEX YPOBHAX
CHCTEMbI MeXCOEMHEHNII CTY>KI/Ia MefIb,
a B KauecTBe /IN9/IeKTPUKOB IPUMEHS/IICH
MaTepyasbl ¢ HU3KOI AMINIEKTPUYECKO
nponuiaemoctsio (low-k). Tlpu atom
13-3a BBICOKOII AN Y3MOHHON aKTUBHO-
CTV Me[lV MeJHbIe JOPOXKKM YIIAKOBAHbI
B U Py31oHHO-6apbepHYI0 000/109KY
M3 MaTepyaioB, CONPOTUBIEHNE KOTO-
PBIX Ha JIBa MOPAZKA BbIILE, YeM Y MeJiI.
J13-3a BBICOKOTO COTIPOTHBIIEHNS Gapbep-
HBIX C/I0€B 11 aKTMBHOJ 9/IeKTPOMUT ALy
Mezt B VIC, M3TOTOB/IEHHBIX 110 TeXHOMO-

POrOXUWH

Anekcanpp EBrenbeBny
DU3IKO-TEXHOMOTNHECKIA
nHeTuTyT M. KA. Bannesa PAH

JiomoB

Auppeit Anekcangposuy
DU3IKO-TEXHOOTUHECKIAA
nHeTuTyT UM, KA. Bannesa PAH
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NMEPMAKOBA

Onbra Onerosxa
DU3IKO-TEXHONOTNHECKIA
nHeTuTyT UM. KA. Bannesa PAH

Y Spocnasckuit thunnan OU3nKo-
TEXHOMOMMHECKOr0 MHCTATYTA
M. KA. Bannesa PAH

ruy 7-10 HM, B KauecTBe IPOBOJHMKA Ha HIDKHEM YPOBHE
CUCTEMbI MEXXCOETMHEHN I UCTIONMb30BANICS KOOAIBT.

[Tpu nepexope k TexHonoruu usrorosnenus VIC ¢ xpu-
TUYECKUM pPa3MepoM 2-3 HM cucTeMa MexxcoenHeHui VIC
VI TEXHOJIOTYVIS €€ I3TOTOB/IEHNS TOTPeOYIOT CYIeCTBEHHBIX
usmenenuit. Heobxomumocts cHmxenust RC-3amepikex
U BBEJIEHMSI TEXHOMOTMYECKI CTOXKHBIX 97IEMEHTOB B CUCTe-
MY MEXCOeMHEeHNII ToTpebyeT Iepexoa K HOBBIM IIPOBO-
pAmumM MarepuanaM, Ru u Mo, Ha HyOKHUX ypoBH:AX. [Ipn
aTOM /151 9)(PEKTUBHOTO VX UCIIONb30BAHMA U MHTETPALINN
B JlaMaclieH- VI MOTyAaMaclieH-IPoLecchl HeoOXoxuM
MeTOJ; KOHPOPMHOTO OCXIEHNUSA ITUX MAaTePUAIOB U 3a-
MIOJTHEHNSA MU KaHABOK U IBIPOK C BBICOKVMM aCHEKTHBIM
OTHOLIEHUEM.

Hannydmum crioco6oM nonydeHust KOHGOPMHBIX TOH-
KMX M yIbTPATOHKMX MIeHOK Ru 1 RuO, saBnsercsa meton
aTOMHO-cn0eBoro ocaxkpenus (ALD) [1-7]. Ina ocax-
[leHUs pyTeHus pa3paboTaHO MHOXKECTBO MeTa/IOOpra-
HIYeCKUX npexypcopos [8]. Haubonee yacto BcTpeua-
torcst 6uc(unknonentaguennn)pyrennii(Il) (umm RuCp,)

CMUPHOBA

Enn3asera AnekceeBHa
DU3VKO-TEXHONOrMYECKIA
nHeTuTyT M. KA. Bannesa PAH

PYLEHKO

Koncrantun Bacunbesuy
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[1, 9] u 6uc(sunuuxnonenragyenn)pyrernii(Il) (mm
Ru(EtCp),) [10-12]. Ru(EtCp), ABnsA€TCA OTHOCUTENBHO
HeJJOPOTYIM KOMMepPYeCK! JJOCTYIHBIM >KIJKIUM IIPeKyp-
copoM. [l 9TOr0 IpeKypcopa ObIIM MPeCTaB/IeHbI IPO-
LJeCCBl TEPMMYECKOTO U IIa3MOCTUMYIUpOoBaHHOro ALD
(PEALD). Kpowme Toro, mns Ru(EtCp), MoxHO BBIOpaTh
IIMPOKWIL CIIEKTP COPEareHToB, Takux Kak O, [9, 13, 14],
O, [10] n mrasma NH, [9]. Vicnonbsys Ru(EtCp),, Mox-
HO TIOTYy4NTb TOHKNE IUIEHKV PYTeHNUA BBICOKOI IIOTHO-
ctu (12.3 r-em™) [11] ¢ Maoit mepoXoBaTOCTbIO TOBEPX-
HocTM (0.9 HM) M MajbIM yZieTbHBIM COIPOTUB/ICHNEM
(mo 16 mxOwm-cm) [9].

B crarbe mpepcTaB/IeHbl MCCTIE[OBAHNA CTPYKTYPHBIX
¥ 97IEKTPIIECKNX CBOJICTB TOHKIX I/IEHOK HA OCHOBE PyTe-
HIIA, HaHeceHHBIX MeTofoM PEALD Ha kpemMHMII 1 AMIOKCHT,
KpPeMHIA B PaclIMPEHHOM JAMaIla30He TeMIIepaTyp IOf-
noxku (200-400 °C). Taxoke mpoaHAMM3MPOBAHO BIMAHNE
nocnepyomero orxura npu 400 °C Ha CBOJCTBA IIIEHKM.
MakcumanbHas padodas temneparypa 400 °C mpepcras-
JIAETCS XapaKTePHBIM OTPaHNYeHMeM JiiA 6OIbLINHCTBA
IIPYMEHEHNIL.

Il cyOTpaKTUBHOI TEXHOMOTUY 1 TEXHOIOT MY IOy ia-
MacIleH Ha OCHOBe PyTeHMs TpeOyeTcs IMpoLecc IIasMo-
XUMWYECKOTO TpaB/leHnsA pyTeHuA. TpaseHMe pyTeHNA
B KICTIOPOJ- ¥ XIOPCOAEPIKAINX I/Ia3MaxX MCCIeRyeTcs
yXe [mrenbHoe Bpems [15-17]. B pabote npecTaBieHb
Ppe3y/IbTaThl ONTUMM3ALUY YCIOBMIT TpaBaeHNA. Onucan
nporecc TpapieHns B masme O, Py MOHVKEHHON TeM-
neparype 10 °C, KoTopblil 06ecredrBaeT BepTUKaTbHbIE
CTeHKV MVHUIA. Taxke A CyOTPaKTUBHON TEXHOTOIUN
bopMupoBaHNs YPOBHEN CUCTEMBI MeTa/UIN3aLMUN TPeOy-
eTCsl Iporiecc HaHeceHMs low-k-auanextpuka mocie ¢op-
MIPOBAHVs PyTeHNEBBIX JOPOXeK. EcTb paboTsl 10 KOH-
(bOpMHOMY OCaXK/IEHNIO PE3NCTOB C IOMOLIBIO Spin-on-Tex-
Hojoruny (HaHeceHMe IOKpbITHA pyu Bpamennn) [18]. Cy-
IIeCTBYIOT TaKXe paboThl, B KOTOPBIX low-k-guanekrpuk
HaHOCUTCS Ha CTPYKTYpBI ¢ momotbio CVD [19]. B pabore
IIpefiCTaB/IeHBI Pe3y/IbTaThI MICC/IEOBAHNA HAHECEHN CHUT-
CeCKBMOKCaHa BOJOPOfia LieHTpudyrupoBaHueM Ha 06pas-
LIbI C MACCUBAMU JITHUIA.

OmnucaHne 3KCIepMMeHTa

ITneHKy oca’kIanuch Ha MOfI0KKY MOHOKPUCTaIINde-
CKOTO KpPeMHMA p-THIIA, IETMpoBaHHOro 6opoM (10 Om-cm)
puamerpoM 100 MM, TonmuHoM 460 MKM, C OpMeHTaLuein
nosepxHocTn (100). B gpyrnx cepmax skcreprMeHTOB
IUIeHKM Ha ocHOBe Ru Taxke ocakjamym Ha Te )Ke KpeM-
HI€eBble IIACTUHDI C IPeBapUTeNIbHO HAHECEHHBIM METO-
IOM IIJIa3MOCTUMYIMPOBAHHOIO OCAX/EHUA U3 Ia30BOil
daspr (PECVD) cnoem SiO, Tommuroit 300 HM A7 97eK-
TPUYECKUX U3MePEHIIT M CPaBHEHMSI 0COOEHHOCTelT pocTa
PEALD c ocaxxfieH1eM Ha YUCTYIO II0BEPXHOCTb KPEMHMA.

IIponecc ocasxmeHns OCyLIeCTBIIACS Ha KOMMePYecKoil

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

cucreme FlexAl (Oxford Instruments
Plasma Technology) B mnasmocTumymu-
POBAaHHOM peXUMe C VCIIONb30BaHNEM
YIaZeHHOTO MCTOYHMKa mmaasmbl [CP
¢ gacroroit 13.56 MIy. IIpenBapurenbHo
KaMepy OTKauMBasM o 6a30BOro HaBiIe-
Hust 1.2x107° Topp.

[Tponecc mpoBopmiIcs B JUalasoHe
temieparyp pocra 200-400 °C ¢ uukm-
veckoit mogradeit Ru(EtCp), u nmasmb
O, B kamepy. [Ipumensemple B mporiec-
Ce aproH ¥ KUCIOPOJ MIMEIN YUCTOTY
99.9999%. CreHKu KaMepbl 1 TPYOKH IO-
fladyl IPeKypcopa, a TaKXKe BaKyyMHasd
cHcTeMa IpeBapUTe/IbHO HarpeBaInch
go 100-120 °C gna mpemoTBpaleHNuA
KOHJeHCAaluu IpeKypcopa. [laBimeHne
B KaMepe MOAJepXNUBanIM Ha YpOB-
He 65 MTopp BO Bpemsa 3Tama NaasMbl
B nukne PEALD. Ru(EtCp), copepxancs
B 6apboTepe, IpeBapUTeIbHO HATPETOM
mo 70 °C. Ero HacbIIeHHBIN ap MOAa-
BaJICA B KAMePY PeaKTopa ¢ ra30M-HOCH-
Te/IeM aproHOM ¢ pacxomoM 150 cM’/MuH.

Opun uukn HaHnecenus PEALD pmnsa
Ru-11€eHOK COCTOSIT M3 IIECTY STATIOB: 1)
narryck Ru(EtCp), B Teuenue 2 ¢; 2) ot-
Ka4yKa KaMephl B Te4eHne 1 ¢; 3) VIMITYJIbC
nponysku Ar (150 cM’/MMH) B TedeHne
4 ¢; 4) 2-CeKyHIHBII LIAT CTAOMIM3ALUN
JaBJICHUS KUCTIOPOJia B KaMepe; 5) 3aXu-
ranue naasMpl O, U SKCIIO3UIMA B Tede-
HIte 1 ¢; 1 6) IpoffyBKa KaMephbl aprOHOM
(150 cM®/MuH) B TeuyeHne 4 ¢. MOIHOCTH
ynanennoit mnasmpl ICP cocrasnsma
75 BT ¢ moTokoM Kucnopoza 60 cMm’/MuH.

Ha kpeMHMeBOJ I/IaCTUHE C eCTeCTBEH-
HBIM OKVIC/IOM WJIY Ha IIOBEPXHOCTH OK-
cupia KpeMHIA POCT PyTeHMA HAYMHATICA
c 06pa3oBaHys CTy4YallHbIX 3apOJbILIel
BMECTO HOPMaJIbHOTO IIOC/IONHOTO PeXN-
Ma. [ToaToMy pacTymas nieHKa B Hadane
pocTa He OblTa HEIPEPHIBHOI ¥ MMe/a
00JIBLIYIO IIEPOXOBATOCTb. VI3BeCTHO
[9], 4TO BBemeHUe IONCII0EB HUTPULOB
[epeXOHbIX METa/UIOB MOXeET 3Hauu-
TE/JIbHO YIYYLIUTh 3apOfbllieobpaso-
BaH1e Ru, paHee Hamu OBUIN MCCIENO-
BaHBl BO3MOXKHOCTM MCIIOTb30BaHUA
nogcnoeB TiN u TaN TommmHOM MeHee
1 uM. Bpr onTMMM3MpOBaH MaTepu-
a1 TIOfIC/IOEB, UX TOMIINHA (KaK MOXXHO
MeHblIe) 1 GUHANbHAS [IEPOXOBATOCTb
crnoes. Hamnyumme ycmosus sapoxpe-
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HuA ek Ru B nepsom nukne PEALD
obecrieynBaeT MOAC/ION HUTPU/A TaHTa-
na (IIIT), HaHeCceHHBIN B TOI e KaMepe
6e3 HapymeHns BakyyMa [20]. OtgenbHO
MICCIeN0BaIach 3aBYCUMOCTD IIEPOXOBa-
toctu maketra Ru/IL TaN orT TommmHbI
noxcnosa TaN. Crolt HUTpHUzA TaHTANA,
HOJIy4YEeHHBII 32 IATb LVK/IOB, OKa3as-
Cs1 JOCTaTOYHBIM [/Is MHTEeHCUDUKALIN
3apopsieo6pasoBanns Ru. IIpu atom
IIePOXOBATOCTh IUIEHKM Ru cocTasmana
0.4 HM, YTO CPAaBHMMO C ILIEPOXOBATOCTHIO
MOBEPXHOCTHN TOAIOXKN. [lanpHelee
yBe/uueHye ToNVHBI Hofcnos TaN npu-
BOJW/IO K YBEeIMYEHMIO IIEPOXOBATOCTH
MIOBEPXHOCTH.

B pab6ore g PEALD Hutpupa taH-
Taja MCIIONb30BANICA MeTanIoopra-
HUYECKUIT HpeKypcop Tpu-0yTuim-
MUJO-TPUC-(ZUITUIAMUHO)-TaHTA
(TBTDET) c¢ nuHzeitHO#t ¢opMynoit
Ta[N(C,H,),],[=NC(CH,),]. Bap6otep
Harpesajics 1o Temneparypsl 70 °C. Us-
BecTHO, 4yTo PEALD Hutpnpos tanrama
U3 MeTa/UIOOPTaHMYeCKUX IPeKypco-
POB IIO3BOJAET NONYYaTh PsJ HUTPULOB
Pa3MMYHON CTeXMOMETPUN U IPOBOIM-
mocTu (oT meTamnndeckoro TaN mgo mm-
anextpudeckoro Ta,N,) [21, 22]. Hamei
11e/1bI0 OBIIO HAHECTV TPOBOAAIINIT 3a-
TPaBOYHBIN c1oit. IlosaTomy onTmMmsa-
uus B3anmopeiicteuss PEALD TBTDET
C BOZIOPOJTHOI I/1a3MO¥1 ObI/Ia HalIpaB/IeHa
Ha IIOJTy4YeHye CTeXMOMEeTPUYECKOro Co-
craBa nozicnos TaN. YBenmdyeHne BpeMe-
HIM BO3JIEVICTBISA TIa3MBI Ha aficopOMpo-
Bauublit TBTDET o6ecneunBaer cHuke-
HII€ Y/IeNIbHOTO COLPOTUB/IEHNA IITIEHKY
3a cyeT yjaneHns M30bITKa a30Ta; OfHAKO
IPOZIO/DKUTENBHOCTD IMKIa ALD 3Haum-
TE/IbHO YBEeNNUNBACTCS. YIeIbHOE COIIpO-
TUBJIEH)e HUTPJIA TAHTA/IA, IOTyYeHHOTO
B onTMu3upoBaHHoM npouecce PEALD,
COCTaBM/IO OKOTIO 2-3 MOM-cM (M3MepeHo
YeTHIPEX30HLOBbIM METOLOM), YTO COOT-
BETCTBYeT INTEPATyPHBIM JaHHBIM [23].

Heo6x0q1M0 0TMETUTD, YTO BCe MCCIe-
iyeMble B JAHHOU paboTe IUIGHKNU pyTe-
HIIS U €T0 OKCHJA ObLIV HAHECEHBI Ha 00-
PasIpbl ¢ HOAICTIOEM HUTPUZA TAHTANIA TOTI-
myHOoM 0.3 HM, IPEeABAPUTEIbHO HaHE-
cennbiM PEALD crepyiomum o6pasom:
1) marryck TBTDET B Teuenne 3 c ¢ Ar
(200 cm*/MuH) B KaueCcTBe ra3a-HOCUTENS
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gepes 6apboTep; 2) 9Tl IPOAYBKM KaMepbl IOTOKOM apro-
Ha (200 cM’/MuH) B TedeHme 5 ¢; 3) OTKauKa KaMepy B Tede-
H1te 2 ¢; 4) cTabumM3anysi faBeHns B BOJOPOIHOI Kamepe
B TedeHle 2 C; 5) 3aKMUraHue IIa3Mbl H, u Bo3neiicTBue
npu gasnernn 15 mTopp u BU-momuoctn 100 Bt ¢ moTo-
KoM rasa 40 cm’ B Tedenue 30 ¢; 1 6) ele ofHa IPOAYBKA
OTOKOM aproHa (200 cm’/muH) B Tedenne 2 c. [laBneHue
B KaMepe Hofep>kuBanoch Ha yposHe 80 MTopp, 3a nckito-
JyeHueM I1a3MeHHbIX 9TanoB (15 mTopp). Hurpup ranTtana
Bcersia ocaxkpanca npu 400 °C, a TemIeparypa IOII0XKKI
I TOCTIeAYIOIIero poCcTa C/I0S PyTeHMA BapbJMPOBATIACh.
Taxoit Torkuit nogcnoit TaN MOXHO paccMaTpuBaTh, Kak
MoaubUKaIMIo TOBepXHOCTH Hopokek Si mmn SiO,/Si.

TommmHa ocaXkieHHBIX IIEHOK Ha OCHOBe Ru m3Mepsnach
ex-sify ¢ TOMOILBIO CIIEKTPOCKOIMNYECKON SIUIICOMETPUN
(Woollam M-2000X), ckaHMpyIoLeil 571eKTPOHHOI MU-
kpockommu (COM, Carl Zeiss Ultra-55) u peHTTeHOBCKOI
pednexromerpun (XRR, SmartLab, Rigaku). Vamepenns
[IeMOHCTPYPYIOT BOCIPOU3BOAMMBIE PE3y/IbTaThl C BBICO-
KOJ1 OJHOPOJHOCTDIO I/IeHOK Ru 1o mromany 100-mm 1a-
ctuHbl. PasHuIa B TomuHe coctapysia +5% Ha obpasie
¢ menkot 70 uM (1500 nukios ALD).

YacTb 00pas1ioB NOfBeprajy JOMOTHUTEIBHOMY MOCTIe-
pyromemy oTxury npu 400 °C B reyenme 1-3 4 B asore
C UCIIOIb30BAHVEM YCTaHOBKY OBICTPOIL TepMOOOPaOOTKY
(RTP) Annealsys AS-One 100. ba3oBblit BaKyyM CHCTEMBI
RTP cocrasnsn 1072 Topp. IIpormecch oT>xura npoBopu-
much B N, (99.999%) npu atmocheprom masnenmn. O6-
pasIbl OTKUTAIN B IPadUTOBOM KOHTEIHepe, IIOKPbITOM
CVD-SiC.

Kpucrannmmdeckas cTpyKTypa, XMMUYECKUI COCTaB
U MOP(OIOrHs IIEHOK MCCIeT0BANNCh C TOMOIbI0 XRD
noy, ckonb3sAmuM yrnoM (GXRD, SmartLab, Rigaku),
Macc-CIeKTpoMeTpuy Bropi4HbIX 10HOB (BVIMC) Ha mpu-
6ope TOESIMS5 1 atroMHO-c11oBoit Mukpockonuu (ACM,
Nanopics 2100). Bce pe3ybTaTsl IO yZieTbHOMY 3/1eKTpIde-
CKOMY COIIPOTVB/IEHNIO II/ICHOK, IIPe/ICTaB/IeHHbIE B CTAThe,
OBUIM HOTyYeHBl YeTHIPEX30H/IOBBIM METOZIOM (YeThIpex-
3onpoBas craHuua Cascade Alessi n Keithley 4200-SCS)
Ha TI/IeHKaX, ocaxieHHbIX Ha Si0,(300 nm)/Si-mmacTuHa.

Ilnsa n3ydenus ¢pasoBoro coctaBa 06pasLioB U SBOMIOLIN
KPYCTa/UINYHOCTY IUIEHOK TIPOBEJIeHBI PEHTTeHOCTPYKTYp-
Hble MCCIeioBanyA Ha audpakroMerpe SmartLab (Rigaku).
[l IopaB/IeH A CUTHAJIA OT HOMJIOKKM ITAIAOINIL PeHT-
TeHOBCKMII ITy4OK HAIPABILA/NCA IOJ YIIOM CKOTbXEeHMA
6. = 0.5° Kk ToBepXHOCTH IIeHKM (IyTh 6OTIbIITE KPUTUIECKOTO
yI/Ia OTTHOTO BHEIIHErO OTpaKeHu). VicceoBaHa MHTeH-
CHBHOCTD PacCesHIA PEHTIeHOBCKOTO M3/TyYeHNs TPy 60/b-
IIMX IIOCKOCTHBIX yrax audpakumm 26=10-80 rpagycos
(GID-cxema). PaccessHHBIII CUTHAIT PETMCTPUPOBATICS CIVH-
TWULALVOHHBIM CYeTYMKOM ¢ Ienbio Corepa 0.114°.

BMIMC-ananu3 BbIIOHEH C mOMOIbI0 cucteMbl TOF.
SIMS5 ¢ ucnonbsoBanueM noHoB Cs* (1 k3B, 75 HA,
300x300 MxM?*) s pacublieHUs. [I1si 30HAMPOBAHMS
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MICIIONIb30Ba/IM MMITY/IbCHBIN MOHHBIN Iy4ok Bi' (25 k3B,
50 x 50 MxM?). [l KOMITeHCaluy 3apsifia MCIO/Ib30BAICS
VIMITY/IbCHBIIT 37IeKTPOHHBII Iy4ok (20 3B). Mopdomnorus
IUIeHKV aHAIM3MPOBasach MeTOOM KOHTaKkTHOII ACM
¢ SII Nanopics 2100.

[l npoBefieHNst 9KCIIEPUMEHTOB 110 I/Ia3MOXIMIYEeCKO-
My TPaBJICHUIO PYTEHNUS Ha IIOBEPXHOCTH CTPYKTYphl Ru
(30 1m)/SiO, (200 HM)/Si ¢ TOMOILBIO 37IEKTPOHHO-TY4€BOi
murorpadun (Raith 150) 13 HSQ pesucra 6bu1a copmimpo-
BaHa MacKa — HaOOPBI TMHUIT C Pa3HOIT IIMPOHOI ¥ PacCTO-
AHMEM MeXXIy HuMu. TpaB/ieHe BBIIONHAIOCH B YCTAHOB-
ke PlasmalLab 100 (Oxford Instruments). Viccnemosanoch
B/IMSAHIME COCTAaBa IIIa3Mbl (OZ, Ar, SF, C 4FS) Ha CKOPOCTb
TpaB/ieHNsA ¥ MpOIIb OMy4eHHbIX MHMIL [Tpodum mu-
HIIT MCCTIE[OBAINCH C TIOMOII[bIO PACTPOBOTO 3IEKTPOHHO-
ro mukpockomna (POM, Zeiss Ultra 55).

C 1je/1b10 MCCTIeIOBAHN BO3MOXKHOCTeI! LIeHTpUpyrupo-
BaHMA [/ 3aI10/THEHNSA IIPOCTPAHCTBA MEK/TY IIPOBOAILIN-
MM TUHUAME loW-k-19/IeKTPUKOM € TIOMOIIBIO [/Ia3MO-
xummndeckoro Tpasienus (PlasmaLab 100) kpemuust 6u1n
chopMupoBaHbI HAOOPBI IMHNUIT PA3HO IIMPHBI C PA3HBIM
paccTosHMeM MeX/y HUMMU. VIccenoBanoch BIUsHNE Na-
paMeTpoB HaOOPOB JIMHMII HA 3aIIONHEHNE IIPOCTPAHCTBA
MeXJy HUMI. B kadyecTBe MopenmbHOTO low-k Ananekrpuka
ObUT BBIOpaH CUICECKBIOKCaH Bopopoza. [Ipodmmu cTpyk-
TYp MCCIIEf0BaJIICh € IoMOMIb0 POM.

PesynbraThl 1 ux 06CyKeHMe

Dopmuposanue cnoes pymeHus

Ha noBepxHOCTM KpeMHMS U OKCUIa KPeMHUA B IPO-
necce PEALD Ha6rmofancs TpeXMepHBIIT POCT IJIEHOK py-
TEHN:A, KOTOPbIII MOKHO 0OBACHUTD TIOXON HyK/IeaLen.
Bb110 06HAPYXXEHO, YTO OCTPOBKOBBII POCT IVIEHOK Ru
Ha Heo6paboTanHol mosepxHoCcTH Si M SiO, mpopomKa-
eTCsl 1O TOJILVHDI B HECKO/IbKO JeCATKOB HAaHOMeTpoB. Pa-
Hee HaMM OBUIO YCTaHOBJIEHO, YTO MOJCION HUTPU/A TaH-
Tasa, MOMyYeHHbI NOocIe mATH BuKIoB ALD, ontumanen
T MHTeHCUPUKAINY TIPOIiecca 3apofbliieoOpa3oBaHms
pyTenus [20]. OmeHKa TOMIVHBI TAKOTO C/I0A IO U3BECT-

Tabnuya 1. Ilapamempu 06pasio06

Temnepartypa nop-

Homep o6pa3ua | Yucno umknos ALD Ru

Tomuwuna cnos Ru, Hm

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

HOJI CKOPOCTM pOCTa IJIEHKU HUTPUJA
TaHTaja B nponecce ALD cocrapiser
okomo 0.3 HM, an6nM3MTean0 OJIH
MOHOCJION. TO MOJKHO PacCMaTpUBAaTh
KaK MOZV(UKALVIO TIOBEPXHOCTH, IPY-
BOJALILYIO K 607mee 9 peKTUBHOMY 3apo-
[ibIIIe06pa30BaHNUIO Py TEHUEBO IVIEHKI.

ITocne ALD-mnenok Ha ocHOBe Ru Bce
006pasiipl ObIIN BCECTOPOHHE UCCTIeI0Ba-
Hbl. TormuHa 1 yfenbHoe 3/1eKTPOCOIpo-
TUBJIEHVe 00Pa3I0B IVICHOK IpeicTaBIe-
HBI B maon. 1.

Tommuua cnoes Ru Ha obpasuax 1 u 2
He Mor/ia ObITh u3Mepena B COM ¢ mpu-
€MJIEMOJ TOYHOCTBIO M3-332 HU3KOM KOH-
TPACcTHOCTY, TONIIMHA IUVIEHOK Ha HUX
olpefienAaach METOIOM CIIeKTpPaIbHOI
ammncomerpun. s o6pasuos 3-7 us-
Meperrss COM Ha nolepevyHOM Ce4eHUN
HO3BOJIM/IN IONIYyYUTb TOUHYIO OLEHKY
TO/NIIMHDL X ONPefeNNTh UX HONUKPU-
CTa/UIM4eckylo cTpykrypy. Ha ob6pasuax
3-5 mIeHKH pa3Mep 3epeH ObUT TopsiKa
TOJILIVHBI IVIEHKM, @ Ha 06pasiax 6 u 7
IVIEHK) VIMEJIM CTO/IOYATYI0 CTPYKTYPY,
JaTepajIbHBIl pasMep 3epHa COCTaB-
ns1 okono 10-15 um. [l o6pasios 6
¥ 7 3HA4eHVsI TOJIIVHBI GBI TTO/TYYeHbI
npu Mopenuposanuy Kpusbix XRR, uro
IIO3BO/IN/IO OLIEHUTb LIEPOXOBATOCTD
(RMS=1.5 HM) U IIJIOTHOCTDH OCaXKIeH-
Horo pyrenma (12.0+£0.2 r-cm™). Ilpn
375-400 °C ckopocTb pocra 3a uuka ALD
cocrasyana 0kono 0.045-0.050 um.

Ha comporusneHue IIeHOK TOHbIe
10 HM BAMAIT HU3KOpasMepHble (-
GbexTsI [24]. ITO He O3BOMSET OLIECHNUTD
06beMHOe y/IeIbHOE COPOTUB/IEHNE Ma-
Tepuasa, I03TOMY IIpUBeJeHHble 3Hade-
HIS YIE/IbHOIO CONPOTUB/IEHM TITIEHKY

YnenbHoe conpoTHBIEHHE,

NOXKH, °C MKOM.cM
1 750 200 61 652.6+1.5
2 750 250 9+1 508.5+1.5
3 750 300 17£2 288.0+1.0
4 750 325 202 200.2+1.0
5 750 350 25+2 130.51.0
6 750 375 27+1 18.2+0.8
7 750 400 33+1 19.1£0.8
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Ha obpasuax 1 u 2 cmefyer paccMaTpu-
BaTb KaK OLIEHKY CBEpXY.

Ha puc. 1a npencrasieHa guarpamma
paccesHMs Y[eIbHOTO CONPOTUBIEHM
B 3aBJMCYMOCTH OT TeMIIEPATYpPbl OCAXK-
fienys1. MO>KHO IIpefIIoNIOKUTD, YIeIbHOe
COIPOTUBJIEHNE TMHEHO YMEeHbIIAeTCs
C poCTOM TeMIlepaTypbl ocaxpenus. [Ipu
TemIieparype ocaxaenus 375 °C conpo-
TUBJIEHME JOCTUTAeT MYUHIMYMA.

Ha puc. 1b-d nipepcrasieH BBIXOJ] BTO-
puuHbIX 1oHOB 'O, 'Ru n yrnepoxco-
flep>KallMX MIOHOB 13 IMOKPBITIA, OCaXK-
JIeHHDBIX IIPY Pa3HBIX TeMIleparypax. [
KICTIOPOJia BUJTHO, YTO C TOUKU 3PeHMs
cocTaBa IIeHKH CYLIeCTBYIOT /iBa TeMIle-
PaTypHBIX AManasoHa: 1) oboraijeHHbIe
KICTIOpofoM IieHKu — rpu 200-350 °C
U 2) IIeHKY, I KOTOPBIX BBIXOJ BTO-
PUYHBIX VIOHOB KUCIOPOfia Ha IIpefene
obnapyxenus meropa BUMC, - npn
375-400 °C. Mo)XHO chenaTh BBIBO[I,
4TO IIEHKA YMCTOTO pyTeHMs 06pasy-
ercs mpubmsurensHo npu 1>350 °C,
a 1pu 60o7lee HUBKVX TeMIIEpaTypax Ipo-
VICXOAUT OCaXJeHue IieHky Ru, o6ora-
IIeHHOTO KucaoponoM. IIoHMKeHHBbIN
BBIXOJ] IOHOB KIC/IOPOJiA U PYTEeHMs /I
06pas1ioB, OCaX/IEHHbIX IIPJ TEMIIEPaTy-
pax nogmoxku 200-250°C, MO>XHO 00B-
SCHUTb 3aBMCUMOCTBIO BBIXOZA MOHOB
OT MaTepuaja MaTPUIBI (4MCTHIN METATIT
i okcup) 8 BUMC. Brixon yrnepona,
KaK BUJHO 13 rpaduka, yMeHbIIaeTcs
C MOBBIIIEHNEM TeMIIepaTypbl. ITO HOf-
TBep>KIaeT IpelIloNIoKeH1e O HesaBep-
IIEHHOCTH PeaKLMy OCAKIAeMOro Mare-
prana ¢ KUCIOPOLHON IIa3MOl; 110-BU-
LVMOMY, IIJIEHKY B 9TOM C/Iy4ae, HapsAay
C KICTIOPOJOM, COIeP>KaT OpraHndecKie
OCTaTKI.

Ha puc. 2 mpepcraBieHbl CIEKTPbI
GXRD nokpbITuii, 0CaKHEeHHBIX IpU
remrneparypax 300-400 °C. OrmeyeHo
HO/IOKEeHMEe ONOPHBIX INKOB (BEpPTH-
KaybHble mHuu) 1 Ru [25] n RuO, [26]
B XaOTMYECKM OPMEHTMPOBaHHBIX IIO-
pomikax. B cekrpax 06pasijoB 3-5 npu-
CYTCTBYIOT TOJIBKO IMKHU, COOTBETCTBY-
IOllJie XAOTUYeCK! OPUEHTVMPOBAHHOI
TeTparoHaabHoil dpase RuO, (P4,/mnm).
C Epyroit CTOPOHBI, B CIIEKTpax 06pas1ioB
6 1 7 IPUCYTCTBYIOT IIMKM, COBIIAZIAl0LIe
TOJIBKO CO CIy4ailHO OPMEHTUPOBAHHOI
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Puc. 2. Cnexmpor GXRD 071 nneHox, 0Caxc0eHHvix Npu memnepamypax
300-400 °C.

rexcaronanbHoit ¢asoit Ru (P6,/mmc). MoxxHo mpepo-
JIOKUTD, 4TO IpU TeMIlepaType ocaxaeHusa 375° C mpo-
VICXO[IUT pe3Koe M3MeHeH)e MeXaHI3MOB [TOBEPXHOCTHBIX
peaxiuit, MpUBOJALLee K M3MEHEHNIO COCTaBa M CTPYKTY-
bl IVIEHKY OT TIONIMKpucTamndeckoro RuO, npn Husknx
TeMIIepaTypax 10 IVIEHK! 41CToro Ru mpu 6oree BHICOKMX
temmneparypax. CriefyeT OTMETHUTD, YTO YAeIbHOE COIpPO-
TUB/IEHNE HAUMX T/IeHOK RuO, 3HaYMTENbHO MpeBbIIIaeT
3HaYeHVs], yKasaHHble paHee [27]. BosamoxkHast npyynHa —
BBICOKOE COfiepKaHNe YITIepofia B IVIEHKaX OKCHUJA pyTe-
Hus. Bee muku RuO, cMenieHb! B CTOPOHY GO/BIINX YI/IOB.
9TO MOXHO OOBACHUTD CKUMAILIMMY HAIPSHKEHUAMN
B ITOKPBITUAX.
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Ocaxpgenne maeHKyu Ru TommmHOoi 33 HM MeTOHOM
PEALD npu 400 °C sanumaet oxono 3. Taxoil Temmnepa-
TYPHbIII peXX1M He TIOIXOAUT I/1s1 HeKOTOPbIX IIPUIOKEHUII
(Hanpumep, mexxcoemunernit VIC). VHTepec npepcraBiia-
eT B/IUAHME TTOC/IeYIOLero OTXKIUTa Ha CBOIICTBA IIIEHKI,
OCaXJeHHOIT py 6ojee HM3KOI Temmeparype. O6pasibt
3-5 omxuramu npu 400 °C B TedeHne 1-2 4. Boito o6Ha-
PY>KeHO, 4TO TO/IHA IIJIEHOK Ha 0cHOBe Ru, ocaxjeHHbIX
Ipy HKU3Koit Temiieparype merofiom PEALD, cymectBeHHO
YMeHBIIAeTCs NpYU MOCIefyomeM omxure. IToT addexT
He HaO/MIOmaICsa /I IIeHOK, ocaKieHHbIXx PEALD npn
375-400 °C.

Ha puc. 3a npencrasnensl cuekrpsl GXRD o6pasua 3
mo u mocne orkura npu 400°C B N, B revenne 1 4. Vs rpa-
¢uKa BUHO, 4TO B IpOIlecce OTXKINTA COCTAB ¥ CTPYKTypa
HOKPBITHSA 3aMeTHO M3MeHmch. [lommukpucrammmyeckas
TeTparoHanbHas cTpykrypa RuO, cmennnach momkpm-
CTa/IIM4YeCKO TeKcaroHaynbHou reHkoi Ru. ITo-Bummmo-
My, TIpU OTKUTe TIpoucxoput pasnoxerne RuO,. Bosmox-
Ha VI peaKiys AUCIPONOPLMOHNPOBAHNA ¢ 00pa3oBaHIeM
nerydero RuO,.

@ 5 5|8 gl g = ® “ B ROCHE HANLINEHUA
5 5 BEEE e 8
@ g 29 ¢ g @
300 -
= [ ]
3]
>
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5 ! [ L
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o
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30 35 40 45 50 55 &0 o 300 Sﬁlu _ulm

Puc. 3. a - GXRD-cnexmpol 07151 naenxu, ocaxoennoti npu memnepamype 300 °C, 0o u nocne
omiiuza npu 400 °C 6 N2 6 meuenue 1 4; b - 3a6ucumocmu yoenvHo20 CONPOMUBTIEHUS O MeM-
nepamypoi 0caxcoenus 00 u 1ocse OMuU2a.

pe3uctT
Ru

OTOT (asoBBIl Iepexof CONPOBOXKAAICA YMEHbIle-
HIUEeM YAeIbHOIO 3JIeKTPUYECKOI0 COIpPOTUBJICHUA.
Ha puc. 36 npepcraBieHo yfieNbHOE CONPOTYBIEHE 00-
pasuos o n mocne orkura npn 400 °C B N, B Teuenue 2 4.
Tem He MeHee BO BceX C/Iydasx yfe/lbHOe COIPOTYBIIEHME
IUIEHOK ITI0C/Ie OT)KMTA OCTAeTCA BBIIIE, YeM Y 00pasIjoB
6 u 7. I HeKOTOPBIX HU3KOTEMIIEPATYPHBIX 00pasIioB

200 v

40 Hv

Puc. 4. a - POM-usobparceniie nunuii u3 pymenus, noLy4eHHbIX NAASMOXUMUMECKUM MPasie-
Huem 6 nnasme O ; b - wupuna nunuii - 0kono 15 Hm, paccmosmue mMexoy muHusMU - 50 HM.
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OT)KIT IIPUBET K CHIDKEHUIO YIeTbHOTO
conporuserns 1o 50-60 MkOm:-cM. Itu
3HaueHUA ONMU3KM K 3HAYEHNAM, yKa3aH-
HbM 1 RuO, panee [27].

Tpasnenue pymenus

Vccnenosanue nokasaio, YTo BHeCEHUe
SF,, Ar u C,F, B Kucnoponnywo mrasmy
He OKa3bIBaeT CyLIeCTBEHHOIO BIIVSHMS
Ha IIpollecc TpaBJieHN: pyTeHus. B sHa-
YUTENbHON CTeleHM HpOoduIb U CKO-
POCTb TpaB/IeHNs OIpeNe/AI0TCA Halps-
KeHueM cmentenns. Hanpsokenne B uc-
C/Ie[IOBAaHUY CMellleHNe BapbUpPOBaoCh
B guanasone 50-300 B. OnrumanbHbIM,
C TOYKM 3PeHMs BEPTUKATIBHOCTI CTEHOK
0Ka3aJ/I0Ch 3HaYeHNe HAIPsDKeHUA cMe-
mwenns 300 B (puc. 4a).

Bpinm nosmydeHs! cepuy IMHNIL U3 Py-
TeHMA WVPUHON 10 15 HM 1 paccrosgHue
Mexpy Humn — 50 HM (puc. 4b). Pesuct
HOCTIe IIpoLiecca He YHALA/ICS, TIOCKO/IbKY
CyOTpaKTUBHAs TEXHONOINA TIPeIoIara-
eT IIpYMeHeHNe XVMMIKO-MeXaHN4IeCKoll
IUIAaHApM3ALMU AMIIEKTPHUKA IOC/Ie ero
HAaHEeCEeHNS.

Hanecenue low-k na maccusvt nunuii

VccnenoBanue BO3MOXHOCTEN IieH-
TpUYIUpOBaHNUA [I0KA3A/I0, YTO 3AIOJI-
HeHJe IPOCTPAHCTBA MEXJY NTMHUAMA
CUJICEKBMOKCAHOM BOZOPOZIA IIPOUCXOINT
6e3 mycrot. TomyHa low-k-guanexrprka
B 00yacTax 6e3 MMHUIT OKa3anach Mpy-
6m3uTenpHO Ha 10% MeHblue (puc. 5).

Bty cpopMupoBaHBI CTPYKTYPBI C Ha-
6opamu MuHMIT WUPUHOI 50 HM 1 pac-
CTOAHMEM MEXAY HUMM OKono 40 HM,
HOKPBITHIX low-k-nuanexTpukom 6e3 my-
crotT. HeogHOPOTHOCTD C10SI CU/ICEKBU-
OKCaHa BOZIOpPOJia MOXKeT OBITh CBsI3aHa
C M3MeHeHMeM MaTepyaa Mo AeiiCTBUEM
97IEKTPOHHOTO Iy4Ka BO BpeMs HOJTyde-
Hus poTorpadun.

3akinroueHie

HMccnemoBaHbl CBOMCTBA TOHKUX ITTIEHOK
pyTeHus, ocaxpeHHoro MerofoM PEALD
¢ ucnonbzosannem Ru(EtCp), n kucno-
POMHOI I/Ia3MBbl HA IOBEPXHOCTI KPEMHIA
u SiO, ¢ moncnoem TaN 0.3 um. Boicokas
OTHOPOJHOCTD U LIEIOCTHOCTD IUIEHOK,
a TaKKe IpueMieMas CKOPOCTb poCTa
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3a IVKJT OBUIV OCTUTHY ThI HA KPeMHMEBBIX
wiacTuHax guamerpom 100 M. B nHTepBa-
7e Temneparyp ocaxpenysa 200-400 °C 06-
Hapy>KeHbI [1Ba pas/muHblx pexnma ACO
HOBEPXHOCTHOI peaKLy MeX[y IpeKyp-
copamut. [Ipu Temneparypax Hivke 375 °C
OBLIM TIOJTYYeHBI MOJIMKPYUCTA/IINYECKIe
IIeHKY OKCupa pyTenus. [Ipu 6onee Bbico-
KOJI TeMIIeparype HpONCXOANI0 GOpMUpO-
BaHUe IOMKPUCTAJIINIECKIX HOKPBITHI
U3 4YICTOTO PyTEeHMA.

[l pyTeHNeBOro IOKPBITHA TOJILIY-
HOJ 29 HM y[a/l0Ch IOy YUTD LIEPOXOBA-
TOCTb OBepXHOCTU ¢ RMS=1.48 Hm. 91O
3HAYUTE/IbHO HIDKE, YeM Y IJIEHOK, 11Oy~
yeHHbIX TepMudeckuM ACO 13 nomysp-
HBIX IpeKypcopoB (RMS=2.6-3.5 HM).
[llepoxoBaToCTb HOBEPXHOCTHU IIJIEHOK
pyrenus merogoM ACO TonumHol 6onee
10 HM MOXXHO OO'BSACHUTD ITOCTIENCTBUAMM
MeXaHIYEeCKVX HAIPSDKEHUI! B IVIEHKaX.

PaccmoTpeHbl Bompoch Imas-

BECTHHK PdbdH
WHTETPAJIbHbIX CXEM

Puc. 5. a - POM-usobpasenue cmpykmypol ¢ HanecerHoim low-k-Ouanekmpuxom (cuncexeuox-
caua 8000p0d); b - usobpaxerue Habopa nuHUl wWUpuHot 50 HM U PACCIOTHUEM MeH0Y HUMU
0k0710 40 Hm, nokpvimoix low-k-ousnexmpuxom.

MOXMMMYECKOTO TpaBIE€HMUS PYTEHMA U HaHECEHUH
low-k-guanexrpuka 1eHTpuPyrupoBaHeM Ha MacCUBBI
nuHuit. [IpofeMOHCTpUpPOBaHbI OCHOBHBIE STAIIBI CYOTpPaK-
TVMBHOJI TeXHOJIOTMY (POPMMPOBAHVIS CUCTEMBI MEXKCOCVI-
HEeHIII Ha OCHOBE PyTEHMA.

Pabora moggepxana rpantom POON Nel18-29-27029
U 9aCTMYHO BBINOJTHEHA B PaMKaX TOCY[apCTBEHHOIO 3a-
nanusa OTVIAH um. K.A. Banmnesa PAH Muno6pnayku PO
o TeMe NeFFNN-2022-0021.
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Abstract "W’W’W’V\’\’V\’V\’W

Ruthenium thin films were deposited by plasma enhanced atomic layer deposition (PEALD) using Ru(EtGp), and
oxygen plasma on the modified silicon surface and Si0,/Si substrates. The substrate temperature has a significant
impact on film growth. The GXRD and SIMS analysis have shown that at the substrate temperature 7=375 °C
there is a sharp change in the mechanisms of surface reactions, which leads to a change in the film composition
from Ru0, at low temperatures to a pure Ru film at higher temperatures. This was confirmed by measurements of
the electrical resistivity of Ru-based films. The lowest surface roughness ~1.5 nm was obtained at a film thickness
of 29 nm deposited at 375 °C on a Si0,/Si-substrate. The measured resistivity of the Ru film was 18-19-uQ.

cm. Issues regarding the plasma-chemical etching of ruthenium and the spin-on of a low-k dielectric onto arrays
of lines are taken into account.

Keywords: ULSI, interconnections, metallization system, ruthenium, plasma chemical etching, low-k.

*The work was financially supported by RFBR (project 18-29-27029).
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Table 1. Parameters of the samples

Sample # # of Ru Cycles Dep temp, °C Thickness, nm Resistivity, ygOhm.cm
1 750 200 61 652.6+1.5
2 750 250 9+1 508.5+1.5
3 750 300 172 288.0+1.0
4 750 325 20+2 200.2+1.0
5 750 350 25+2 130.51.0
6 750 375 27+1 18.2+0.8
7 750 400 331 19.1:0.8

60 DOI: 10.22204/2410-4639-2023-118-02-53-62  No 2 (118) anpens—utoHb 2023 T.
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Fig. 1. a - resistivity vs. deposition temperature; b-d — secondary ion mass spectrometry (SIMS) yield of '*O, "Ru, and carbon-
containing ions in the coatings deposited at different temperatures, respectively.
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Fig. 2. Grazing incidence XRD (GXRD) spectra obtained for the coatings deposited at temperatures 300-400 °C.
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Fig. 3. a - GXRD spectra obtained for the film, deposited at 300 °C, before and after additional annealing at 400 °C in N, for 1 h;
b - resistivity of the samples before and after post-annealing at 400 °C in N, for 2 h vs. deposition temperature.
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Fig. 4. a - SEM image of ruthenium lines obtained by O, plasma etching; b - line thickness is about 15 nm, distance between them - 50 nm.

40 nm

Fig. 5. a - SEM image of a structure with deposited low-k dielectric (HSQ); b - image of a set of lines coated with a low-k dielectric.

The line width is 50 nm, and the distance between lines is about 40 nm.
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®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @ BECTHHK PdbdH
WHTETPAJIbHbIX CXEM

OcHoBHBI€e acnieKTbl (POPMUPOBAHUS MeTATTU3 AL NN
B CyOIeCAITHHAHOMETPOBOI TEXHOTOTMY U3TOTOB/ICHS
VHTETrPaIbHbBIX CXeM ™

.. Amupos, A.H. Kynpusnos, B.B. Haymos, M.O. V3ztomos, /].I. Bonowiun, A.H. Kponomxun, JI.B. Jlonaes,
T.B. Paxumosa

MpuBeaeHbI 0CHOBHbIE PE3YNLTaThl TEOPETUHECKOTO U IKCNEPUMEHTaIIbHOTO MCCNIef0BaHIA napameTpos nnasmbl Ar/Cl, u Ar/CL/0,
B pPeakTope aTOMHO-CNOeBOro TPaBneHus, uccnefosaqus Tpasnexus nnexok Mo, W, Ru B xnopcogepxatleit nnasme ¢ in Situ
KOHTPOMEM HEenpepbIBHOrO MPOLECca TPasNeHUs 11 LKIMYECKOro aTOMHO-COEBOro TpaeneHns nnexku W Bo dotopcofepxatLei
nnasme. Pe3ynsrarbl pacyeTa KOHLEHTPALMI MOHOB, NOMYYEHHbIX C UCNONb30BaHUEM Pa3padoTaHHON ABYMEPHOI MMAPOLMHAMUYECKON
MOZenu xnopcozepxatLier nnasmbl B4 paspsga Haxo[aTcs B XOPOLLEM COTIACUN C 3KCMEPUMEHTATbHBIMI AaHHbIMU. OBHapYXEHO
CUNbHOE yBenuyeHne ckopoctu Tpaeneqns Mo, W B xnopcofepxatueil nnaame ¢ yBenuyeHnem 3Hepriv MoHoB. [1okasaxo, 4To
CMOMNb30BaHNe in Situ pechNneKTOMETPUYECKOro MeToAa OnpeSeneHns CKOpoCTy TPaBeHs JaeT BO3MOXHOCTb KOHTPONMPOBATL
MPOLLECC TPABEHNS HA OTAENbHbIX CTAZMUSX LNKIMYECKOTO aTOMHO-CI0EBOr0 TPaBfieHUs MeTasioB. 310 Cnoco6CTBYeT 6onee
ObICTPON ero paspaboTke. Kpatko 06Cy)xaaeTcs MexaHu3M TpaBeHUs METanos B XJI0PCOAEPKALLEN nnasme.

Kntoyesble cnoBa: TexHONOrusA, MOAENMPOBAHIE, JUATHOCTMKA, METaNNN3aLUmMa, aTOMHO-ClI06BOE TPaB/IeHUe, raloreHcoaep-
Xalas nnasma, nieHKu MeTansos, KOHTPO/b TPABEHUA.

*Paboma evimontera npu gurarcosoti nodoepicke PODH (npoexm Nel18-29-27017).

BBenenne ro adexra, CBI3aHHOTO CO CpeHeN AIMHOI CBOOOTHOTO
npobera 9/eKTPoHa, p 6yzieT MeHblIlle IPU pa3Mepax Jopo-

B cybpmecATMHAaHOMETPOBOI TEXHO- ek <10 HM. Kpome Toro, 3amena Cu Ha Co niu Ru no-
noruy mMHTerpanpHbix cxeM (JIC) cy-  BBICUT HaJl@XKHOCTb METa/UIM3ALIVM M3-3a HU3KOU UX ud-
IeCTBEHHOE M3MEHEeHUe JIO/DKHA Tpe-  (ysum B C/I0V UINIEKTPUKA U BBICOKOI CTOMKOCTY K 97IEK-

TepIeTb TeXHOMOIMSA MeTajnusanuu.  Tpomurpauuu (4, 5]. Ilo satomy kpureputo Ru saBnsercs
MenHas MeTannuMsanysa GODKHA ObITh — Hambosee MOAXONAIMM KaHIMAATOM /I MeTa/UIM3al[IL.
3aMeHeHa Ha MeTa/IM3aluio Ha ocHoBe  Kpowme Toro, B ormnuue ot Cu u Co pyTeHnmit xopouro Tpa-
K00anbTa, PyTeHNUs WIM TYTOIUIABKMX  BUTCS B TAJIOTEHCOfiepyKalllell I1asMe U II09TOMY JJOPOK-
MetamnoB Mo, W, Rh n Ir [1-3]. XoTss uX KM MeTa/uiMsaliuy Ha ero OCHOBE MOXXHO c(OpPMMPOBATh
YAE/IbHOE IEKTPUYECKOE COIPOTHUBJIEHNE  HE I10 JaMacCLleH-TEXHOJIOT UM, a ITyTeM I/Ia3MOXMMUYECKOTO
p OosblIIe, YeM MeJiVL, HO U3-3a Pa3MEPHO-  aHM3OTPOITHOTO TpaB/ieHus [6]. OnHaKo, HeCMOTps Ha VIH-
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TEHCHBHbIE VICC/IEOBAHYIS, BBIOOP OITHMMAIbHOTO MeTasla
Oymy1elt MeTa/UIM3aLMY ellle He OCylecTBIeH [7]. B kade-
CTBe MaTepuaia MeTa/IN3aluy IIPEIaraeTcs MCIoab30-
BaTbh TaK>Ke MHTEPMeTA/UINYeCKe COeIMHEHUS C HUSKUM
yaenbHbIM conpoTusnennem tuma Cu,Mg, CuAl, n NiAl [7].
3amMeHa MaTepuana MeTa/IN3aLVN 1 YMeHbIIeHIe TO/IIN-
HBI IUIEHOK MeTa/UIoB 10 40-50 HM BBI3BIBAIOT HEOOXOM-
MOCTb B pa3paboTKe IPOLIECCOB X HAHECEHIs U TPAB/ICHMA.
ITpu HaHeceHNN ITICHOK VX y7ieTTbHOE COITPOTUBICHIE JIO/DK-
HO OBITb CPaBHUMO € 00beMHBIM CONpoTHBIeHNeM. OOBIYHO
MUHUMAJIbHOE YeNbHOE COIPOTUBIEHNE MIMEIOT SIUTAKCH -
a/IbHbIE TUIEHKY MeTasa [4]. [l ocakmeHns MeTasia B Ka-
HaBKU pa3pabaTbIBAIOTCS MPOLIECCHI IIA3MOXMMIIECKOTO
ra30()a3HOro OCAXKIEHIs, AMEKTPOXUMUYECKOTO OCAKIEHIS
U MarHeTpOHHOro HaHeceHus. [TocmegHMIT MeTOp, MIMPOKO
JICTIONb3YeTCA B TEXHONOTYY HAHOSTeKTPOHMKIL. BbIo mo-
Ka3aHo, YTO IIPY OIpefe/IeHHBIX YCTIOBIAX MarHETPOHHOTO
HaHeCeHN yenbHoe conporusienne Co Tommunoit ~40 HM
65110 MeHbIIe 9.8 MKOM-CM, 4TO CPaBHIMO C YIeNbHbBIM CO-
npotusierneM ob6vemHoro Co (6.8 MkOm-cm) [8, 9].

[Ipu pasmepax 97eMeHTOB MHTErPaNbHbIX CXeM MeHee
10 HM HeoOXOAMMO OCYIECTB/IATh KOHTPO/Ib Ipoliecca
TpaB/lIeHUA C aTOMAPHOJ TOYHOCTBIO. TaKol IUK/Inde-
CKMIA ITPOIIecC MIa3MEHHOTO aTOMHO-CI0€BOTO TPaBJICHYI
(ACT) 6pin paspaboran gua rpasnenus Si, SiO,, Si, N, [10,
11]. TlokazaHa BO3MOXKHOCTb peaji3aliy aTOMHO-CII0e-
Boro tpasrenuss W u Mo [11, 12]. XoTst npuHunI peanm-
zauuu npoueccos ACT 6bi1 paspaboTaH JaBHO, MHOTVIE
ACIIeKTBI TAKOTO TPABJIEHUSA OCTAIOTCS HESICHBIMU. DTO
006yCIIOB/IEHO HEJIOCTATOYHBIM IOHMMAHNMEM MeXaHU3Ma
TpaB/IeHUs META/IOB B rajloreHcofepxkaieii masme. Ilo-
aToMy paspaborka npoueccoB ACT Hepa3pbIBHO cBsA3aHa
C 9KCIIEPUMEHTA/IbHBIM M TeOPEeTUYECKIM UCCIIeTOBAHM-
SIMU XapaKTePUCTVK ITa3MBbl Ta/IOT€HCOfiePKAIINX Ia30B,
OIIpefie/ieHeM IIOTOKOB PaJyKasIoB, IOHOB, VX SHEpTUN
B peakTope aTOMHO-C/I0eBOro TpaBieHus. Ha ocHoBe aTux
JIAaHHBIX MOXXHO Oy/IeT IIPeCTaBUTh MEXaHU3M TPaB/IeHNA
MeTa/IoB. B craTbe 6ymyT KpaTKO IpUBEEHbI Pe3y/IbTa-
TBI MOZE/IVPOBAHMIS I/IA3Mbl M IMATHOCTYIKY [TapaMeTPOB
nmasmbl Ar, Ar/Cl, Ar/ClL/O, B peakTope aTOMHO-CI0€BOT0
TpaBJIeHNs, B KOTOpoM Iposopyn TpasneHue W, Mo u Ru.

Pesynbrarbl pacyeToB mapaMeTpos mrasMmbl BU
paspana B Ar, Ar/Cl,u Ar/CL/O, c ucnonbsopannem
JABYMEPHOI I'MIpOJMHAMITYECKOI MOMeINI

Oco6eHHOCTDBI0 pa3paboTaHHOI ABYMEPHOI TUPOSVIHA-
muyeckoit mogienyt BUM paspsapa (f=13.56 MIt) B peakTope
aTOMHO-C/IO€BOTO TPaB/eHNs (puc. 1), B OTIN4Me OT Cylije-
CTBYIOIVX MOJIETIel, IB/IACTCA Y4eT BIMAHUSA Ha XapaKre-
PUCTUKY I/Ia3MbI TeMIIEPATypbl U IPOTOKA ra3a. B Mozenp
BXOJAT YpaBHEHIE HEIPepPbIBHOCTY /1A IVIOTHOCTEN! va-
cTull (371eKTPOHOB, MOHOB, HEMTPATbHBIX YaCTUL), FUP-
¢bysnoHHO-ApeiidpoBOe MPUOIIDKEHNE A/ IOTOKA MIOHOB

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

e RE (ICP) BOOW
13.56 MHz

Us |— R bias

Puc. 1. brok-cxema peaxmopa amomHo-cnoes020 mpas-
JIeHus.

U 97IeKTPOHOB, YpaBHEeHUe [/ S9HEPTUN
3NMEeKTPOHOB. Tak)Ke B MOJ[e/lb BXOMIST
ypaBHeHue MakcBesuIa fi/1s OIpefe/leHNIs
97IeKTPOMATHUTHBIX IIOJIell, ypaBHEeHMe
JUIA TEMIIEPaTYPHI U J/IA IPOTOKA Ta3a.

PereH1e MTOroBOJ CHCTEMBI ypaBHe-
HUIT B YaCTHBIX POU3BOHBIX OBITIO TIPO-
BEJIEHO C TIOMOIIbI0 METOf[a KOHEYHBIX
anemeHToB. [Ipu onucannn B3aumopeit-
CTBUS TIA3MBI C TIOBEPXHOCTBIO BXKHBIM
mapaMeTpOM SIBIISIETCS pacIpesiesieHie
OPUXOAALINX Ha TMTOBEPXHOCTh YaCTUI]
1o sHepruu. Ins pacyeta QyHKIMM pac-
npefeneHus MOHOB 1o sHepruu (OPUI)
TUIPOAMHAMIYECKass MOfIeTb paspszia Ar
ObITa [OTIO/THEHA KMHETUIECKOT MOJIe-
7IbIO IBVKEHMS MIOHOB B 3aJJAHHOM 3JIeK-
TPUYECKOM IIOJIe € YYeTOM CTONKHOBEHMI
C HeMTPaNbHBIMI YACTUI[AMY METOIOM
Mounrte-Kapro. 3aanHoe sneKTpuieckoe
nose 6panoch 13 CTAMOHAPHOTO pellle-
HYsA 11 PysMoHHO-ApelihoBOIl MOTeIN
paspsga. [JuHaMuKa MOHOB PACCUUTHI-
BajIach C y4eTOM IIPOLeCCOB YIIPYTOro
paccesHMs, a TAaK)Ke Pe30HAHCHOIT U He-
pe3oHaHCHOI mepe3apsnok. [logpo6Ho
nomo6Has MOfieNb, HO B HMPUMEHEHUN
K JIpyroil TeOMeTpUM peakTopa, OblIa
npusesieHa B [13]. PesynbpraTel Mogenu-
POBaHUS XapaKTePUCTUKY TTa3Mbl HaXO-
IMTUCD B XOPOIIIeM COTTIACUH C 9KCIIEPH-
MeHTa/IbHBIMU TAHHBIMIL.

B crmydae paspspma B xjope Mofenb
BK/TIOYaeT B ce0s 97IeKTPOHHYIO KOM-
TIOHEHTY, Monekynbl B ocHoBHOM (Cl,)
U KormebaTenbHO-BO30Y>KIeHHOM COCTO-
aunsax (Cl(v=1,2,3)), aTomMapHblit X10p
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Cl B ocHosHOM (*P, ) 1 BO36YX/IeHHBIX
(CI(*P,,)), CI('P,,) cocTosHMAX, MOHbI
CI*, CL* u CI. ITpn MmopienupoBasmm pas-
psia B XJIOpe MCIO/Ib30BaHA CXeMa Peak-
it u3 paborsl [14]. BennunHbl HOTOKOB
aromoB Cl 1 ¥X KOHI[eHTpaIu B paspsizie
OIpenensoTcs: K03 PuImeHTOM peKoM-
Ounanuyu Ha creHkax. C ompepeneHns
9TOJ1 BEJIMYMHBI HY)KHO HAauMHATh pacye-
TBI J/Is1 KOHKPETHBIX 9KCIIEPYMEHTATbHBIX
ycnosuit. Heo6xoaumMo oTMETHTbH, UTO
Koo puumenT pekombyHanyum aromos Cl
Ha CTEHKe MOXXeT MEHAThCA I 06aBIIe-
H1u aprosa. [TapameTpsl paspsia — gaB-
nenue 1.2 ITa, momHocTb 240 Br, pacxop
3 cM’/MMH IIpU HOPMAJIbHBIX YCIOBMAX
(m.y.), monst Ar (0-60%). V13 pesynbraToB
MOJIe/IPOBAHMs CIEJOBAJIO, YTO IIOTOK
MOHOB Ar* HAMHOTO MeHbIIIe IOTOKOB YO~
HoB Cl* 1 CL* maxe mpu 6ombinom copep-
xanuu (60%) aproxa B cMecu (puc. 2). 1o
00bsACHAeTCA O0Iee BBICOKMM ITOTEHIA-
JIOM MIOHU3ALMY aTOMOB AT, 4eM MOJIEKy-
JIIPHOTO U aToMapHoro xitopa. Craboe 13-
MeHeHIe TI0TOKA BO30Y>K/IeHHBIX aTOMOB
Ar c yBenMYeHMeM COep>KaHNs aproHa
B CMeCH MOXXET ObITb 00YC/IOB/IEHO YBe/IN-
4eHJeM KaHaJIOB TYLIEHNA Ar* ¢ XIOpOM.
IToTOK aTOMOB XJIOpa OCTAeTCsI OCTOSIH-
HBIM C YBE/IIYeHIEM [0/ APrOHa B CMeCH,
4TO OO'BACHACTCA YBEIMYEHNEM CTEIICHN
mucconmamyu Cl, B mmasme BcmeacTsue
YBE/IMYEHVS IVIOTHOCTU 1 TeMIIepaTypbl
97IeKTPOHOB. YBe/m4eHe IOTOKOB IOHOB
xnopa ClI'un CL,* Taxoke 06bACHAETCA yBe-
JIY9eHMeM KOHLIeHTPALIUM 1 TeMIIepaTy bl
anmeKTpoHoB 1 1 T, a Takke addexrom me-
peMellleHis IVIa3Mbl B HIDKHIOIO KaMepy.
Il TecTMpoBaHus Mopjenyu Ha 6ase
VIMEIOINXCA JIMTEPATYPHBIX JJaHHBIX
1o paspsany B cMecax Ar/Cl, 6pimu mpo-
BeJIeHbl PacyeTbl B LMIMHPUIECKOI
reoMeTpuy VHAYKIMOHHOIO paspsja
u3 paborel [14]. Ilomydeno xopouree
corjacue C 9KCIepyMEHTATbHbBIMU JaH-
HBIMU I10 TJIOTHOCTY 37IEKTPOHOB B 3a-
BucumocTy ot fasnenus (10-25 mTopp)
s cvecn 50%Ar/50%Cl. [ina Tectupo-
BaHusA Mopier B TpoitHoi cmecu Ar/CL/O,
OBUIV MCIIONb30BAHBI [JAHHBIE 13 PAOOTHI
[15] mo pomAM MOHHBIX IIOTOKOB M KOH-
neHtpanyn Heitrpanpubix yactuy O, Cl
n ClO. ITonyyeHo Xopomee cormacue
II0 MOHHOMY COCTaBY U KOHIIEHTpaLun

Ne 2 (118) anpenb—utoHb 2023 T.
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MonsapHas nona Ar

Puc. 2. [Tomoxu sapswennvlx u Heldimpanvrolx uacmuy, 6 niasme Ar/Cl,c ysenu-
ueHuem codepucanus apeona é cmecu. JJasnerue 20 mTopp, BI-mousrocmo 240 Bm.

2.5E10 2.5

2.0E10

O skcnepumeHT
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Ne N_nnasmebl

Puc. 3. I[Tnomuocmy a71ekmpoHos, nonoxumenviuix uonos (N_nnasmot) [cm?],
anexmpoompuyamenvrocmy ons paspsoa 6 cmecu Ar/CLJO, - 50%/35%/15%, mouy-
nocmy 800 Bm, dasnenue 0.6 I1a. CpasHenue pacuemHuvix u IKCHEPUMEHIMATIDHBIX
OaHHbIX.

aroMoB O IIpy BBICOKOM COfiep)KaHWUM KUCTIOPOJia B TPOIi-
HOIt cMecu. IIpu 6O/BIIOM coflep)KaHUM X/IOpa VOHHBII
COCTaB OT/INYAETCS OT IKCIIEPMMEHTANBHO M3MEPeHHOT0O
B yKa3aHHOII pabore. OHAKO TaKoe e OT/IN4YNe IOMTYYeHO
camymi aBropamu paboTsl [15] 1o pesynpraTaM CBOeit 4uc-
nenHoit Mogemu. [Tomydeno xoporee cormacue 0 IIOTHOCTI
97IeKTPOHOB, IOTIOKUTE/TBHBIX MOHOB 1 CTETIEH TIEKTPOOT-
puaTenbHOCTH N'/n, B YCIOBUAX IaHHOI PaboTHI (puc. 3).

IKcnepuMeHTaTbHbIe NCCIefoBaHNA m1a3mbl BUIL
paspana B Ar, Ar/Cl,, Ar/ClL/O,B peakrope aToMHO-
CTT0€BOT0 TPABIEHNA

OKCIepyMeHTalbHOE MCCef0BaHMe XapaKTepUCTUK
nnasmbpl BYV paspaga B peakrope aTOMHO-CIO€BOTO
TPaBJIeHMs OCYLIECTB/ISIN C MICIIO/Ib30BaHMeM 30H/I0BO-
rO U CIIEKTPaJbHOrO MeTOoB. BY KoMIeHcrpoBaHHBbI
uyHaprdecknit 3ouz Jlenrmiopa u CBY-30uz (hairpin)
UCIIONIb30BANMNCh M1l ONpeJie/ieHNs IlapaMeTpoB IIjIas-
MbI: (pYHKIMU paclpefie/ieHns 9MeKTPOHOB 110 SHEPIun
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(PP33), noTeHIMaNa I/Ia3Mbl, TEMIIEPATYPbI ¥ INIOTHOCTY  MEHS/IACD C YBeIYeHNeM Cl2 B cMecu. OHa
9/IEKTPOHOB B 3aBMCUMOCTH OT faBieHus, BU-mMomuocTn.  pasHAmach ~2.3 3B npu BY-momHocTy 800
Vicnionb3oBaHme IByX 30H/IOBBIX METO/IOB BaXKHO JJIS IIPO- n 400 Br. Ho npn pasnenun 2.4 Ila ona
BeJleHNA N3MEPEHNI TapaMeTPOB 37IEKTPOOTPULIATENIbHON  Pe3Ko Majana fo 1 3B mpu yBemmyeHun
I/IA3MBI, TAKOM, KaK XJI0pcofepKalas miasma. InorHocTs CoflepKaHmA Cl2 mo 20% u manmee He M3Me-
VIOHHOTO TOKa Ha 97IEKTPOA M (PYHKUMA paclpefiefieHnss  HAmach (puc. 4a). VIsMeHeHMe IIOTHOCTI
JIOHOB 110 9HEPIUYU U3MEPSIICh CETOYHBIM aHAM3ATOPOM  9JIEKTPOHOB C YBeIMYeHMeM COflepyKaHMsA

¢ sagepxuBatoiuM noteniyanoM (RFEA) B Busie nocko-  X71opa B CMeCK TakKe ObIIO pasimyHbIM
IO 30H/]a C OXPAaHHBIM KOJIBIIOM BOKPYT Hero (YTOOBI M3-  IIpy BBICOKOM M HM3KOM AaBjIeHuN (puc. 40).
OexxaTh BIUSAHMS KpaeBbIX 9D (HeKTOB), pacioIoKeHHbIM [Inasma CL/Ar cranoBMmach anmek-
Ha TI0BEPXHOCTH 37eKTpoaa. MeTofyka n3MepeHns mapa-  TPOOTPULIATEIbHON IPU COfep)KaHUU
METPOB I/Ia3Mbl IOPo6HO IpuBesiena B [16, 17]. Bcemsme-  Cl, 6ombure 20%. (puc. 5a). Ho ecrm
PEeHMsI CiellaHbl B LeHTpe KaMepbl B 00/1acTi ~3 CM Bblllle  IIPU HM3KOM [JaBJIEHUU TIOCTIe OBICTPOrO
IIOBEPXHOCTM 97IeKTpofa (puc.1). YBEIMYEHNUSA NIEKTPOOTPULIATEIbHOCTH

30H/I0BbIe M3MepeHNs MOKa3a/y, 4T0 QYHKIMA pactipefie- o 1.5 OHa Jajee He M3MEHS/NACh, KaK

JIeHNs 37eKTPOHOB T 9Hepruu B masme Ar/Cl, msmensanmace  mpu W=400 Tax u mpu 800 Bt, To mpn
C yBeTIM4YEHVIeM COlepyKaHA XJIopa B cMecu IIpy HuskoM (0.6 BBICOKOM JaBJIEHUM OHA HeIpepbIBHO
ITa) u 6onee BboicokoM fasennu (2.4 ITa). ITo ee Bugy MOXXHO  Bo3pacrtana u gocturana 5.5 mpu 100%
TIO7IaTaTh, YTO OHA ObIIa MAKCBEIOBCKON Tpu cofiepkanmy  CL. [IMOTHOCTD TONOKXUTENMBHBIX OHOB
Cl, menee 80%. B mmasme Cl, PPO3 6bi1a He MaKCBeIOBCKOM.  Mafama o4ty B 10 pas mpu fo6aske 10%

IIpu masnenyu 0.6 T1a Temneparypa anextponos T cmabo m3-  X7opa, a fjanee cnabo yMeHbIIanach mpu
a
4- 0.6 Pa 400 W 10"; ~H~0.6 Pa 800 W
0.6 Pa 800 W 3 == 0.6 Pa 400 W
2.4 Pa 400 W b =@=24PaB00W
3 2.4 Pa 800 W “ =@=2.4Pa400 W
- 1010_" -
% g jo O - ey
5 2] ' R S - S
- z o, .,
- % ...-
10°; o Tte-o
" .. -
o i
@
0 + T T T T 108 ' r r r T
0 20 40 60 80 100 0 20 40 60 80 100
o,
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Puc. 4. Msmenenue Te (a) u Ne (6) ¢ yeenuuenuem codepucanus xnopa 6 cmecu CL/Ar npu pasrom dasnenuu u BI-mounocmu.
a 61 Cacosmsow LT 0.6 Pa 400W
~M=0.6 Pa 400 W L@ —@— 0.6 Pa 800W
54 -@-24Paso0wW L’ —h— 2.4 Pa 400W
~@=24Pad00W| o —¥— 2.4 Pa 800W
z N
e @ 10"
O -
+ - -
10° . . . : :
0 20 40 60 80 100
Cl, percent, % Cl, percent, %

Puc. 5. Vsmenenue anexmpoompuyamenvrocmu naasmol ClL/Ar (a) u nnomrnocmu uonos (6) om codepicarus Cl, 6 cmecu om npu pasrom dasnenuu u BY-mouy-
Hocmu.
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BBICOKOM JIaBJ/IEHNY, HO TIPU HU3KOM JaB-
JIeHUM U3MeHeH1e 6110 crmaboe (puc. 56).

Vi3MepeHue 9HepProaHaaN3aTopoM
bYHKIMY pacrpefie/ie st MIOHOB II0 Hep-
[UAM IIOKa3asio, YTO OHa CUIbHO M3MEHsI-
7ach B 3aBUCUMOCTH OT copiepxkanus Cl,
B mmasme. Ilpn copepxxanmn Cl, >60%
®PID cranoBMIaCh ABYrop6oIl IMpy Mo-
teHuuane cMmelenns —100 B. 91o 00bsc-
HAETCSI TEM, YTO B OOIIEM MOHHOM IIOTOKE
IPUCYTCTBYIOT KaK MOJIEKY/IIPHbIE, TaK
¥ ATOMapHBbIe NOHBI X/I0Pa.

Takum 06pasoM, ¢ UCHONb30BAHMEM
JIBYX 30H/JOBBIX MeTOOB (30HA JIeHTrMIo-
pa u CBY-30H7) 1 aHaNMM3aTOpa SHEPrUn
VIOHOB OBV OIIpefieIeHbl XapaKTePUCTH -
KU IUTa3MBbl, PYHKIUN paclpefeeHns
VIOHOB II0 9HEPTUAM JBYX- M TPEXKOM-
noHenTHoi mnasmbr CL/Ar, Ar/CL/O,
B IByXKaMEepPHOM peaKTope, B KOTOPOM
OCYIeCTBILANIOCH MCCTIe0BaHNe IIPOLiec-
COB TPaBJICHIsI METAJI/IOB.

CrekTpanbHble M3MEPEHNs ITa3MBbl
Ar/C12/02 TIOKa3a/Iy, YTO B CIIEKTpe IIas-
MBI HaOJTIOAI0TCS [IOIOCHI U3y 4eHIMS MO-
JIeKyTT Cl2 u atromoB Cl, O, Ar. Konnenrpa-
iy atomoB O u Cl, a Taxoke MOMeKyI Cl2
PacCYMTHIBANUCH AKTUHOMETPUYECKUM
metofoM [16] us ornomenwii I /1, , 1 /1,
n Icz/I ', COOTBETCTBEHHO. [[i1 aTOMOB
XJ10pa — 10 u3Mepenusam TpeHnios I/,
n 1, /I, ¢ napamerpamu paspsja (Mom-
HOCTBIO, JaB/I€HMEM, COCTAaBOM CMECH)
¢ yaerom Toro, yro [CL] =[CL]+[Cl]. [a-
Jiee ClieNlaHa KOPPeKIyisl Ha MI3MeHeHue aK-
TMHOMETpUYecKnx koapduimentos ¢ T.
9TO BOXXHO OBIO TONBKO IIPY M3MEHEHNN
JIaBJIEHNMs ¥ BBICOKMX IPOLIEHTAX X/I0pa.
[TporeHT X7I0pa U KUCTIOPOZiAa B CMECAX
PacCUMTBHIBANICS U3 PACXOZIOB Ta30B.

Vi3MepeHMs TIOTHOCTY XUMMUYECKN
akTuBHBIX yacTul B mnasme Ar/CL/O,
HPOBOAVIN IIPM OFHOM BBIOPAHHOM
COflep>)KaHNM KOMIIOHEHTOB B CMeCU —
50%Ar/15%0,/35%ClL, n nuskom faBe-
Hun 0.6 ITa. B Takoit cMecu npoBoguIn
tTpaBneHue Ru. Vsmepenus mokasanu,
410 C yBemudenueMm comepxxanusa Cl
B CMeCH NPOMCXOJUT CUIbHOE YMEHb-
IIeH)e aTOMOB Kucnopopa (puc. 6). 9to
MOYKHO OOBSICHUTH T€M, YTO YacTh aTO-
MOB X/IOpa BCTYIIIA B PEAKIMIO C aTO-
MaMu Kucinopogpa ¢ obpasosanuem ClO,
KOTOpBbIe He PEeTMCTPUPYIOTCA.

Ne 2 (118) anpenb—utoHb 2023 T.

BECTHHK Pdbbi
WHTErPANbHbIX CXEM
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Puc. 6. 3asucumocmo nnomuocmu amomos Cl 8 nnasme 50%Ar/15%02/35%C12
om cooepsarnus Cl, 6 cmecu.

OKCIepUMEHTa/IbHbIE UCCIEN0BAHYA TApaMeTPOB X/I0P-
cofiepkamiell IIa3Mbl MoKasanu, 4To mpoueccsl ACT
B nmasme ClL/Ar Heo6X0omMMO MPOBOAUTD NPV HU3KOM
JaBJIeHUN, KOTa 3/eKTpUUeCKMe IapaMeTpbl ITa3Mbl
He U3MEHAKITCA Pe3KO C M3MEHEHNEeM COCTaBa IIa3MBl,
KaK 3TO IPOMCXOZIUT IIpU BbICOKOM fiaBneHun. Ilepen tem,
KaK IIepeliTI K peannsalyi IpOoLecCoB TPaB/IeHNA B IBYX-
CTaf[UITHOM, LMK/INYECKOM Ipoliecce, ObIIM IPOBeIEHBI
JCCTIElOBAHNSA TPaB/IeHNUA META//IOB B HEIIPEPHIBHOM pe-
KM€ TPaBJIeHNA IPU KOHTPONMPYEMOM MOHHOM IIOTOKE
L SHEPTUU VIOHOB.

Tpasnenue nnesox W, Mo, Ru Bo ¢prop-

u xnopcopepxkameii mnasme Ar/CL, Ar/CL/O,

B HENPEPHIBHOM PEXXNMe U PeKIMe AaTOMHO-CII0€BOT0
TpaBAeHUA

@ropups u xnopuasl W 1 Mo 0fiMHaKOBO JIETY4H, U IPO-
necc ACT TpaB/IeHns MOXeT OCYILIeCTBIATHCA BO PTop-
U XJIOpOCAep>Kallell IIasMe, OFHAKO aHM30TPOIIHOCTD MX
TpaBJIeHISA MOXeET OBITh pasHoit. [T0aToMy ObIIN IIPOBEfEHBI
UCCIe0BaHNA TpaBieHys mieHok W tonmuHoi 10, 20 Hm
u Mo romuunoit 40-50 HM Bo dropcoepKalieit miasme
SE /Ar u xyopconepxauieii niasme CL/Ar B 3aBuCHMOCTM
OT 3Hepruy noHoB. O6pasLamMu CIy>KIIu INIACTUHKI OKIC-
JIEHHOTO MOHOKPMCTA/UIMYECKOro Si pasMepoM ~ 9X9 Mm
¢ wieHKoit MeTaa. O6pasipl BbIPe3asnch 13 IIACTUHBI Si,
Ha [I0BEPXHOCTDb KOTOPOiT MarHETPOHHBIM CIIOCOO0M 6ObITa
HaHeCeHBI IJIEHK! MeTaIoB TommyHo 20-40 HM. YcmoBus
TpaBeHus 6buu cegytomymu: P=0.6 ITa, W=700 Bt. Oxc-
IIEPUMEHTBI IIPOBOIM/IN C MCIIOIb30BAHMEM in Situ nmasep-
HO-pe¢IeKTOMeTPUYECKOIl METOLMKYE KOHTPOJIS TPAB/ICHIS
IUICHKY METAJUIOB, TOfpOOHO mpyBeneHHoI B [18]. Ha puc.
7 IpUBeJeH TUIMYHBIA BUJ, PETVCTPOrPaMMBbl TPaB/IeHNA
wieHku W B XJIopcofieprkaliiell Inasme.
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Puc. 7. Tunuunviii 6u0 peeucmpozpammol mpasnenus nienku Ru na Si 6 nnasme
Ar/CL/O;t, - nauano mpaenenus, t, , - OKOH4aAHUE MPABTEHUS.

en,

AHa/IOTMYHBI BUJ PErUCTPOrpaMM HAOMIOAANICA U IPU
TpaB/IeHNN [PYTUX IVIEHOK MeTannoB. CKOpOCTb TpaBbiie-
HIS OTIpefie/IsIN 110 BpeMeH! YAaIeHNs IVIeHK) MeTaslla
M3BECTHON TOMIMHBI ¢, ~t . Bpems okoH4YaHMs TpaBie-
HIS OTIpefie/iA/M 10 M3MEeHEeHUI0 CUTHAJIA JTA3€PHOTO /Tyda
(A=633 HM), OTPa)XEHHOTO OT IIOBEPXHOCT IVIEHKYU MeTasl-
na. B MOMeHT CTpaBnMBaHMsA IIEHKY META/IIA [0 HIDKerle-
Kalero c1os Si MpoMCXOANIO pe3Koe MajieHNe CUTHAIA.
Ll omperenieHNs CKOPOCTH TPaB/IeHN MeTA/I/Ia Ha Jep-
Kareyib MOMIOXKKY rofaBamu BY-momHocTs cventenus W,
oT otzienbHOro BU-reneparopa. IIpu aToM Ha anekrpofse
BO3HIKAJI OTPUILATENbHbIN IOTEHI[MA/T CaMOCMeIeHMs
U,,, KOTOPBbIIi OTpeNIeNis/l SHEPTHIO MaJalolnX Ha obpaserl
MOHOB. 3aBUCHMOCTI CKOPOCTU TpaBneHnsa W OT IOTeH-
yuana cmewenusa B 10- n 50-poneHTHOM COflepIKaHUM
X/10pa OBUIM TIPUOTUSUTENBHO OMHAKOBBIMI (puc. 8a). ITO
CBUJIETEIbCTBOBAJIO, YTO CKOPOCTD TPaBJIeHN BOMb(pama
cmabo 3aBuCeNa OT COMEP)KAHNS B XTIOpa B CMeCH C12/Ar.
Bornee BpicOKas cKOpOCTb TpasieHnsA W IIpy IOBbILIEHHON
sHepruy 1oHoB (100 5B) mpu BeICOKOM comepaHUM Ar
(90%) MOxeT 0OBACHATHCS JOIOTHUTETBHBIM (PaKTOPOM

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

pacubuteHrss W MOHaMu aprosa, KoTo-
pble JODKHBI IPUCYTCTBOBATD B I/IA3Me.
B xymopobenHeHHOI I1a3Me CKOPOCTb
TpaBnenysi W Ob1a B HECKONBKO pa3
MeHblIlle CKOpoCTy TpasneHus Mo (puc.
86). CunbHasi 3aBUCUMOCTb CKOPOCTHU
TpPaB/IEHNUS METAJUIOB OT SHEPTUM MOHOB
(norenimana cmemenus, U, ) cBUfieTeNb-
CTBOBaJIa 06 MOHHO-CTUMY/IUPOBAHHOM
XapaKTepe VX TPaB/IeHNU.

TpaBnenue Ru mposopymu B Xmopco-
ileprKalieit masMe ¢ Jo06aBKoi KUCIOo-
poma Ar/CL/O,. 3BecTHO, 9TO B T/Ia3-
me Ar/Cl, Tpasnenne Ru He mpoucxo-
puT, a B nasMe Ar/O, OHO IpoucxoauT
C OYeHb HUBKOJ CKOPOCTBIO, TaK KaK OK-
cuppl Ru cmabo neryun [19]. 1o orpaxa-
JI0Ch B IIOCTOSIHHOM CHUTHAJIe OTPaKeHs
Jy4a jasepa B Te4yeHue 15 MUHyT Tpas-
nenns. OgHako Manas fobaBKa Xymopa
B 1asmy Ar/O, IpUBOANT K Pe3KOMY yBe-
JIMYEHNI0 CKOPOCTY TPaBJIeHMsI MeTalia
[18]. IToaTomy c menbio GOpMUPOBAHA
LOpOXKeK MeTa/UIM3alyuy TpasieHne Ru
ocymecrsnsor B mwrasme Ar/CL/O, [7,
20]. ITpu onT¥ManpHOM OTHOLIEHUMN pe-
arentoB O, u Cl, 8 mmasme CL/O, n anep-
T MOHOB B c71oe Ru ObIIi IpOTpaBieHb!
KaHaBKM WMpuHON 10.5 HM C acClIeKTHBIM
otHourenneM 3.5. OgHako, YYUTHIBASA BbI-
COKIIe XapaKTepUCTUKI IIPOLIecca, IPUCy-
e ALE, ecTb He06X0AMMOCTD B paspa-
6oTke aumsorpomnHoro tuma ALE. s
ero peanusanuy MOXKHO VMCIIONb30BaTh
nnasmy O, Ha TepBOIi CTafiuy U ITasMy
CL/Ar Ha BTOpOJI CTafMy IMKINYECKOTO
nporecca. Beibop ycnosuit nposepeHns

_Usb" v

b3_0_ V , nm/s
I
1 Ve NIVS 3 et?
o/ 2.5
2.0
1.5
1.0 2
0.5
0.0 T T T T T T
0 10 20 30 40 50 60
30 4 0 011
0 10 20 30 40 50 60 70 80 90 100 110 120 A

Puc. 8. 3asucumocms ckopocmu mpasnenus nuenku W monugurnoii 20 Hm om nomenyuana camocmeuienus 6 nnasme ClL/10%Ar (1) u CL/50%Ar (2) (a); Mo
(1) u W (2) 6 nnasme Cl,/80%Ar om U, (b). P=0.6 Pa, W=700 Bm.
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IPOLIECCOB Ha KaXKJIOV CTafuu OIpeie-
JIAeTCS U3 3HAHMA MeXaHVU3Ma TPaB/ICHIA
Ru B mmasme CL/Ar/O,. Viccnenopanne
Tpasnerna Ru B masme Cl/Ar/O, mpo-
BOJWIM B 3aBMCUMOCTY OT OTHOLIEHMSA
IIOTOKOB Clz, 02, TOTEHIIMAJIa CMEIeHS
(3HEepruy MOHOB) IPY KOHTPOIMPYEMBIX
IOTOKAaX MOHOB VI PalNKaJIOB, IOMYYeH-
HBIX C UCIIOJIb30BaHMeM CIIEeKTPaIbHbIX
¥l 30HIOBBIX METOJIOB.

YcnoBus mpoBefieHUsA SKCIEPUMEH-
TOB ObUIM crnepyoomumu: BY-mom-
HocTh W=700 Bt, P=0.6 Ila, BU-momi-
HOCTb CMEIIeHVsI BAPbYPOBA/IN B AMAIla-
30He 0-15 Br, npu atom —Usb U3MEHAICA
ot 4 1o 100 B, pacxox Ar 6bIT TOCTOSIH-
HBIM U paBHsNCA 35 cM’/MuH (H.Y.), CyM-
mapabiit pacxop g(0,) u q(Cl,) pasnsanca
25-27 cv’/mun (n.y.). Copepxanue Ar
B IUIa3Me paBHANOCh ~60%. OTHoLIeHNe
pacxozos R= g(0,)/(9(0,)+q(CL)) usme-
Hsi B guarasose ot 0 mo 1.

OKCIepMMEeHTBI TAK)Xe I10Ka3aj, YTo
B mmasme CL/Ar Tpasnenus Ru (30 nm)
npu U,=-70 B He 65i10. Vsmepenne Tor-
LIVHBI IVIEHKN Ru Ha cKoJIe IoKasasno, 4To
OHa He M3MeHWIach. [Ipy IOCTOAHHOM ITo-
Tenuuane cMemerns U,=-70 B ckopoctpb
TpaBJIeHNs Ru CH/IbHO M3MEHSA/IACh C YBe-
JIMYeHNeM OTHOCUTEIbHOTO IPOLIEHTHO-
ro comepxannsa R B cmecu 35Ar/O,/Cl,
(puc. 9). C yBemraenneM R ckOpoCTb TpaB-
7ieHns Ru 1/1aBHO yBeNM4MBanach, JOCTU-
rasg makcumyma npu 70-80% O,. [lanb-
Helllllee YBe/MTMYeHMe COfiep)KaHMe KIC-
JIOpOZia IIPUBOAWIO K PE3KOMY IajIeHIIO
CKOPOCTY TpaBJIeHNs MeTa/UIa. B mrasme
Ar/O, ckopoctb TpaBnenus Ru 6bina
OYeHb HM3KOI 1 paBHsmach ~0.015 HM/c.
[Togo6Hast KOOKOMOOOpas3Has 3aBUCH-
MOCTb CKOPOCTH TpaBjieHMs Ru HabIio-
fanach Takxe B [19], TonbKO Ipy MeHb-
meMm cofep>kanun Ar B cmecu 15 cm®/mMun
(1y.) Ar/CL/O, n 6muskux mapameTpax
wias3msl. B pabote [19] Taxke Habmomamu
pesKoe yBelndeHne CKOpOCTI TPABIeHN
Ru npy manoit fo6aBke x10pa B IJIa3My
Ar/O,. Takoit adpexT 06bsACHATN 06pa-
30BaHIEM Ha IIOBEPXHOCTM JIETYYMX XJIO-
pugos RuO Cl. Jipyroit BosMOXHbLii Me-
XaHM3M YCKOPEHHOTO TPaB/IeHNs, CBA3aH-
HBIII C yBe/TIMYEeHMeM OTEeHI[Va/Ia T1/Ia3Mbl
¥ yBe/IMYEHVIeM S9HEePIUY IOHOB, He Halllell
O TBEPXKACHA.
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Puc. 9. 3asucumocmyp ckopocmu mpasnenus Ru u KoHUeHmPauuy uoHos om 0o-
6asxu xucnopooa 6 nnasmy CL/O /35 cm’/mun (n.y.) Ar. P=0.6 ITa, W=800 Bm.
U, =-70B.

®

30HIOBBIE M3MEPEHNS MapaMeTpOB INa3MBbl MOKa3a-
M, 9TO B 3aBUCUMOCTM OT cofiepxkannst O, IOTHOCTD
VIOHOB B TIasMe (1,) M3MeHANACh HEMOHOTOHHO (puc. 9).
B saBucumocTtu ot xapakrtepa nsMeHeHus N, [uanasoH
R MoxHO paspennth Ha Tpu obmactu. [Ipu 0<R<0.5 (06-
mactb A) n, paBHAnach ~4.5-10" cm?, B obmactu B mpu
0.5<R<0.85 oHa yMeHbIIaTach 6o7iee YeM B JiBa pasa, a B 06-
nactu C mpu 0.85<R<1 oHa He U3MEHANACh 1 PABHANTACDH
2.2.10" cm”. Temneparypa 2/1eKTPOHOB IIPJ 3TOM IIITABHO
yBenuMBanach ¢ 2.4 no 2.7 3B. Takoe nusmMeHeHMe IJIOTHO-
CTJ VIOHOB C YBe/IMYeHVeM R MO>KeT 0ObACHATHCA CMEHOM
COpTa MOHOB B II/Ta3Me IPY HU3KOM M BBICOKOM COJep-
xaunu O, B cMecu. Tak Kak MOTeHIMan MOHM3AINY Cl2
(11.48 5B) menbure, yem O, (12.07 3B), TO MOXHO MO/IaraTh,
4TO Ipyt R<0.5 OCHOBHBIM MOHOM OYJieT IIPeNMYIIeCTBEHHO
CL*, a mpu R>0.8 - non O,*. B mpomesxyTouHo 06macTu
0.5>R>0.85 60oM6appoBKa MOBEPXHOCTU OCYIIECTBIIA-
nmach opHoBpeMenHo uonamu CL* u O,". ITpn aTom moToku
aromapHbix noHoB Cl*, O, Ar* Ha IOBEpXHOCTb MO>KHO
He YYMTBIBATb, TaK KaK VX BEIMYNHBI, BCIEACTBUE Ooree
BBICOKMX IOTeHImanoB uonusanyu (13.0, 13,6 n 15.76 3B
COOTBETCTBEHHO), OBUIM HAMHOTO MeHblie. Takoil BBIBOJ
HOATBEPXK/AeTCA M3MEPEHIAMI IIOTHOCTY MOHOB B II/Ia3-
me CL/Ar wnn B imasme CL/Ar/O, [19]. MoxHO OT™METHTD,
4T0 B padore [19] MIOTHOCTb MOHHOTO MOTOKA Ha CTEHKM
B nasme CL/Ar/O,mipu copepxanum Ar 30% 6bita mpak-
TUYECKH IIOCTOAHHOI ¢ yBenumdeHneM R ot 0 mo 1.

Takoe paspenenue R Ha Tpyu 00IaCTM COOTBETCTBYET
XapaKTepy M3MeHeHMsA CKOPOCTU TpaBjeHus:A. B obmactu
A oHa I/IaBHO yBEMMYNMBATIACH C YBEIMYEHNEM COflepKa-
HVSI KICTIOPOfa, B o6macty B, B 06/macTyt MakcuManbHO
CKOPOCTM TPaBJIeHNsI, OHA C/Ta00 U3MEH:A/MACh C yBennde-
Huem R. B ob6mactu C ckopoctb Tpasienus V., 6pICTpO
yYMEHbIIIANACh C YBennm4eHneM R. MoXXHO Iomararb, 4T0
Pa3HbIIT XapaKTep U3MEHEeHN CKOPOCTY TPAB/IEHNS C yBe-
nuyeHreM R 00ycioBieH u3MeHeHueM Ipeob/Iaiaiolero
copra 60MOapANPYIOLINX IIOBEPXHOCTb MOHOB.
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[InmoTHOCTD MOHHOTO ITOTOKA, F,-’ omnpepensaeMas U3 CoOT-
HOIIIEH: Fi:0'5niVb’ I7le 1, — ITIOTHOCTD MOHOB, Vb - 6OMOB-
ckas ckopoctb (V,=(kT/M)"%, rae k - koncranTa bombipma-
Ha, T - TemMneparypa 3leKTPOHOB) C y4eTOM U3MEHEHNS CO-
PTa MOHOB MOKasana, 4to mpu R<0.5 F(CL*)=3.8 -10", a mpu
R>0.5F(0,")=2.9-10"cm™'-c’'. B mpeqimonosenun, 4To B T04-
Kax A u C Ha KpuBOI1 puc. 8 IIOTHOCTb MOHHOTO TIOTOKA
onperiensercs Tombko nonamu CL*u O,%, 1o koadunment
BBIXOfja aTOMOB Ru Ha OfiVH MOH - Y, OIpeeNnsAeMblil U3 OT-
HOLLEHMs CKOPOCTM TPaBJIeHNsI MeTa/lla K IIOTOKY JIOHOB,
B Touke A 6bl1 MeHblIe, 4yeM B Touke C, n pasuanca 0.9
u 1.3 aTOM/MOH COOTBETCTBEHHO. Takue CpaBHUTENIbHO HI3-
Kie K03 DUIeHTHI BBIXOIA MOIJIV CBU/IETEIbCTBOBATD, YTO
MOHBI TaK)Ke y4aCTBOBA/IN B TPaB/IEHNI, TO €CTb B IIIa3Me pe-
Q/IM30BBIBAJICA MEXaHV3M MOHHO-XVIMIYECKOTO TPAB/ICHMA.

JByXcTaguitHoe aTOMHO-CI0€BO€ TPaB/IeHNe I/IEHKI
W B mnasme SF /Ar

Tak xak ¢propups! Bonbdpama 60see 1eTydn, 4eM XI0-
PUJBL, TO ATOMHO-C/I0€BOE TpaBJieHNe BOIbdpama erde
OpraHm3oBaTh BO pTopcosepkameit mrasme. Hammrane
IIMHHOTO NAaJIeHNs CUTHA/IA PETMCTPOrpaMMbl TPaB/IeHUA
W B masme SF /At 03BO/NIIO ACHO MPOIEMOHCTPUPOBATD
IBYXCTAIMITHBII PEXUM €r0 aTOMHO-C/IOEBOI0 TPAB/ICHNUA
(ACT). Ha puc. 10 npuBezieHa perucTporpaMmma TpaBIeHNA
nnenkn W B mmasme SF /Ar B pexxume ALE.

Tpasnenue ocymiecTsiAnocs B gse craguu. Ha crapum I
B TedeHe 10 ocylecTBIAN0Ch GPTOpMpOBaHIE OBEPXHO-
ctn W B rmasme SF /At Ipyt HUSKOJ KOHIIEHTPALNY aTOMOB
¢dTopa 1 HU3KOM HOTeHuMate cMeleHusA. Ha aToit cTagun
VI3MEHEeHVS CUTHAJIa He IIPOVCXOAVIO MIH Jia)Ke HabMiofa-
710Ch caboe ero yemnueHme. POBHBII y4aCTOK CBUETEIb-
CTBYeT, 4yT0 TpaBneHna W He nmpoucxoput. Ha BTopoii cra-
mun B mmasme Ar, Korja mofada SF, nmpekpaianach, moya-
Ba/mt BU-cmenenne -40 B, koTopoe 6b110 MeHblIIIe TTOpOra

3211, arb.un.
30-
28 -
26 1
24 ]
22 .
20
18
16
14
12
10 . . . . .
50 75 100 125 150 175

200 225
t, s

Puc. 10. Buo pezucmpozpammol mpasnerus naernku W 8 08yxcrmaoutinom pesicu-
Me amomHo-crioe6ozo mpaenerus. Cmaous I. [Tnasma SF,. P=0.6 Ila, W=150 Bm,
U= Uf(E~20 3B), t,=10 c. Cmadus II. IInasma Ar, -U =42 B, t =13 c.
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pacobuiernss W. ITpu atom Hab/oanoch
yMeHblIeHNe CUTHAJIA, CBUETEIbCTBY-
foljee 06 ymaneHun GTOPUFHOTO CIOA
MeTa/a. YMeHbllIeHMe CUTHaa IpoJcC-
xomuito B Tedenne 13 c. Takum o6pa30M,
TpapieHne W IPOUCXOAUT HA CTAAUM
II pacnbiieHUst GTOPUSHOTO CIOS TIPU
sneprun 40 3B. CxopocTb TpasjeHns co-
craBuia 3 HM/UuKII uan 3 am/23 c.

Takum 06pasom, IOKa3aHo, 4TO C VC-
IIO/Ib30BAHMEM in situ Ta3epHO-pediiek-
TOMETPUYECKOTO METOJa MOXHO 3¢-
(eKTMBHO KOHTPONMPOBATh IPOIeCC
TpaB/leHUsA KAaK B HEIPePbIBHOM, TaK
U B ABYXCTAJUITHOM peXUMe aTOM-
HO-C/I0OEBOT0 TpaBjeHusA. Jcmnonb3osa-
HIe TaKOJl METOJVKY Ipy pa3paboTke
Ipolnecca TpaBjIeHNUs I103BOJAET, B OT-
nn4ye oT JPYTUX MeTORMK, ONepaTyuB-
HO OIpefeATb CKOPOCTb TPaBIeHMU:
Ha Pa3HbIX cTafnax nuknndeckoro ACT,
4TO CIIOCOOCTBYeT 6o/Iee OBICTPOIL ero
paspabotke.

Tpasnenue Co

Vccnenosanne Tpasnenus mwieHku Co
TOMIIMHONM 1-2 HM IIOKa3aio, YTO Jake
Hpu AnuTenpHoi o6paborke (10-15 muH)
B X/IOpCOZieprKalllelt Ila3Me pasHoro Co-
cTaBa Hu3KosHepreTuyeckoe (E<100 3B)
TpaBjIeHMe MeTaJIa He IIPOVCXOANMIIO.

OcHoBHbIE Pp€3ynbTaThl I BBIBOABI

Paspaborana MeTonuKa in situ masep-
HO-MHTeppepomeTpudeckoro (JIV) koH-
TPOJLs TPAB/IEHNA IJIEHOK METAI/IOB B Ia-
JIOTeHCOofiepKalliell II1a3Me, OIlpefie/IeH s
MOMEHTa OKOHYaHM TPAB/IeHN IIEHK.
C ee ucnonb3oBaHyeM ObUIN IIPOBEEHBI
UCC/IeloBaHMA TpaB/leHns IieHok Mo, W,
Ru B Ar/CL u Ar/CL/O,nimasme.

IToxasaHa BO3MOXHOCTDb peanyusalnyn
aTOMHO-c/10eBoro tpasineHus W n Mo
B X/I0p- 1 (ropcopepxaleil masme
C UICIIO/Ib30BAHUEM in Situ Ta3epHO-ped-
JIEKTOMETPMIECKOT0 METOAMKI KOHTPOJLS
TpPaBJ/IeHNA.

IIpu uccnegoBanuy TpaBieHNsA Haubo-
Jlee MepCIeKTUBHOTO MaTepyaja MeTal-
musanym Ru B masme Ar/ClL/O, o6napy-
KEHO, YTO CKOPOCTD TPAB/IeHN MeTajlla
Obl/la MaKCMMa/IbHOJ IIPY OTHOIIEHVN
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CL/O, B imanasone 0.5-0.85. He6onpimas
nobaska xmopa B mwiasmy Ar/O, puso-
iTIa K Pe3KOMY yBETNIEeHNI0 CKOPOCTH
TPaBJIEHNsI META/UIA IIPU CPEfHel 9Hep-
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Abstract @~~~

The main results of theoretical and experimental studies of Ar/Cl, and Ar/Cl,/0, plasma parameters in an atomic
layer etching reactor, studies of etching of Mo, W, Ru films in chlorine-containing plasma with in-situ control of
the continuous etching process and cyclic atomic layer etching of the W film in fluorinated plasma are presented.
The results of the ion concentration calculation obtained using the developed two-dimensional hydrodynamic plas-
ma model of chlorine-containing plasma in the Ar discharge are in good agreement with experimental data. A strong
increase in the etching rate of Mo, W in chlorine-containing plasma with an increase in ion energy was found. It is
shown that the use of an in-situ reflectometric method for determining the etching rate makes it possible to control
the etching process at individual stages of cyclic atomic layer etching of metals. This contributes to its faster devel-
opment. The mechanism of etching of metals in chlorine-containing plasma is briefly discussed.

Keywords: technology, modeling, diagnostics, metallization, atomic layer etching, halogen-containing plasma,
metal films, etching control.

*The work was financially supported by RFBR (project 18-29-27017).
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Fig. 1. Block diagram of the atomic layer etching reactor.
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Fig. 2. Flows of charged and neutral particles in the Ar/Cl, plasma with an increase in the argon content in the mixture. Pressure 20 mTorr,
RF power 240 Watts.
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Fig. 3. Density of electrons, positive ions (N_plasm) [cm™], electronegativity for discharge in a mixture of Ar/CL/O, - 50%/35%/15%, power 800 W,

pressure 0.6 Pa. Comparison of calculated and experimental data.
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Fig. 4. Changes in Te (a) and Ne (b) with an increase in the chlorine content in the CL/Ar mixture at different pressures and RF power.
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Fig. 7. Typical view of the register of etching of the Ru film on Si in plasma Ar/Cl/O,; t, is the beginning of etching, t
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is the end of etching.
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Fig. 8. Dependence of the etching rate of a 20 nm thick film W on the self-displacement potential in plasma Cl/10%Ar (1) and CL/50%Ar (2) (a); Mo (1) and W
(2) in plasma Cl,/80%Ar from U, (b). P= 0.6 Pa, W=700 Watts.
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Fig. 9. Dependence of the Ru etching rate and ion concentration on the addition of oxygen to the plasma Cl /O /35Ar. P= 0.6 Pa, W=800 W.
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Fig. 10. View of the register of etching of the film W in the two-stage mode of atomic layer eiching. Stage I. SF, plasma, P=0.6 Pa, W=150 W, U=U,
(E~20¢V), t =10s. Stage II. Plasma Ar, -U, =42V, t =13 s.
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WHTETPAJIbHbIX CXEM

TemmneparypHubie 3P eKTsI 1 MeXaHI3MBI BO3J[EIICTBUS aTOMOB
O, N u F na SiOCH HaHonopucrpie JU3NEeKTPUKN*

H.B. Jlonaes, T.B. Paxumosa, I0.A. Mankenesuu, E.H. Boponuna

[oOHMMaHNe [eTanbHbIX MeXaHU3MOB BO3JeNCTBUS aKTUBHbIX paaukanos Ha SIOCH HaHOMOPUCTbIE ANINEKTPUKN C HU3KOM
LU3NEKTPUYECKOI MPOHILIAEMOCTbIO K, MCMONb3YEMble B Ka4ecTBe MEXCNOMHbIX SiOCH low-k-ananekTpukoB B HOBOM NOKONEHMU
WHTErPasIbHbIX CXEM, BRXHO ANd paspaboTku PeLentoB YMeHbLUEHUS Aerpafauinn [ow-K-auanekTpukos B TEXHONOMMYECKIUX
npoLeccax nnasmMmoxumuyeckor 06pabotku. B faHHOM paboTe 3KCNEePUMEHTANIBHO 1 TEOPETUHECKN UCCEL0BAHbI 0COOEHHOCTH
3TUX MEXaHU3MOB B3aMMOZENCTBIA aTOMOB (DTOPA, a30Ta W KMCIIOPOLA C low-K-AnaneKTpukamu ¢ pagHbiMi pasmepamin nop
1 cTeneHbr nopuctocTyh. 06pa3Libl NPK NOHKEHHbIX TeMnepaTypax obpabatbianuch atomamit O, N u F B nnasme BHIU3 N0 NOTOKY
WHIyKTUBHOrO pa3pspa (ICP discharge downstream) 8 O,, N, v SF, raax cooTBeTCTBEHHO. [OHIXEHNE TEMNepaTypbl NPUBOAUNO
K Pasnn4HbIM (4N pasHbix aTOMOB) 3aMeNeHAM Jerpajalyin noBepxHoCTHbIX GH,-rpynn, o6ecnednBaiolux rugpoio6HoCTb
MOPUCTON CPeZbl 1 HU3KE 3Ha4eHUa k AN3NeKTPUKOB. AHAN3 NOMY4YeHHbIX Pe3ynbTaTos ¢ ucnons3osaHuem DFT (density functional
theory) pac4etoB u ab initio M (MonekynspHas ZuHamuka) MOZENNpoBaHNS PeakLIMOHHbIX MEXaHN3MOB BbIABI/IA PA3BETBIEHHbIE
PeaKL|uu aToMOB C NMOBEPXHOCTHbIMY Si-CH,-rpynnamu 1 ¢ Apyrumu nocneoBaTtenbHo 06pasyroLLAMUCs rpynnami.

Knroyesble cnosa: low-k-nanekTpuki, OpraHoCUNMKaTHbIE HAHOMOPUCTbIE MIEHKW, MONEKYNApHas AUHAMMKA, aTOMapHbIiA
KICNOPOA, ¢hTop, a30T.

*Paboma evinontena npu gurarcosoti noodepicke PODIU (npoexm Nel8-29-27003).

Beenenue

OpraHocuIMKaTHbIe HAHOMOPUCTHIE
nuanexTpudeckne SiOCH Marepmanbl
C HUBKOJ JAMANEeKTpuIecKasi IPOHNI[A-
emoctbi0 k (low-k organosilicate glass
(OSG) neHkM) UCHIONB3YIOTCA B Kade-
CTBe MEXCTIOMHBIX JUSTEKTPUKOB [isi
usonsanyuy nposofHukoB B ULSI-TexHo-
noruax (Ultra Large Scale Integration)
C TEXHOMOTMYECKOI HOpMOTt <45 uM [1].
OTM IIEHKH, TOIydaeMble MeTOHAMM
[/1a3MEHHO-aKTVBYPOBAHHOTO OCAX-
nenns (Plasma-Enhanced Chemical Va-
pour Deposition (PECVD)) u ocaxxmenust
U3 pacTBOpa Ha BPAIAOLIEICs MOJIOXK-
ke (Spin-On Glass (SOG)), mpencras-
nsoT coboit amopduyo SiO -marpuiy
CBS3aHHBIX [IOP C TUMMNYHBIMU PALUY-

- JIONAEB

' [Amutpunii Buxtoposuy
HayuHo-1nccneaoBarenbekuit
VHCTUTYT SYAEPHOIA CDN3IKIA
. [1.B. CkoGenbublHa
MIY nm. M.B. JTomoHocoBa

BOPOHWUHA

Exarepuna Hukonaesna
Mpodbeccop,
Hay4HO-McCnen0BaTeNbCKIA UHCTUATYT
saepHoi duavki um. [1.B. CkobenblibiHa
MIY um. M.B. JTomoHocosa
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PAXUMOBA

Tatbsina BuktopoBHa
HayuHo-1nccneaoBarensekuit
VHCTUTYT SAEPHOI (DU3IKIA
M. [1.B. CkobenblibiHa
MI'Y nm. M.B. JTomoHocoBa

camy nop ~1-2.5 uM, nopucroctbio 20-30% 1 HanMuMeM
0,Si-CH,-rpynmn Ha moBepXHOCTH TOP /s obecreyenms
rApoOOHOCTY TTeHOK. []/11 MEHBIINX TeXHOIOTMYeCKIX
HOPM PacCMaTPUBANNCh BO3MOXXHOCTY MCIIOb30BAHMSI
ynbrpa low-k-mnenok (ULK) ¢ k<2.5 n BbICOKOIT mOpucTO-
ctoio (mopsimka u 6omee 40%). Ho ¢ BozpacTanuem mopu-
CTOCTY 3aMETHO MaflaeT yCTONYMBOCTD IJIEHOK K IIPOLiec-
caM TIa3MeHHOI 06paboTKy (cTermeHb COXPAHHOCTH 3a-
IUTHBIX CHs—rpynn 10/T BO3/IEIICTBIEM PafuKanos [2-7]
u BY®-nsnydenus masmsl [8, 9], cnocoOHBIX IPOHMKATD
ITy60KO B IIOPUCTYIO CPEAY B OT/INYNE OT IPEUMYIeCTBEH-
HO IIPUIIOBEPXHOCTHOTO BO3/Ie/ICTBYS MOHOB). A yaaneHue
um Mopudukaiusa metunbHbpx (-CH,)-rpynn npusoaut
K IIoTepe TAPOPOOHOCTI HOBPEXKAEHHOTO MaTepyana, Ko-
TOPBII Ha BO3JIyXe aficopOMpyeT BOAY M IepecTaeT ObITh
low-k-marepuanom. Jra npobneMa CTUMYIPOBaA U3Y-
YeHye BO3MOXKHBIX CIIOCOOOB TIOBBIIIEHNS YCTONYMBOCTI
OSG neHoK, HarTpuMep, TTpy 06pabOTKe MPH TOHKEHHBIX
TeMIIepaTypax IIEHOK, KOTZja CKOPOCTH peaKIyil paspylre-

MAHKENEBUY

Hpuii AnekcangpoBuy
Hay4Ho-nccnenoBarenbekii
VHCTUTYT SiAEPHON (Hn3MKN
um. [1.B. CkobenbLiblHa

MI'Y um. M.B. JlomoHocosa
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Hnsa Si-CH,-rpynn samennAwTcs. B pasnnyHbIX mmasmeH-
HBIX IIpolieccax (TpaB/eHNs, OYUCTKY OCTaTKOB oTOpe-
31ICTa) B 3aBUCUMOCTH OT JICIIO/Nb3YeMbIX Ta30BbIX CMeceit
00pa3yloTcs pasuyuHble pafiuKabl, CIOCOOHBIE TTOBPEX-
matb CH,-rpynmsl, Hanpumep atombl ¢propa (F), kucmo-
poxa (O), azora (N), uccnenyemsie B jaHHol pabore. s
BBIPAOOTKY peKOMEHZALINIT [0 CHVDKEHWIO OBPEXKICHNA
CH,-rpynm 1 onTMMM3aINM TEMIIEPATYPHBIX PEXXIMOB He-
00X0AMMO BBISAB/IEH)E OCHOBHBIX MEXaHU3MOB IOBPEXie-
HIA [U9NIEKTPUIECKNX MaTepuaoB. Bo3Mo)KHbIe MeXaHN3-
Mbl B3anmogerictBus atomoB O, Nu F ¢ Si—CH3-FPYHHaMI/I
aHAIM3MPYIOTCSA B JAHHOI paboTe Ha OCHOBE IIOTyYeHHBIX
9KCIIEePMMEHTAIbHBIX U PACIETHBIX Pe3yIbTaTOB.

IKCnepuMeHT

CxeMa 9KCIEPUMEHTA/IbHON YCTAaHOBKM IpUBeJeHa
Ha puc. 1. Atromsr O, N u F 06pasoBbIBa/IiCh IIpK IIpoO-
XOXKJIEHIM IIOTOKOM COOTBETCTBEHHO 02, N, u SF6 30HBI
ICP-paspsazga B KBapLeBoil TpyOKe BHYTPEHHNUM JuaMe-
tpoM 80 Mm. IIpy 3TOM B c/ydae KMCIOpOfia M a30Ta IaB-
neHue 6110 200 mTopp, a BnoxxeHHasA MOmHOCTDL ~300 BT,
B cy4ae rekcadropuza cepsl fasnenne 6010 100 mTopp,
a MomHocTb ~200 Br. O6pasyromuecs aromsr O, N u F mo-
CTYIaIM C TIOTOKOM rasa fjajiee B KaMepy BHI3 IIO IIOTOKY
(downstream) n3 Hep>kaBeroLIelt cTamy guameTpom 330 Mm
¥ BBICOTOI 150 MM, Iffe pacronaranuch obpabarbiBaembie
o6pasipl. I1st TOro 4to6s! M30€XaTh MPOHMKHOBEHUS
ITa3Mbl B 3Ty KaMepy, MeXXly KBaplieBoil TpyOKoil 1 Ka-
Mepoii ObITa pacIosioKeHa CeTKa 13 HepKaBelollel cTa-
T TIPO3PAaYHOCTBI0 ~55% U pasMepoM A4elKu ~40 MKM
(4ro cpaBHMMO U MeHee papuyca [ebas a1 MCHOIb30-
BaHHOIT I/1a3Mbl). YTOOBI TaK)Ke MCKIIOUNUTD IIONajaHNe
Ha 006pas3ibl MHTEHCUBHOTO BY®-n3mydenns us obmactu
paspsifia, HIDKe 3a ceTKoil pacnonarancsa Al-skpan. Takum
06pa3oM, IOTOK ra3a, COIepsKaliuii aTOMbl, 00TEKaI ITOT
9KpaH ¥ 3aTeM IONaja B 06/1acTb, Ifie JexXaan 00pasiibl.
BcenencTBre Manoro maByeHusi, 60IbIION CKOPOCTH AUd-
¢ysuiu rasa 1o CpaBHEHMIO CO CKOPOCTBIO ITOTOKA 1 MAJIBIX
K03 PuIeHTOB rubenu aTOMOB Ha CTeHKaxX Kamepsbl (Y <
0.1) mpocTpaHCTBeHHbIIT TPOQNIb KOHIIEHTPALINM AaTOMOB
B IIEHTPe HUCXOJALIEil KaMepbl ObI/I JOCTATOYHO OfHOPOA-
HBIl B 00/1aCTH JiepyKaterss 00pas1ioB, pasMepsl KOTOPOro
OBLIV 3aMETHO MeHblIle AuaMeTpa KaMephl.

O6pasupl low-k-MaTepuanos pacnonaraauch Ha gepxa-
Tejie, KOTOPBIN MOT OXNaXKAaThcsA 2-XCTyneH4aTsM [lenn-
The-Ky/nepoM o ~-45 °C. B skcnepyuMeHTe UCIIO/Ib30BAINCh
nATh pasHbix low-k OSG-maTepnasos ¢ pasHOI HOPUCTO-
CTBIO U Pa3HBIM PasMepOM IIOp, YTOOBI U3YUUTh BIIUSAHNE
3TUX IIapaMeTPOB Ha IIPOLIeCcC B3aMMOJEIICTBIA aTOMOB
¢ low-k-nuanexrpuxamn. [IpuBenem Hanbo/ee BaKHbIE 11a-
pametpsl ucnonbzosanubix PECVD (CVD1, ALKB) n SOG
low-k-1enok [7]: CVD1 (zmanexTprdeckas IOCTOSHHAS
k=2.5, nmopucrocts 24%, xapakrepHslit paguyc mop 0.8 HM,

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

TOJNIIMHA IUIeHKN 176 um), ALKB (k=2.1,
40%, 1.5, 270), SOG2.2 (k=2.2, 39%,
2.1, 218), SOG2.0 (k=2.0, 44%, 2.1, 217)
1 SOGL.8 (k=1.8, 51%, 2.7, 214).

ITorox atomoB O, N u F Ha moBepx-
HOCTb 00pa3li0B pacCUMUTHIBANCA U3 VX
KOHIIEHTpAI, U3MEPEHHOI B KaMepe
BHUS3 110 IIOTOKY MeTozioM AuddepeHiy-
aJIbHOIT aKTMHOMeTpuu 1 MeTogoM APMS
(Appearance Potential Mass-Spectro-
metry) [10]. TemmepaTypa rasa npu
OLleHKe TEIIOBOJ CKOPOCTY aTOMOB Opa-
nach NocTosAHHOI ~350 K, Tak Kak Harpes
rasa B 00/1aCTU BHU3 IIO IIOTOKY OBLI yoKe
He0OO/IBIINM IO CPAaBHEHMIO C Pa3psAIHOI
o6macTbio. B nCIoONMb30BaHHBIX B 9KCIIE-
pUMeHTe YC/IOBMAX M3MEePEeHHBIN ITOTOK
O, N 1 F atroM0B Ha I0BepXHOCTb 06pa3-
110B ObUT paBeH cooTBeTCTBeHHO: F ~10"
at/(cm’c), F =10' ar/(cm’c), F, =1.6x10"
ar/(cM?c) ¢ TOUHOCTBIO +15-20%.

OCHOBHBIM ~ IIPOLIECCOM, ~ OIIpefen-
IOIVM Jerpajlalifio M IIOCTEAYIOUIYIO
mopudukanmo OSG low-k-marepnasnos
IpM  BO3JENICTBUM aTOMOB  SABJIAIOT-
c1  pasIMYHble  PeaKIUM  aTOMOB,
c¢ rpymmamun -CH, (orppiB aroma
H - H abstraction reaction), BHexpeHe
B C-H-cBsasp). IloaTomy HabmopeHne
3a spomoumeri Si-CH,-cBaseit npn Ba-
pUanyuy 3KCIepMMeHTATbHBIX Iapame-
TPOB II03BOJIAET CYAUTh O HAYa/lbHOM
mexaHusme OSG mospexpeHus. B Ha-
meM 9KcrepuMeHTe (GoKyc ObUI chenaH
Ha OTHOCUTETIbHOM V3MEHEHNN KOMN-
vecta Si-CH,-cBaseit (To ecTb OTHO-

13.56 MHz

ICP nnaama Cerxa (40 um

AYerKa) anA
OTCEYKH NNa3Mbl
Downstream
Many4YeHwus

«MNenTee
oxnaxgaemei
cTon Orkauka

obpasib

Puc. 1. Cxema sKcnepumeHmanvHotl ycmanosku Ons 06-
pabomxu low-k-o6pasuyos amomamu.
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LIeHNS [Sl—CHS]Oﬁpm/ [Si-CH,] .,  aToMamu KMC/IOpPOJa HPU PasHbIX TeMIeparypax. Buano,
rne  [Si-CH,] =~ - KOJIMYECTBO  YTO C yMeHbIIEH)EM TeMIIepPaTypbl CKOPOCTD yfjaneHus
Si-CH,-cBaiseit B MCXOUHONM IIEHKe, ~ METHIbHBIX IPyNI majaet. IIpu aToM 1 MaTepuanos,
[Si—CHS]06pa6 - KOIMYeCTBO CBfA3eil  VMMEIOIMX OOJIbIIYIO IIOPUCTOCTD, OHA Bhime. Ha puc. 26
B IUIGHKe, 00OpabOTaHHON aToMamyu)  IOKa3aHa CKOPOCTb y[jaleHNs METIIbHBIX IPYIII, KOTOpas
C TIOMOILbIO HAOMIOIeHN 3a 3BOMIOLY-  OLEHMBA/IACh 110 Hauya/bHbIM HAK/IOHAM IIaJleHVs OTHOILE-
ell MHTerpana coorsercTByromero muka  HuA [Si-CH,] . /[Si-CH,] , B 3aBUCUMOCTH OT IIO-
06pab 34 navanpHas

Si-CH, na 1274 cvm' B FTIR-cmextpax  pucroctu low-k-matepuanos. Kak BujHO, CKOPOCTD yaarte-
06pasios 710 1 mocne ux obpaborkum  musa —CH, yBemramBaeTcs ¢ pocTOM HOPUCTOCTH IIJIEHOK.
B obmactu ICP paspsija BHU3 10 OTOKY.  Kak IokasaHo B [4], py yBelmndeHNN HOPUCTOCT IIEHOK

Taxoit MeTOR ABIAETCA NOBOJBHO TOY-  BO3pacTaeT Iy0MHA IPOHMKHOBEHV aTOMOB KICTIOPOJ
HpIM, Tak Kak Si-CH,-muk odenb y3- B oODbeM low-k-IuanexTpuka i MHTErpamrbHBIM 9MC/IO CTON-
Kuii (BCEro HECKONMbKO CM') M MO3TO-  KHOBeHmit aToMos ¢ Si-CH,-rpynmnamu BHYTpM 110p, TaK 4TO

My OFHO3HAQYHO I [OCTATOYHO JIETKO  IIPOLIECC YAA/IeHNs MeTVIbHBIX IPYII B 00beMe 1 0COOEHHO
upeHTUUUUpYyeTca Ha (oHe JAPYrMX B IIyOMHe MaTepuasa ujet 6bicTpee. OTHOCUTETBHOE M3Me-
bonee WIMPOKMX CHEKTPANbHBIX OCO-  HeHMe CKopocTu ypmanenus —CH,-rpymnm ¢ Temmepatypoit
6ennocreit OSG-meHok ¥  momaox-  (cm. puc. 2b) cxoxe myst pasubix SIOCH low-k-marepuainos,
kit. IIpy GONbIINX ;033X aTOMOB, KOIZLA  YTO KOCBEHHO TOBOPUT O €VIHOM MeXaHV3Me B3anMOfeii-
y)Xe HaO/MIOfaeTcsl YaCTUYHOE yaleHNe  CTBYA aTOMApHOTO KUCIOPOJA C STUMY MaTepyaaaMi. OTu

MeTWIbHBIX TpPYII, MOXET IPONMCXO-  peaKIMOHHBbIe MeXaHU3MbI i O ¥ ApyIuX aToMOB aHA/IN-
IUTDb TaroKe n3MeHeHue Tonmyuel OSG-  supyrorca B paspene « TeopeTuyeckyie pesynibTraThl».
mwieHkn. IloaToMy KaX[blil MHTerpa
nyka Ha 1274 cm™ Taxke HOpMUPOBAICA Amomvt pmopa
Ha COOTBETCTBYIOLIYIO TONIIMHY IIIE€HKI. Ha puc. 3a pna SOG2.0-nneHkyu mpefcTaBlIeHa Xa-
910 OBUIO 0COOEHHO AaKTYaJlbHO B CIy-  paKTepHas 9BOMIOLUA OTHOCUTEIBHOTO KOJIMYEeCTBa
4ae aToMoB ¢ropa, Korga Habmoganoch  Si-CH,-cBsiseit ¢ mosoit F aTomMoB mpu pasHoit Temite-
TpaBJIeHNe I/IEHOK. patype o6pasuos. Taxxe kak u B c1ydae O aTOMOB,
CKOPOCTb MOAMQUKALNY METWIbHBIX T'PYII Iajaer
OKcIepuMeHTaNbHbIe Pe3yIbTaThl. C YMeHbIIEHNEM TeMIIePaTyphl ¥ PacTeT C MOPUCTOCTHIO
BospeiictBue aromoB Ha low-k- (puc. 3b). Ha puc. 3b nokasana HadanbHasi CKOPOCTb MO-
IUIEHKN IIPU Pa3HBIX TeMIepaTypax mudukanyy Si-CH,-rpymmn B 3aBUCUMOCTY OT TIOPUCTOCTH
IIEHOK low-k-matepuanoB. OTHOCKHTENIbHOE TTOBEfieHNEe CKOPOCTI
momuduxaiuu Si-CH, ¢ TeMnepaTypoit ijisi pa3HbIX MaTe-
Amomvl Kucnopooa PUATIOB AB/IAETCA CXOXKUM, ZeMOHCTPUPYS NOBefieHIe THIIA
XapakTepHas 9BOTIOLMA OTHOCUTENb-  appeHnycoBckoro ~exp (-E /T) ¢ kaxymefics sHepruelt ak-
Horo konmmiectBa Si-CH,-cBaseit ¢ mo-  tuBaumm E =2 500 K, moxaspiBaromieil XapaKTepHbIi Mac-

3011 O aTOMOB IIpefiCTaB/IeHa Ha puc. 2a mTab 9roit sHeprun. OFHAKO CIeAyeT HOAYEPKHYTh, YTO,
g SOG2.0-mnenkyu, o6pabOTaHHONM — Kak 1 /A APYTUX aTOMOB, 9Ta BEIMYMHA HE ONpefensieT
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Puc. 2. a - Dsomoyus omrocumensrozo konutecmea Si-CH -cessetl ¢ 0osoti O amomos 6 06pabomantvix amomamu kuciopooa SOG2.0 nnenku; b - HauanvHas
CKOPOCMb YOANEHUS MEMUTILHDLX 2DY NI AIMOMAMU KUCI0P00a 6 3asucumocmu om nopucmocmu low-k.
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Puc. 3. a - Deonoyus omnocumenvozo xonuuecmea Si-CH -cesiseii ¢ dosoti F amomoe 6 o6pa6omannvix amomamu gmopa SOG2.0 naenku; b - navanvnas
CKOPOCY YOATIEHUS MEMUTILHBIX 2PYNN Amomamu Gmopa 6 3asucumocmu om nopucmocmu low-k.

TOYHO SHEPIMIO aKTUBAIM peakuuy oTpeisa H aToma arto-
moM F u3 Si-CH, BBujy COy TCTBYIOL[MX TEMIIEPATYPHO3a-
BUCHUMBIX TIPOIIECCOB IO/ Ha/eTAIOLINX ATOMOB (HaTIpH-
Mep, X peKoMOuHanym). [TomyyeHHbIe JaHHBIE YKa3bIBAIOT
Ha TO, YTO B CTAHAAPTHBIX YCTIOBUAX I/IA3MEHHOTO TpaBJle-
HIst OSG-TIIEHOK UX TOBPEeX/IeHMsI aTOMapHbIM GTOpOM
MOXHO ObUIO OBI M30€XaTh IIPY MOHVDKEHUM TeMIIEPaTyphl
HipKe npuMepHo —100 °C. Ho, kak IIOKa3bIBAIOT SKCIIEpH-
MeHTHI [11], B 9TUX yCTTOBUAX HO-IIPeXHEMY HabmofaeTcs
HekoTopoe OSG nmoBpex/eHne, KOTOpoe, M0-BUAVMOMY,
o6ycnoBeHo moroueHneM BY®-usnydenns maasmsl,
BbIbIBatOIMM paspbis Si-CH,-casu [8, 9].

Amomvt azoma

[Ipu B3aumonericteun aromoB N ¢ Si-CH,-rpynmamu
IJIEHOK HabmofaeTca ObICTpoe BCTpamBaHyue aToMoB N
B TIOBEPXHOCTHYIO CTPYKTYpY, Tak Kak B FTIR-cnekrpe
IIEHOK TOSBJIAIOTCSA XapaKTepHble (HO C HeKOTOPBIM C/[BU-
rom) myKyu MonekynapHoit cTpykTypsl HCN. 910 KocBeH-
HO TOBOPUT 06 06pa3oBaHNMM IOBEPXHOCTHOTO KOMIIIEKCa
Si-CH,NH. [Ins uccnenoBanHbIX TeMIepatyp 06pasios

T=0, 7 n 15 °C B KayecTBe mpumepa
Ha puc. 4a pna SOG2.0-nneHKn npef-
CTaBJIeHa 3BOJIIONNA OTHOCUTENIBLHOTO KO-
mnyectsa Si-CH  -cBaseit ¢ 10301 aTOMOB
N npu pasubix Temneparypax. Ha puc. 4b
nokasaHa ckopoctb ynanenus Si-CH,-
CBsI3€ll B 3aBJCYMOCTHU OT HOPUCTOCTU
low-k-marepuanos. Kak u gnsa O u F aro-
MOB, CKOpOCTb ynanenus Si-CH,-csseit
YBEIUYMBACTCS C POCTOM IIOPUCTOCTH.
[Ipn aTom ckopocth ymanenns Si-CH,
IIS1 BCEX MICCNIeJOBAaHHBIX MaTepUanoB
IajaeT ¢ TeMIEPATYypoll TOpas3fo pesue,
YeM B CTy4yae aTOMOB (TOpa ¥ KUCIOPO-
Zia, ¥ He MOKa3bIBaeT efiHON appeHny-
COBCKOII 3aBMCHMOCTI, [JaBas KaKylye-
Cs1 Hepea/IbHO BBICOKIIE SHEepIMI aKTVBa-
unu E >10000 K. 3nech HesHaunTenbHoe
THOBBIIIEHNE TeMIIepaTyphl TPYAHOOOBSC-
HJMBIM 00pa3oM 3aMeTHO BIIMsAET Ha CKO-
poctb perpapanyuy OSG-IIeHOK.
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Puc. 4. a - eonoyus omHocumenvrozo konuuecmea Si-CH, -cesseii ¢ dosoii N amomos 6 06pabomannsix amomamu asoma SOG2.0 nnenku; b - Hauanvras
CKOPOCIb YOANEHUS MEMUTIBHBIX 2PYNN AMOMAMU A30Ma 6 3asucumocmu om nopucmocmu low-k.
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ITpu satom Bo FTIR-cniexTpax mosss-
I0TCS HOBBIE IIMKM, COOTBETCTBYIOIINE
Si—NHZ, Si-CH=NH u Si-C=N-cBasam,
a raxke OH-rpynmam, m mpoucxo-
put nepecrpoiika O-Si-O-cBasel
B SiO,-marpune. Takas KapTuHa Xapak-
TepHa [/ CTafAMM 3HAYMTETbHOIO II0-
Bpexjennsa OSG-11eHoK, Korja 1pouc-
XOZIUT yfjaZieHyie MeTU/IbHBIX TPYIII (VTN
ux H aroMoB), a Ha ux Mecte 06pasyror-
Cs HOBbIE CBSA3Y aTOMOB KpeMHuA (Man
C aToMOB) C HaJeTAKMUMM ATOMAMIL.
B cnepyromem paspene st MOAUQUKa-
uym nosepxHocTHbIX CH,-rpymnmn paccma-
TPUBAKOTCS O0TIee TeTanbHo.

TeopeTuyeckie pe3ynbTaThbl.
PeakiinoHHbIE MEXaHM3MbI
B3aMMOJECTBIA aTOMOB ¢ low-k-
MIeHKaMM

OCHOBHBIM IIPOLIECCOM, OIpefeAl-
MM JeTpajaliio U MOCTeAYOYI0 MO-
mudukamio OSG low-k-matepuanos mpu
BO3JEIICTBUIU aTOMOB, SBJIAIOTCA Peak-
uyu aromoB ¢ rpynmnamu Si-CH,. Mexa-
HM3M 9THX PeaKLiil MOXKeT OBITb TOCTa-
TOYHO CJIOKHBIM JI MHOTOCTYII€HYaThIM
[7, 12], mocnenoBaTeIbHO IPUBOAALINM
K 9aCTUYHOMY WIM IIOJTHOMY yZja/IeHUIO
MEeTHU/IBHOTO IOKPOBA, YTO Jie/laeT II0-
BEPXHOCTb ruAPOdUIbHOIL. A afcopOiys
MOJIEKYJI BOZbI B IIOPAX IIPMBOMUT K 3HA-
YUTETIBHOMY ¥ HEIOITYCTUMOMY YBe/nde-
HUIO IVI9IEKTPUYECKOIT TPOHNUIIAEMOCTIL.

[lnd [eTasbHOTO M3YyYeHMS MexXa-
HM3MOB B3aMMOJENCTBMS TEIIOBBIX
atomoB O, F nu N ¢ moBepXxHOCTBIO
low-k-ua/eKTPUKOB MCIIOIb30BATICA
KBaHTOBO-MEXaHIYECKWI METOJ, TeOpUM
¢yukunonana miornoctu (DFT) B pam-
Kax KaK CTaTM4YeCKOro, TaK U AMHAMUYe-
CKOTO IToXonoB [6, 12-14]. B kauecTBe
Mopenu low-k-Marepuana nucnonbp3oBa-
J1ach MePUOANYeCcKast MOJe/Ib IIOBEPXHO-
ctu (011) a-kBapia pasmepom 9.9x7.3A
¢ 4 MetunbHbIMK rpynnamu. OmHaKO
B CBSI3Y C BBICOKVMIMI BBIYVIC/TNTEIbHBIMU
3arparamu DFT-momennpoBanua B pa-
6oTe TaK)Xe MPYMEHSICSA K/IACCUYeCKUIT
MeTOf, MOJeKy/ApHOI auHamukn (M]I),
B KOTOPOM B3aMMOJIEIICTBIE MEX/Y aTo-
MaMJ OIMCBIBAETCS C IIOMOLIBIO CHJIOBBIX
TOJIelT, TapaMeTPU30BAHHBIX Ha OCHOBE
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3KCIIEPMMEHTA/IbHBIX JaHHBIX. B 0T/M4Me oT cTaH#apTHBIX
CITIOBBIX nonielt cunoBoe nosne ReaxFF ¢ yyetom kpaTHOCTH
CBsI3el1 CII0COOHO BIIOTHE KOPPEKTHO OIMCBIBATh 0Opa3oBa-
HIIE Y Pa3pbIB XMMIYECKMX CBA3€Il 17151 OIIpefie/IeHHbIX Ma-
TepUanoB (B JAHHOM CTy4ae — J/I1 MaTepuajoB, COfepKa-
mux anemenTsl Si, O, C, N u H [15]). BaxkHo orMeTnTh, 4TO
B HacTosLIell paboTe pe3y/IbTarhl, IONTyYeHHbIE METOTOM
M]I, TijaTenpHO MpoBepAnnch ¢ faHHbIMK DFT-pacyeros.
I M]I-pacdeToB MCIONb30BAICA IPOrPaMMHBbII ITAKeT
LAMMPS [16], moznenb low-k-110BepXHOCTI pasMepoM
30x30 A 6bu1a cosmana mo amanmoruu ¢ DFT-pacyetamu
Ha ocHOBe noBepxHocTH (011) a-KBapiia, Ha KOTOPYIO ObUIN
HaHeCeHbl MeTM/IbHble Ipynnbl. OTu M]I-pacueTsl mms
B3aMMOfieiicTBUA aTOMOB ¢ noBepxHocTy SIOCH mieHKn
He/lb3s CPAaBHUBATD HAIIPSMYIO C 3KCIIEPMMEHTOM C IIOpHU-
CTBIMU IUIEHKaMU. ITU pacyeTbl MPeANPUHUMAINUCD [
HOJTy4eHNs JaHHBIX 00 9¢(peKTax BapbUPOBAHNS TeMIIe-
parypsl o6pasua 1 Habope BOSHUKAIOLIVX JIeTY4UX U I10-
BEPXHOCTHBIX IIPOIYKTOB. B laHHOII paboTe pe3ynbTaThl
M]I-pacueToB IpOM/IIOCTPUPOBAHbL HA IIPUMEpPe aTOMOB
KUCIIOpoAa, a i F u N aromos M]I-MopenuposaHnue 1 ero
TeCTUPOBAHIE ellje He 3aBepIlIeHbI.

Bce cmoxHble pacyeTsl 9Toil paboThl, Tpebyomue
OO/IBIINX BBIYMCIUTEIBHBIX 3aTPaT, ObIIM BBIIOTHEHBI
C MICTI0/Ib30BaHMeM 000pynoBaHus L[eHTpa KONIeKTUBHOTO
I10/Ib30BAHNSA CBEPXBbICOKOIIPON3BOLUTEIbHbIMY BbIUNC-
nmurenpHbIMU pecypcamu MI'Y umenn M.B. JlomoHOCOBa
[17].

Amomvt Kucnopooa

Cronp 6onbluas pasHuIa KOCBEHHO YKas3blBaeT Ha To,
9TO J/1s KOppeKTHOro ommcanusa rubemn Si-CH,-rpynn
HeoOXOAVIMO, KpOMe BepOATHOCTU peakunuu aromos O
¢ Si-CH,, yuutbiBaTh N3MEHEHME C TEMIIEPATYPOI MIPO-
¢bueit MPOHNKHOBEHVSI ATOMOB B IOPUCTbII MaTepMu-
al ¥ KOHI[eHTpalMell MOABAMINXCA ITOBEPXHOCTHBIX
rpymi. [IpoHNKHOBeHNe aTOMOB KICTIOpofia (pacrpererne-
HIie 110 ITyOMHe IUIEHKY Y¥C/Ia COYAApeHNiT aTOMOB C I10-
BEPXHOCTDIO [IOP) CYLIECTBEHHO 3aBUCUT OT IIAPaMeTPOB
HOPUCTON TIIeHKN (pajiryca mop, CTeleHN UX CBA3HOCTI),
BEPOATHOCTY NOBEPXHOCTHOI PEKOMOMHALIMU aTOMOB
Kucnopona [4].

I/ yCTaHOB/IEHVSI A€ Ta/IbHBIX MEXaHM3MOB PeKOMOM-
Hauuy atoMoB O U X B3aMMOJENCTBUA C HaYaTbHBIMMI
(Si-CH,) n noABA0IMMICS HOBEPXHOCTHBIMMU TPYTITaMU
6t ipoBefieHbl DFT-pacyeTsl a/leMeHTapHBIX peaKIinit
3THX MEXaHM3MOB. DTH PacyeThl BBLABIIIN IIEPBUYHYIO CTa-
nuio paspymterns CH,-rpynn (peakuun 1 u 2a, 6, B) u iBa
a¢dexTUBHBIX IMKIa peKoMbuHanym aToMoB O Ha 1o-
BepxHOCTH HOp (peakiun 3a, 6 1 4, 5a, 6).

Si-CH, + O —> Si-CH, + OH, (1)
Si-CH, + O —> S§i-CH,0 / Si-OCH, /
/ Si- + H,CO, (2a)/(26)/(2B)

$i-CH,0 + O —> $i~CH, 00, (3a)
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§i-CH,00 + O —> Si-CH,0 + O,, (36)
Si- + O —> Si-0O, (4)
Si-O + O —> Si-00, (5a)
§i-00 + O —>Si-0 + 0,, (56)

Peaxuus (26) BcrpanBanms aroma O B Si-C-cBsI3b BO3-
MO>XHa TO/IBKO IIpY OOIbIION S9HEPIMY HAJIETAIOIETO aTo-
ma (€,>0.3 oB). [lanbHerimmii yXoj| yriepoaa us mieHKu
ompefenAeTCA peaKUMOHHBIM B3anMogpericTBreM O aTo-
MOB ¢ moBepxHocTHbIMK rpynmamu Si-CH, O n Si-OCH,,
IPUBOJAIIVM K ITOSAB/IEHNIO TOBEPXHOCTHBIX Si-O-rpynn
U JIeTY4UX IPOAYKTOB, Hampumep, GpopMaabferupa
H,CO. KoadduimenTs ckopocTeit IpuBejeHHbIX BbIIle
peakiuil MMeT Pas3NTNYHbIe 3aBUCUMOCTI OT TeMIlepa-
TYPBI IVIEHKM T, 9TO MOXKET IIPMBOANTD K CTIOXKHBIM TeM-
IepaTyPHBIM 3aBUCUMOCTAM IIPOHMKHOBEHMA aToMOB O
B TIIOPYCTYIO IVIEHKY, BIMAOMUM (B JOIOTHEHNUE K 3aBH-
cumoctn k (T) ocHoBHOI peakiuu (1)) Ha HabMIOKAEMYTO
ckopoctb rubemn CH,-rpynm. 9To He MO3BONAET Hafie-
ATbCA HA ONMCAHNE TeMIIEPATyPHBIX 3aBMCHMOCTEN KOM-
IJIEKCA PA3TINYHBIX TIPOLECCOB B PaMKaX OfHOI SHepPIUn
aKTUBALNIL.

Kaxk ynmomuHanocs Bblle, Ay IPOBEPKI IIPeI0KeHHO-
ro MeXaHM3Ma U er0 TeMIIePaTypPHbIX 3aBICUMOCTe ObIIO
nposefeHo MJI-mopenpoBanue B3anmopeiicTeus O ato-
MOB C IOBEPXHOCTBI0 MOfe/IbHOII crutomHoit SIOCH-men-
Ku B Oo/ee WIMPOKOM HAMala3oHe ee TeMIeparyp,
E=200-500 K. Puc. 5a nnmoctpupyet HadanbHyo SiO -ma-
Tputy ¢ moBepxHocTHbIMM Si-CH,-rpynmamu (1 HaneTaro-
M aroMoM O), a Ha puc. 5b IpuBefieH XapaKTepHBII Kajp
Ha pasBuroit ctagyu Mogudukanyu SIOCH nosepxuocTn
norokoM O atomos npu 1=300 K, rae BupHBI fierpafarys
u Mopudukamun CH,-rpynm ¢ o6pasoBanuem neTyqnx
npoxykroB OH u dpopmanbaernma H,CO. Takas kaptuna
MOZM(UKALNIL M TPOLYKTOB XOPOLIO COIACYeTCA C Ipefi-
JI0)KEHHBIM PeaKI[VIOHHbIM MeXaHM3MOM. TeMIlepaTypHble

\ b
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adexrsl, momyuennsie 13 M]I-Mopenu-
poBaHus 171 TemIeparyp mwieHku 1=200,
300, 400 1 500 K, mpuBefieHbl Ha BCTABKAX
puc. 5a (1A oTHOCUTENBHOI (OT HaYa/Ib-
HOI1) oy HeroBpexieHHbIx CH,-rpymm
Kak ¢ynkuuu possr F(O) aromos O
Ha 1 cM?) u 5b (/1 OTHOCUTEIBHOI BN
yriaepopa C kak ¢pynkuun F(O)). Bugso,
uro mopuduxanua CH, mpencrasma-
et coboit MHOTOCTYIIEHYAThIN IIPOIeC,
B KOHEYHOM CYeTe IPUBOJALINIT K OTPHI-
BY yIZIEpOia C 3aMeTHBIM 3aIla3/[bIBaHMEM
II0 CPaBHEHMIO C HAaya/IbHBIM (IIepBbIM)
HOBpEeXJeHNeM MeTUIbHOI TPYIIIH,
a caM peaKIMOHHBbIIT Ipolecc MOndM-
karyu CH,-rpynm yckopsercs ¢ pocTom
TeMIIePATypbl IIEHKIL.

Amomvr pmopa

Kak 6p110 nokasao B [5, 12, 13], npn
B3aMMOJEIICTBUM aTOMapHOro ¢ropa
¢ OSG-meHKaMM Ha HadajIbHON cTa-
MU TPOUCXOAUT ObICTpoe HTOpUpO-
BaHue nosepxHocTy mop OSG MeHOK,
Korja aToMel ¢ropa abcopbupywrcs
Ha IIOBEPXHOCTM IOP, He BBI3bIBAs pa3-
pymenns Si-CH,-rpynm. 9ta azcop6-
uust aromoB F ¢ sueprueit E  ~1.0 9B
IPOUCXOAUT Ha IOBEPXHOCTHBIX aToO-
MaxX KpeMHMNsA, CIIOCOOHBIX IPOSBIIATD
CBOJICTBA IATUBAaJEHTHOro aroMa [12]:
0,Si + F > O,Si(F). Axcopbuposannbie
aroMbl F MOryT OBITb OTBEYaTh 3a PEKOM-
Ounanmio ¢gropa:

OSi(F)+F>0Si+F,

\ D

s S —
ful =
Ful

Puc. 5. [pumep MJ-modenuposanus eé3aumodeticmeus O amomos ¢ nosepxrocmoto SiOCH-nnenxu npu memnepamype nnenxu T=300 K. a - Hauanvnas
SiO -mampuya c nosepxrocmuvimu Si-CH -epynnamu u nanemarousum amomom O; b - xapaxmepnoitl kadp na paseumoti cmaduu moduguxayuu SiOCH-no-
sepxrocmu nomokom O amomos, 20e 6udHbL deepadavus u moouguxayuu CH -zpynn c obpasosanuem nemyuux npooykmos OH u dpopmanvoeeuda H,CO. Ha
6CIMABKAX NPUBEOEHDbL: @ — 26070UUT omHOoCumenvHotl (om nauanvrott) donu CH -epynn xak gynxyuu 0oset F(O) amomos O u b - ssomoyus omuocumensroi
donu yenepoda C kax pynxyuu F(O). 30eco amomut Si, O, C u H uso6pancenvi 6 0paniesom, KpAcHOM, CepoM 1 2071y60M UBemax cOOMBencneeHHo.
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Cobcrpenno paspymenne CH,-rpymm
HPOUCXOMUT MeJlJIeHHee B LIMK/Ie OCTIe-
nosatenbHbix HAFA-peaximit (hydrogen
abstraction and F addition) [12, 13]:

SiCH, F + Fgas ~>SiCH, F +
+ HF_ (x=0, 1,2),

SiCH, F + Fgas > SiCH, F  (x=0,1)n
SiCF, + Fgas > SiF + CF,/ SiCF, / Si +
+CF,.

OTenbHble CTaIUM STOr0 MeXaHu3Ma
leTa/IbHO U3y4aanuch ¢ noMoubio DFT-
MopienmpoBanus [12, 13]. BepostHocTH
abcrpakuuyu H aTOMOB HafaoT ¢ 4nuciom
F atomos (x) B SiCH,_F -rpymme, a koad-
¢bunmenTs ra30(a3HBIX AHANOTOB ATUX
peaKIuit UMeIT CTabyio TeMIIepaTypHYIO
saBucumoctsb ¢ E <2000 K [18]. [Tpose-
fleHHbIe KMHeTndeckuM Monrte-Kapro
METOIOM pacyeThl IBOMIOLUN TTOBEPX-
HOCTHBIX TPYIII 3TOTO MeXaHM3Ma I103BO-
JINIM OIMCATDh HE TOJIbKO HaOJII0faeMyIo
HavanbHyto rubens CH,-rpym, Ho 1 BCro
HOC/IEYIOLIYI0 KapTUHY KOHBEPCUil MO-
BEPXHOCTHBIX TPYII B IOpax IO BCeil
ry6uHe mwieHku [12, 13].

Amomvt asoma

[TomyueHHble TeMIeparypHble (puc. 4)
Y BpeMEHHBIe 3aBMCMMOCTY OCHOBHBIX
FTIR-nmnxoB n NH-1ImKoB fieMOHCTpPHU-
PYIOT CUIBHYIO M TPYSHOOOBACHUMYIO
4yBCTBUTENIBHOCTb K HE3HAYUTE/IbHBIM
(AT<15 K) u3sMeHeHMAM TeMIlepaTyphl
o6pasros [6, 7, 14]. [Ipomopennposats
9T 3aBUCUMOCTH 3aTPYHUTETBHO BBUIY
OTCYTCTBYISL HEOOXOMVIMBIX JAHHBIX O pe-
aKI[MIOHHOJ! KMHETHKe VI TPAHCIIOpTe aTo-
MOB U BO30Y)K/I€HHBIX 4aCTHI] 110 ITyOu-
He Marepyana. Ha ocHOBe fuHaMm4ecKo-
ro u cratndeckoro DFT-mopenuposanua
MBI IbITaINCh HAJITY BO3MO>KHBIE peak-
IMIOHHbIE MEXaHU3MbI B3aVIMOJIEIICTBIA
aromoB asora ¢ Si-CH,-rpynmamn mnsa
Ka4eCTBEHHOTO OOBACHEHMs 9KCIIepH-
MEHTa/IbHBIX Pe3y/IbTaTOB.

B [6, 14] 6pIO mOKa3aHO, 4TO Ha-
JleTalollye aTOMBI a30Ta B OCHOBHOM
cocrosiHuu N(*S) paxruuecku He pea-
rupyior ¢ Si-CH,-rpynmamu. [lna ocy-
IeCTBICHUA peaKLuu HaaeTaIoUNil
aToOM as30Ta JO/DKEH MMETb BBICOKYIO
snepruio (6oree 1 9B) mnu 6bITH B 971€K-
TPOHHO-BO30YX/[EHHOM COCTOSHUM,
bakTUYeCcKn B HIDKHMX MeTacTabuIb-
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HbIX N(°D) (c sHeprueit Bo36yxaenus ~2.4 3B)- u N(2P)
(c aHeprueit ~3.6 3B)-COCTOAHUSIX, YTOOBI UMETH LIAHCHI
COXpaHATh 3HAUMMble KOHIIEHTpAIUM Haj oOpasmamu
WM 06pa3OBBIBATBCA TaM U3 METACTAOMIbHBIX MOJIEKYIT
NZ(A3ZU*)+N(4S)%NZ(XE;)+N(2P). Kpowme toro, 6maropa-
pA MeXaHU3MaM BO30Y)XIeHN 3a CUeT SHEePryH, 3araceH-
HOJ1 B KOZe6aTebHbIX CTeNeHAX cBO6oIbI Momekyn N, (v),
B JJa/IbHEM IIOC/IeCBEYEHMI a30THOI II/Ia3Mbl HaOMIOLAI0T
HapaboTKy BO30Y>KIeHHBIX 4acTull [19], kotopsle (4T0O
B)XHO /ISl HAIlleTO aHaju3a) CIIOCOOHBI pearnpoBaTh
C PasHBIMH YIJIEBOOPOIAMIL.

DFT-pacueTsl moxasanu, 4To MeTacTabMIbHbIE aTOMBI
asora N* pearupywor ¢ Si-CH,-rpynnamu myTem BHenpe-
uua B C-H-cBass [6, 7, 14]:

Si-CH, + N* —> Si-CH,NH. 6)

Ho FTIR-muk Si-CH,-rpymm Ha ~1274 cm™! cma6o mens-
eTCsI IIpU TaKOM BCTpamBaHuy N* atoma [6,14] u, 3Ha4nT,
He JleTeKTUpyeTcsl Kak nospexpenne Si-CH,-rpynn (men-
Ka [IPU 9TOM TaK>Ke He TepsieT CBOMCTBO rufpodoOHOCTIM).
C ucrnonb3oBanneM ayuHaMmdeckoro DFT-mopenpoBanm
OBUIN BBIAB/ICHBI IIOCTIEAYIOLVIE PEAKIINH Y)Ke C Y4acTHeM
N(*S), cocTaBnAromIe HYTeBOI LUK /A IIOBEPXHOCTIL:

Si-CH,NH + N(*S) —> Si-CH,N H, (7)
Si-CH,-N,H + N(*S) —> Si-CH,-NH + Nzgas. (8)

Ho atn peakuuu sABis0T 0601 peKOMOMHAIMOHHBII
MeXaHI3M JI/ISI AaTOMOB 11, BO3MOYKHO, CTOYHIK METACTa-
6unpHbIX N (A’Z ) Monexyn (c aHeprueil BO3OyKaeHMsA
~6.2 3B), criocobnbix mospexaath Si-CH,-rpymmsr B pe-
akuyn Si-CH, + N (A’Z *) —> Si-CH, + NZ(X12g+)gas + Hgas
[14] 6e3 obpasoBanuss NH-rpynn Ha HOBEpPXHOCTH IOP.
basoBble peaxuun (6-8) MpaKTI4eCcKy He YyBCTBUTETbHBI
K UCC/IeyeMbIM MajIbIM Bapuauusam 1=273-288 K, mpu-
BOZIA K JINIIb K OIpeIe/IeHHOMY AMHAMIUYEeCKV PaBHOBEC-
HOMY pacIIpefie/IeHNI0 OCHOBHBIX OBEPXHOCTHBIX TPYIII
(Si-CH,NH u Si-CH,N_H) no ray6une nnenku [6, 14].
JlaybHeTIIit TOVCK BBIABII BAXKHYIO HEOOPATHMYIO peak-
110 TepMudeckoit aecop6uym N, H-rpymm ¢ Heobxoammori
CUJIBHOY ¥ ICKOMOJ TeMIIepaTypPHOII 3aBICHMOCTBIO [6,7]:
Si-CH N H —> §i-CH, + N2Hgas —>Si-CH, + Nzgas + Hgas.(9)

Junamnyeckoe DFT-MmomenupoBaHue sHpoTepMuye-
cKoll peakiyn (9) fano peakMOHHYI0 sHepruio AE~1 3B
u gacTory V~2-10" ¢! C-N-konebannit. Takas mamas AE
osHagaet ocmabmernne H C-NNH-cpasu. A gecop6ums (9)
C-N-cBssu c sneprueii E ~AE~1 3B u yacroroit gecop-
6tm v = v-exp(-E_ /T) = 2.5:107% 7-107° n 2-10™* ¢! mns
1=273, 280 u 288 K xopo1o Koppenupyer ¢ BpeMeHHOI!
U TeMIIepaTypPHOI 3aBMCHMOCTAMM IKCIIEPYMEHTATbHBIX
NH-nukos (N H-rpynm, x=1, 2) n Si-CH3-nmxos [6, 14].

BriBoasi
ITpoBenieHO COBMECTHOE SKCIIEPUMEHTANIbHOE U Teope-

TYecKoe usydenue nospexnuennus Si-CH,-rpynm B pas-
munanbix SIOCH low-k-mmenkax aromamu O, F u N npn
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PA3IMYHbIX TOHVKEHHBIX TeMIlepaTypax I IIeHOK (B 3Kc-
mepyMeHTe BIUIOTD fjo T=-45 °C). VI3MepeHHas CKOPOCTDb
nospexpenns Si-CH,-rpynn BospacTana ¢ Temmeparypori
U TIOPUCTOCTBIO IJIEHOK. MHOrocTyIeH4aTble PeaKloH-
Hble MeXaHM3Mbl IIOBPEXEHNA U yaNneHNsI MeTH/IbHBIX
TPYIII aTOMAaMU Pa3BUTHI C IOMOLIbIO CTATUYECKOTO U M-
Hammyeckoro DFT-mopenuposanus, MJI u MC pacueTos.
Ha remneparypHble 3 deKTbl TOBpeX/eHNA METUIbHBIX
IPpyI, KPOME TeMIIepaTyPHbIX 3aBUCUMOCTEN CKOPOCTEN
K/II0UEBBIX peaKI[yil Ha4a/bHOTO MOBPEXX/ieHNs (TaKuX, KaK
orpei H atomoB aromamu O u F), BmustioT Taxxe yCIOBUA
IPOHNKHOBEHM ATOMOB B IIOPUCTYIO Cpefy (Hampumep,
VX rubesb Ha TOBEPXHOCTY IIOP, Pa3Mephl IIOp U COeVHM-
Te/IbHBIX KaHAJIOB, IOPUCTOCTD IIeHKN). B oTmrume ot ato-
MoB O u F atomsr asora B ocHoBHOM coctosuun (N(*S))
IPAKTUYeCKV He pearupynT ¢ MeTMIbHBIMU I'PYyIIIaMH,
a Haya/IbHBIil NIPOLecC UX MOBPEXEHNA UHULUNIPYETCs
BHegpenneM B C-H-cBA3b MeTacTabuIbHBIX aTOMOB N*

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

u3 noroka nocnecsedenns ICP-paspsapa
B N -rage. ITO BHEJ[peHNME MPAKTUYIE-
ckn He MenseT FTIR-muxk CH,-rpymnmbt
Ha 1274 cM™' ¥ He IPUBOZUT K HOTepe
cBoitcTB ruapodobHOCTI TIeHOoK. Io-
crenyomye peakuuyu aroMoB N(*S) cos-
patot nosepxuoctHele Si-CH N H-rpyn-
ubl (x=1, 2), obecneunBaroiiue apdex-
TUBHYIO PeKOMOMHAIIMIO aTOMOB a30Ta.
B Si-CH,N H-rpynne C-N-cBasp ocna-
6nena (~1 3B no HamuM DFT-pacuyeram)
u Tepmuyeckas gecopbumusa N, H us sroit
TPYIIIBI OIpefieNIAeT SKCIePUMEHTATbHO
Hab/moaeMble YAMBUTENIbHO CUIbHBIE
saBucuMocTn noppexennsa CH,-rpynm
" 3BOMOLNY NoABIAnIuxca NH-rpynn
OT He3HAUNTe/TbHbIX BapyaINil TeMIIepa-
Typbl WieHoK 1=0, 7 n 15 °C.
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Abstract @~~~

Understanding the detailed mechanisms of the action of active radicals on SiOCH nanoporous dielectrics with low
permittivity k used as interlayer SiOCH low-k dielectrics in a new generation of integrated circuits is important for
developing recipes for reducing the degradation of low-k dielectrics in technological processes of plasma-chemical
processing. In this work, the features of these mechanisms of interaction of fluorine, nitrogen, and oxygen atoms
with low-k dielectrics with different pore sizes and degrees of porosity are studied experimentally and theoretical-
ly. The samples were treated at low temperatures with O, N, and F atoms in plasma downstream of an inductive
discharge in O,, N,, and SF, gases, respectively. Lowering the temperature led to different (for different atoms)
slowdowns in the degradation of surface GH, groups, which ensured the hydrophobicity of the porous medium and
low-k values of dielectrics. An analysis of the results obtained using DFT (density functional theory) calculations
and ab initio MD (molecular dynamics) modeling of reaction mechanisms revealed branched reactions of atoms
with surface Si-CH, groups and with other sequentially formed groups.

Keywords: low-k dielectrics, organosilicate nanoporous films, molecular, dynamics, atomic oxygen, fluorine,
nitrogen.

*The work was financially supported by RFBR (project 18-29-27003).
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Fig. 1. Scheme of the experimental setup for processing low-k samples with atoms.
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Fig. 2. a - Evolution of the relative amount of Si-CH, bonds as a function of O atoms dose in SOG2.0 films treated with oxygen atoms; b - initial rate of methyl
groups removal by oxygen atoms as a function of low-k porosity.
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Fig. 3. a - Evolution of the relative amount of Si-CH, bonds as a fucntion of F atoms dose in SOG2.0 films treated with fluorine atoms; b - initial rate of methyl
groups removal by fluorine atoms as a function of low-k porosity.
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Fig. 5. An example of MD modeling of the O atoms interaction with the SIOCH film surface at a film temperature of T= 300 K. a - Initial SiO_matrix with
surface Si-CH, groups and an incident O atom. b - Characteristic frame at the advanced stage of SiOCH surface modification by the O atoms flux, where
degradation and modification of CH, groups are visible with the formation of volatile OH and formaldehyde H,CO products. The insets show a - the evolution of
the relative (from the initial) fraction of CH, groups as a function of the O atoms dose F(O), and b - the relative fraction of carbon C as a function of F(O). Here
the Si, O, C, and H atoms are depicted in orange, red, gray, and blue, respectively.
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VccneqoBaHue MeTOOB aHN30TPOMHOTO MIA3MOXNMUYECKOTO
TpaBiieHns low-k coeB ¢ 3aIMTO MOPUCTON CTPYKTYPHI
Marepuana*

A.B. Maxonvkux, PA. Iatidykacos, B.O. Ky3somerko

B cratbe 0600Lwat0TCA pe3ynbTaTbl WUCCNEA0BAHUA MPOLECCOB KPWOrEHHOro Mja3MeHHOro TpaBieHus
QN3NEKTPUKOB C YNbTPAHU3KOI M3NEKTPMYECKOA NPOHNLIAEMOCTbIO NS MPUMEHEHMS B CUCTEMAX METannn3aLmn
WHTErpanbHbIX CXeM C MPOEKTHOM HOPMOM MeHee 10 HM. PaceMOTpeHbl MeXaHU3MbI Aerpaaalini nineHoK B NpoLecce
NNa3MeHHOro TPaBMEHWS U UCCNeayeTcs NoAxXo[, OCHOBAHHbIA HAa aacopouun B Nopax CKOHAEHCMPOBAHHOIO
nnasmoo6pasytoLLero rasa. [puBeaeHbl SKCNepUMeHTaNbHbIE PE3YNbTaThl, KACAIOLLIECH PA3PAOOTKN M NPUMEHEHUS
METO/I0B KOHTPONS 3anN0NHeHUs NOp NAEHKK in Situ. NpuBeaeHbl pe3ynbTaTbl UCCNEA0BAHUSA NAPAMETPOB NNa3Mbl
6pomcopepxatux razos (CFBr n C,FBr,) n xapaktepa ferpajauuu XumMu4eckoro coctaBa NeHOK nocne
TpaBneHns. [N CpaBHEHNS 9TV Xe XapaKTepUCTUKI NPUBELEHbI NS NPUMEHABLUEIACA paHee nna3mbl CF,.

KnroueBble cnoBa: ANANEKTPUKIN C YNbTPAHU3KOM ANINEKTPUHECKOA NPOHMLAEMOCTbLIO, MOBPEXAEHMS NPKW Nnas-
MEHHOM TPaBNEHNI, KOHAEH CaLUMs, aacopoLMs B HAHONOPAX, AUArHOCTMKA NNAa3Mbl.

*The work was financially supported by RFBR (project 18-29-27025).

Brenenue

ITocTroAHHOE yMeHbIEHNE KPUTUYECKMX PAa3MEPOB 3Ie-
MEHTOB VIHTETPA/IIbHBIX CXEM B T€UEHMeE IIOCIeJHUX Jecs-
TUIETUI IPUBOJUT K PALY TEXHOOTMYECKUX TPYAHOCTEIL.
YBenuueHue ObICTPOAENCTBUA TPAH3UCTOPOB U YBE/IM-
YeHye JJIVHBI IPOBOJHUKOB, X COeANHAIIINX, C OHO-
BPEMEHHBIM YMEHbUIEHMEM KaK IIONEPEYHbIX Pa3sMepOB
IIPOBOJJHUKOB, TaK 1 3a30POB MEX/1y HUMU, HAK/IabIBAET
orpaHMYeHNne Ha OBICTPOJENICTBIE, KOTOPOE OTIpeNIensieT-
ca BemnuuHoi RC, rae R — xapakTepHOe CONPOTUBTIEHME
IPOBOJHMKOB, a C — 37IeKTpUYecKas eMKOCTb MEXY HUMIL.

OnyH 13 HOAXOM0B K pa3pelleHNIo 3TOro IPOTUBOPeUNs,
YK€ YCTOSABUIMIACA B TPOMBIIUIEHHOCTH, — IIPUMEHEHNE [I1-
3/IEKTPUKOB C HM3KOII IUANIEKTPUUECKOI IPOHUIIAEMOCTDIO
U B TIOC/IeHEE NeCATUNETIE — IOPUCTBIX AUINIEKTPUKOB
[1, 2]. Huskast ausneKTpudeckas MpOHUIIAEMOCTD JOCTH-
raeTcd B pe3y/abTaTe IMOMy4eHNsA BBICOKOV KOHIEHTpalyy
HEIIO/IAPHBIX XMMUYECKUX CBA3EM B AMINEKTpuKe. Mu-
KPOCTPYKTYPUpPOBaHNUE TaKUX JUNEKTPUKOB (co3aaHue
CHCTeMbI KAaHABOK ¥ OTBEPCTHUI) MPOUCXOIUT B XUMIUe-
CKJ aKTMBHOII IIa3Me, KaK IIpaBuiIo, Gpropcomepkaieii.
Papuxarnel ¢pTOpa, IpOHNKas B IOPBI, IPUBOAAT K PasphIBy
HETIOJISIPHBIX CBsI3ell U 00Pa30BaHWIO TIOSPHBIX, UTO BEIET
K fleTpafialiyiyl AM3IeKTPUKa.

OnuH 13 TOXO/0B, TTO3BOMAINX U30eXaTh merpa-
Jauuu JUINEeKTPUKA IpU IJITa3MEHHOM TPaB/IeHNM, — 3a-
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I[UTA HOPUCTON CTPYKTYPBI MaTepuasa
npu TpaBiernu. Cpeny MOAXONOB K pe-
[IEHNIO 3TOI 3aJaull MOXKHO OTMETUTD
KPUOTeHHOE TpaBJIeHNEe, OCHOBAHHOE
Ha TOM, YTO IIpJ HU3KUX TeMIlepaTypax
razoo6pasHble COEIMHEHNS C BBICOKOI
Maccoil MOTYT KOHJIeHCMPOBATbCS B Ha-
HOpa3MepHBIX MOopax Ha)ke IPU MajbIX
ImaBleHMAX. bputo mokasaHo [3], 4o me-
rpamanus qusnekTpukos B miasme CF Br
HEOXXMJAaHHO OKa3bIBaeTcsA Oojee 3HaUu-
Te/bHOL, 4eM B MofiennbHoM cryyae (CF).
OTOT pe3y/IbTaT BXOAUT B IPOTUBOpeYNe
C U3BECTHBIM 13 60/lee paHHUX UCCTIENO-
BaHMNIL, YTO B IIJTa3Me CF3Br TOMMHUPYIOT
pazuKanel 6poMa U BIMsIHIE AaTOMAPHOTO
¢bTopa nckmoyeHo. BioHeHHOe HaMu
AKTMHOMETPUYECKOe VICCTIeJoBaHue KOH-
neHTpanuit gpropa u 6poma B ICP pas-
psape CF Br nokasano, 4ro gons ¢gropa
B JICIIO/Ib3yeMOM JMaIa30He [JaBIeHNUI
TOCTAaTOYHO BEJMKA.

HecmoTpst Ha TO, 4TO paspaboTaHbI
pasIMyYHble IOAXOABI K peanusalyuu
3aIUThI HOPUCTOIN CTPYKTYPHI OT BO3-
IeVICTBUS IUIa3MBbl IIPU TpaBieHNnn [4],
3ajlaya CHIDKEHMA YPOBHS Jerpajalun

KVY3bMEHKO

Butanuii Onerosuy
DU3KO-TEXHONOTNYECKII
nHeTuTyT M. KA. Bannesa PAH
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AM3TIEKTPUKOB C YIbTPAHUSKOI [IU3TIeK-
TPUYECKOI IPOHMIIAEMOCTbI0 OCTAETCs
aKTyanpHOU. Ilogxompl K Takoi 3amade
CTPOATCA KaK Ha ONTMMM3ALMU XapakK-
TePUCTUK CAaMUX AU3NIEKTPUKOB, I103BO-
JIAIOLEN CHenaTh UX 6ojiee CTOMKUMU
K fierpajauuu [5], Tak u Ha peanusanum
3aILMTHI IIOP HEIIOCPECTBEHHO B II/IA3Me,
HaIlpuMep IpY KPUOTeHHOM TPaB/IeHNN.

OpHoilt 13 3ajiay penraeMoit B JaHHOM
cTaTbe OBIIO CO3JaHME METOHA M3Me-
peHusA CTelleHM 3aIIONHeHMs IOop afico-
pbaToM B yCIOBUAX, MPUOTVMIKEHHBIX
K YC/IOBUMAM KPMOTE€HHOIO TpPaBJIeHM:
IO TeMIepaType U JaBleHnn. ITo ObII0
pean30BaHO IIpM IIOMOLIY CIIeKTPalb-
HOII pep/IeKTOMeTPMY HEIIOCPEACTBEHHO
B KaMepe YCTaHOBKM II/TA3MEHHOI'0 TPaB-
TIeHNA.

B pabore 6bII0 MCCIEOBAHO KPUOTEH-
HOe TpaBJIeHNe AUINIeKTPUKA C yIbTpa-
HM3KOJ OU3NEKTPUYECKON IPOHMIAE-
MOCTBIO TIpM VICIIOZIb30BaHUY B Ka4ecTBe
rasa JjIs I71a3MOXMMIYECKOTO TPAB/IeHS
C,F,Br.. [Ina sammThl MaTepuana mpu-
MEeHAETCS METOf, IpeBapUTe/IbHOTO 3a-
HOJIHEHW 1IOp Ta30M, B KOTOpPOM OyzeT
IPOBOAUTBCA TPaBJ/eHUe IIPY KPUOTeH-
HBIX TeMIlepaTypax. [laHHbIl a3 B CBOeM
cocTaBe MMeeT ABa aToMa 6poMa, KOTo-
pble JIETKO OTPbIBAIOTCA OT MOJIEKYIIBL,
CIIOCOOCTBYSl MOHM3ALMYU, M HUBKYIO,
II0 CPaBHEHUIO C APYTMMU OOBIYHO MC-
0/Ib3YeMbIMI COeIMHEHMAMY, TeMIIepa-
TYpPY KOH/fieHcanuy (OHa COCTaBIAeT HO-
panka —92 °C npu pgasnenun 20 mTopp
[0 CpaBHEHNUIO C, Hampumep, —110 °C
mst C 4Fg). Habnrogaemast crerneHp gerpa-
fatyy (0 yObUIN KOHLIEHTPALNY CBA3ell
Si-CH,) B imanasone -20+-120 °C cocra-
BuIa 0.14-0.01 ¥ MOHOTOHHO CHIMKAeT-
s IIpU CHIDKEHUM TeMIlepaTypbl. Takum
00pa3oM ObUIN MOJTyYeHbl aHM30TPOIIHbIE
CTPYKTYpbl B OPTaHOCH/IKAaTHOM HOPHU-
CTOM AM3JIEKTPUKE C HU3KOM AMINeKTpU-
YeCKOJi IIPOHMUL[AeMOCTDI0, IPYMEHUMbIE
IJ1A IPOEKTHBIX HOPM [0 28 HM U HIDKE.

Kpome Toro, npeficrabieHbl pesyibra-
TBl CPAaBHUTE/IbHOTO MCCIIEOBAHNSA UH-
IyKTMBHO-CB3aHHOI1 HM3KOTEMIIepaTyp-
noit wrasmbl CF o CBrF3 u CZBrZF , B TH-
IIYHBIX YCIOBUAX PEaKTMBHO-MOHHOTO
TpaBleHUA i [U3NeKTpuKoB. Cxema
UCC/IefOBAaHNsA BK/II0YA/Ia JUaTHOCTUKY
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IUTa3Mbl 30H4aMN JIeHTMIOpa, ONTHYECKYI0 SMUCCHOHHYIO
CIIEKTPOCKOIINIO U MofienpoBanye [6]. IocnenHee fomKHO
OBIIO TIPOBEPUTD IKCIIEPUMEHTA/IbHbIE JAHHbIE Ha Mpef-
MeT uX peneBaHTHOCTY. OCHOBHOEe BHMMAaHMe YHE/IAN0Ch
XapaKTepUCTUKAM IJIa3Mbl, CBA3AHHBIM C 9JIEKTPOHAMHI
I MOHaMI, a TaKxe IJIoTHOCTH atroMoB F u Br, koTopbie
TEeJICTBYIOT KaK aKTVBHBIE YaCTHULBI IIPU TPaB/IEHNN OpPra-
HOCH/IMKATHBIX CTEKOJ ¥ PYTUX MaTePHaIOB C Y/IbTPAHNU3-
KOJ1 IV/IEKTPUYIECKOI IPOHNIIAEMOCTBIO Ha OCHOBE KPEM-
HUIOPraHNYeCKIX COENVHEHNIL.

Bo3MoxHOCTY in situ mccnegoBaHIA KOHIEH AN
I1a3M000Pa3yIolIero ra3a B IIeHKaX MOPUCTHIX
BUNIeKTPUKOB

[TopucTocTdb 06pasiia, CpefHUIT payyc IOp U pacIperie-
JIeHMe TIOP IO pa3MepaM ABIAITCA OTHUMM U3 BXKHENIINX
IapaMeTpOB, C HIOMOIIbIO KOTOPBIX MO>KHO aHA/IM3VPOBATD
KaK CO3JlaHHble 00pa3IIbl, TAK Vi IOJABEPrHY ThIE Pa3TNYHBIM
¢usudeckum mporeccaM. MeTofibl, OCHOBaHHbIE Ha 3aII0/-
HEHUM 0P aficopbaToM, TaKue KaK S/IMIICOMETPUIeCKas
nopomeTpus [7] u KBapLeBble MUKPOBECHI B COUYETAHUNU
¢ agcopOuyeit [8], He YyBCTBUTEIbHBI K 3aKPBITHI IOPaM,
XOTb IIMPOKO MIPUMEHSIOTCSA U ABJIAIOTCS 0OIeJOCTYIIHbI-
Mn. VI3MepeH1e OTHOI IIOPUCTOCTY BO3MOKHO METOfIaMI
PEHTIeHOBCKOI Audpakimu [9] u 1ydeBoil MO3UTPOHHOIL
aHHUTWIALMOHHOM criekTpockoruu (PALS) [10]. [Tepssiit
METOJ; OCHOBAH Ha aHA/IM3€e PACCeAHHbIX Tydell Iy Ipo-
XOXJIeHIN uX yepes obpaser. [y aHanu3a JaHHBIX HE0O-
XOZIMMO CTPONUTD MOJIENb IS OIpefieTIeHNs 3N1eKTPOHHOI
IUVIOTHOCTHY, TIO9TOMY B pe3y/bTaTe eCTb BepPOATHOCTDb
YIYCTUTb OCOOEHHOCT B pacIlpefie/IeHNI HOp 110 pasMe-
pam. B cBoro ouepernp, PALS ABnAeTCA MOITHBIM METOTOM,
CHOCOOHBIM JCC/IE0BATh HAHOIIOPBI WM Jie(eKThbl B LN~
pokoM fuamasoHe pazmepos oT 0.3 HM mo 30 HM. Kpome
Toro, PALS ¢ ucnonbsoBannem Imydka mo3BO/AET U3ydaTh
06pasiibl OCTOMHO (TOMIIMHOI OT HECKONbKIX HaHOMe-
TPOB JI0 HECKOTIbKIX MUKpPOH). HemocTaTkom aToro meto-
fia SIBJIAETCS CIOKHOCTD 9KCIEPYMEHTA/IbHON peannsalin
MeTOfa.

B HacTosmeit paboTe ObUT paspaboTaH METOR /LS OIIpe-
JieeHust in situ u3MeHeHns KoaduimeHTa mpemoMIeHns
IJIEHK! TIOPUCTOTO low-k-IM3IeKTpuKa U ero TOJIHBI
C UICTIO/Ib30BaHMEM CIIEKTPa/IbHON pedekroMeTpun. Me-
TOJI CXOX C METOJJOM /Ia3ePHOII MHTeppepOMeTpuiL, HO KO-
o PUIIeHT OTpaskeHNA U3MePAETCSA He /IS OHOI JA/INHBL
BOJIHBI, a B 6onbuioM guanasode (200-900 M), 4TO MO-
3BOJIUT HOTy4YaThb HEOOXOAMMbIE JaHHBIE JIA YCIIELIHOTO
pelleHNs YCTOYMBOTO pellenys 06paTHoII 3afgaun. Metog,
OBUT IpUMeHeH J/Isl UCCIe[OBaHMs IpoLjecca aacopoumn
raga C,F Br B mopucTom nmsnekTpuke mpu KPUOTEHHBIX
TeMIIepaTypax ¥ HOHVDKEHHOM JaBJI€HNN, XapaKTepHOM
s ICP MCTOYHVKOB I/Ia3MBbl, MICIIONb3YeMBIX IIPU TPaBJIe-
Hun. Viccneposan nnrepsain remmneparyp or 0°C go -120°C,
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IPeACTAB/AIOINIT NHTepeC B paboyeM AuanasoHe JaByie-
HUIL. VI3MepeHHas 3aBUCUMOCTD ITOKa3aTessA IIPe/IOMICHNS
OT TeMIIepaTyphl IpMBefieHa Ha puc. 1. B kauecTBe 06pas-
I1a UCIIOIb30BA/N l0W-k-II/IEHKY TOPUCTBIX ANITIEKTPUKOB
(30% OTKPBITOI HOPUCTOCTH, 3HAUEHME JUINIEKTPIIECKOI
nponunaeMoct k=2,3) romuyHoit 200 MKM Ha KpeMHU-
eBol1 opinoxke. 1o JTaHHBIM CHEKTPaIbHON IIUIICOME-
TPUY, HAYA/IbHBI T10Ka3aTe/lb IPeTOM/IEHN IITIEHKU CO-
craBun 1.28.

/13 pucyHKa BUJHO, YTO VICHO/Ib30BAHNE Ta3a CZF 4Br2 1o-
3BOJIAET YACTUYHO MACCUBMPOBATH IOBEPXHOCTD IOP MPU
TemIeparypax Hike —40 °C.

Pesynbrarhl MccnefoBaHNMsA Jerpafanyy INIEHOK
C YIbTPAHU3KOI1 AU3TeKTPIIECKON IPOHNI[AeMOCTbI0
NpU ITTa3MEeHHOM TPaBIeHNI

[IpoBeneHHOE ITpegBapuUTeNbHOE YICCTIefOBanue [3] HI3-
KOTEMIIEPaTyPHOTO TPaB/IeHN OPTaHOCHINKATHBIX JU3-
JIEKTPUKOB C HM3KOJ JUSNIEKTPUIECKOI IPOHNIIAEMOCTBIO
B CF Br- n CF,-masme mokasano 3Ha4MTENbHO OOTIBIITYIO
CTeIeHb JIeTpajalliy AMINEKTPUKA IIOC/Te TPABIEHNA
B GpoMcoziepykalllell m1asMe, BOIPEKM OXXMAAHAM. Boiin
OCHOBaHMsA mpepnonararb, uto B CF Br OyAyT ZOMMHMPO-
BaTh pajinKaabl OpoMa, o6/majaomiye MeHbIeil XuMuye-
CKOJ aKTMBHOCTDIO.

Jlns1 viccmeoBaHMsl KPMOT@HHOTO TpaBeHns low-k-mu-
97IEKTPMKA B Ka4ecTBe MCCIeAyeMoro obpasia Obl B3AT
OCXX/EHHDbII Ha KPEMHUEBYIO IIACTUHY Spin-on MeTo-
noMm p-OSG low-k-amanexTpuk TomuHo 0komo 200 HM.
Mertop n3MepeHus: MOPUCTOCTH U pasMepa mop low-k-pu-
37IEKTPUKA OCHOBAH Ha aHA/IM3e M3MEHEeHNUA ONTUYeCKIX
CBOJICTB MaTepyaa Ipy IIPOHNKHOBEHNY 1 KOHJEHCALVIN
OpraHMYeCKVX NTAPOB B MOPaX (CIEKTpa/TbHAS SIUIICOMe-
Tpu). VI3MepeHus IIoKasam, YTo B UCCTIEyeMOM MaTepu-
ajie CpegHuIl pajguyc mop cocrasider 1.1 HM, a OTKpbITas
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Temnepatypa crona, 'C

Puc. 1. V3menenuie nokasamens npenomueHUs NeHKU 6ciedcmeue adcopouuu easa
C,F Br,6 nopax uccnedyemozo ousnexmpuka npu dasnenusx 5 u 25 mTopp.
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HOPUCTOCTD — nopszka 30 %. VisMepennsa
IVI9NEKTPUYECKOIT TPOHNIIAEMOCTI METO-
moM pTyTHOro 30HAa mpu 100 kI moka-
3a/1M 3HadeHme okono 2.8 [11].

KpuorenHslit mporjecc TpasieHns Ob1
npoBefieH B ycraHoBKe PlasmaLab 100
Dual (Oxford Instruments). Cronuk ox-
MaXK/IATICA KUAKNIM a30TOM, TIpUYeM AL
XOPOIIIETO TepMIYECKOTO KOHTAKTA II/Ia-
CTUHBI CO CTONMKOM JVICIONb30BAINCh
KBapIleBble 3QKMMBI U TIOTOK Te/us IOf
IJTACTVHOI (TOTIA reus B KaMepe He IIpe-
BbIlIana 2%). Paspsan B miasme Bo3oy-
>kKmancs Ha yacrore 2 MIti, BU-cMmemenne
OCYIIECTB/IANOCh Ha 9acToTe 13.56 MITI.
[Ipy TpaBlIeHUM MCHOIB30BANIUCH 06-
pasLbl C TeOMETPUYECKVIMI Pa3MepaMu
2X2 cm?. IInasmMoxummdeckoe TpaByeHe
IPOBOAMIOCDH B [IYIAlIa30He TeMIIepaTyp
ot 0 °C mo —120 °C ¢ mrarom B gBajiaTh
rpazycoB 1o 60-120 cexyHp,.

XVMUYECKU COCTaB MCXOMHON IIJIEH-
KU 1 IOBEPTHYTBIX TPAB/ICHNUIO TIEHOK
Obutn M3Mepens! ¢ nomoupo VK-Py-
pbe-cnekTpockonyy. CHIDKeHMe II1as-
MEeHHO-NHAYIVPOBAHHOTO OBPEXKIEHII
(PID) mpy HU3KOJI TeMIlepaType Impolec-
ca HabmoaeTcs B 060oux cnydasx. [Toka-
3aHO, YTO YMEHbIIEHIe JeTpafjaliii CBS-
3aHO C 3alUTHBIMU 3 deKTamMm 0cax-
[IeHHBIX Ha IOBEPXHOCTU IIPOAYKTOB
peaxuymn (CHXFyBr-, SiBr - n CF -monn-
MepoB). [IpofyKThI peakiyy 3aTeM MOTYT
OBITD yZjaIeHBI ITyTeM TEPMIYECKOTO OT-
xura. Tommuna CF -nonnmepa Bospac-
TaeT C MOHIDKEHNEM TeMIIepaTypbl. OTOT
CTIOJI TIONVMepa TIPUBOANUT K CUIBHOMY
YMEHbIIEHNIO cKopocTn gy dysun aro-
MOB (propa ¥, KaK CIefCTBUE, K YMEHb-
meHNIo ferpaganyu. bpomcopepxamue
IPORYKTHI TPABIEHN ABIAIOTCA MeHee
3¢ deKTUBHBIMIY 15T 3ALLUTHI TOBEPXHO-
CTU C HU3KOW JU3NIEKTPUIECKON IIPOHN-
I[aeMOCTBIO OT flerpaflaliniL.

B panpHemmumx uccnegoBaHmax [11]
OBUIO pellIeHo MCII0b30BaTh OpoMcofep-
JKalMil Ta3 ¢ GOo/blIelt MOIEKY/IAPHOI
Maccoii IS CTUMY/IVPOBAHMA €70 KOH/IeH-
cauyy B nopax. B kauectBe mrasmoo6pa-
syromjero rasa 6ou1 Boi6pan C,F Br -xon-
JieHCaIVA KOTOPOTO OKI/IA/IACh IIPY yMe-
PEHHBIX OHIDKEHHBIX TEMIIEPATypax.

BpIIO yCTaHOB/IEHO, YTO CKOPOCTDb
TPaBJIEHV 1 TTOKA3aTe/b IIPeTIOM/ICHIA
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06paboTaHHBIX 00PA3I[0B HEMOHOTOHHO
YMEHBIIAIOTCA C YMEHbIIEHNEM TeMIIe-
parypsl. IIpndem cKOpocTh TpaBeHMA
Py IPUOIVDKEHUN K KPYOT@HHBIM TeM-
HepaTypaM JOCTaTOYHO HU3Kas (MeHee
5-10 HM/MUH), YTO MOXXHO OOBACHUTD
KOHJeHCaluell I1a3Mo06pasyolero
rasa B IOpax JUITEKTpuKa 1 addex-
TUBHBIM OCXJIeHNeM (QTOPYITIepOJHOI
IJIEHK! Ha TIOBEPXHOCTM AMINMEKTPUKA.
JloTIOTHNTEIPHO IIPU HU3KUX TeMIlepa-
Typax CHIDKAeTCS PeaKIMOHHAA CII0C06-
HOCTb pajiukanoB ¢ropa.

[To pesynpraTaM IpOBeNeHM M3Me-
pernit Merogom VK-®ypbe-cnexTpo-
CKOIINN A IIEHOK, HOfiBepraBIINXCA
TpaBnennto B nmasme CF Br,, 6b110
YCTAQHOBJIEHO, YTO IIPU IPUOTIDKEHUN
K KPMOTEHHBIM TeMIlepaTypaM obefHe-
nue Si-CH,-imka (cmysxaniero /iy oLeH-
KU Be/TMYVHBI KOHLIEHTPALY COXPaHUB-
IIVXCA HETIOIPHBIX CBSA3eIl) CYIeCTBeH-
HO yMeHbILIaeTCsA (HalpyuMep, IpU TeM-
neparype —100 °C cocTaysger nopsjka
3%). OTMeTHM TaK)Ke, 4TO IIPU BHICOKMX
TeMIlepaTypax pafiuKaibl KUCIopopa (06-
pasyomyecs Ipy TPABIEHNN MATpPUIIbI
§i0,) ymeHbmaoT TommuHy $TOpyrie-
POJHOII ITIEHKM, HO M3-33 KOHJeHCALlUN
rasa B IOopax BCé paBHO HaOmoopaercs
HM3Kas IeCTPYKIUA MaTepyaa.

ViccnenoBaHue mapaMeTpoB IIa3Mbl
¢TopOpoMcoaepkaIux ra3oB

[Tory4yeHHbIEe pe3ynbTaThl MO3BONIN
chOpMyINpOBATS ellle OfHY 3ajady JaH-
HOJT paboThI — CPAaBHUTENbHOE UCCTIENO0-
BaHMe NHYKTVBHO-CBA3AHHOI I/1a3Mbl
CF » CBrF3 n C2Br2F , B TUIIMYHBIX yCIIO-
BUAX PEaKTUBHO-MIOHHOTO TPAaBJIEHU.
Iurepec k manonsydenusim rasam CBrF,
u C Br F, 06ycnopen nx ymydineHHbIMHI
XapaKTepUCTUKaMy TPaBJIeHUsI KpeM-
HISL, 0OHApY)KEeHHBIMY B PaHHMX paboTax
[12-14], a Tax>xe BO3MOXXHBIM IIpUMeEHe-
HUEM I MaJONOBPEXIAIOIIEro Tpas-
JIeHVsI IOPYCTBIX MaTepPManoB ¢ HU3KUM
k-nuanexrpukom [15]. Iocnentee oueHb
Ba)KHO /I CO3/IaHMA MHOTOYPOBHEBBIX
CTPYKTYP MEXCOEIMHEHMII B CXeMax
ceepx6ornpoit nxterpanuu (ULSI). Ta-
KUM 00pasoM, 9Ta TEXHOJIOTUS CYXOro
TpasineHns, cBasanHag ¢ ULSI, Tpe6yeT
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006513aTe/IbHOTO MOHMMAHMS KaK MeXaHM3MOB TPaB/ICHIS,
TaK ¥ MEXaHM3MOB MOBPEX/EHNUs, KOTOpble obecreyn-
BAIOTCS OTHMMM U TEMM K€ aKTUBHBIMU YaCTUI[AMIA, Ta-
KMMM KaK aTOMBI TaJIOT€HOB VI S9HEPTUYHbIE MOHBI. XOTS
B pabore [16] mbITanuCh ONpenenTh MIOTHOCTH aTOMOB
F u Br B mnasme CBrF, ¢ ucnonbsoBanuem onTn4eckoro
aKTMHOMETPIYECKOT0 IIOX0/Ia, COOTBETCTBYIOIIE Pe3y/Tb-
TaTbl He MOTYT OBITb IIPMMEHEHbI 3/1eCh M3-3a Pa3IMYHBIX
YC/IOBMII I/Ia3MBbI U TUIIOB paspsaa. Kpome toro, B 06enx
paboTtax He cOO6IIAMTOCH O MPUHIUINATBHO BKHBIX ITa-
paMeTpax IIa3Mbl, CBA3aHHBIX C 9JIEKTPOHAMM VI IOHAMY,
TAaKIX KaK TeMIIepaTypa 3/IeKTPOHOB, INIOTHOCTD I/Ia3Mbl
U TIOTOK MOHOB. [ToaTOMY Henmb3s faXke IPEATIONOXKUTD
0COOEHHOCTM KMHETHKY aToMOB F 11 Br, a TakXe oLeHuTD
6amaHc MeXIy GU3NYECKUM U XMUMUYECKUM Iy TSAMU TPaB-
nenus. [Ipucyrcrsne CF, B npuBeieHHOM BbIIle pAJTY TI/Ta3-
MOO0OPa3yIOLINX I'a30B MOTYBUPOBAHO ABYMsI IPUYMHAMIL.
Bo-nepsbix, nnasma CF, aBnaercs yno6HOII MOIEeIbHOM
CHCTEMOMN C XOPOIIO M3BECTHBIMM CBoOJicTBaMM. IlosTomy
COBIIaJieHNe JAHHBIX MOJCTMPOBAHYIS U JYATHOCTUKY IS
nasmbl CF,, 6e3yc/oBHO, 03HaYaeT KaK ajjeKBaTHOCTD IIPU-
MEHsIeMbIX METOJIOB OMarHOCTYKY, TaK U IPUEeM/IEeMOCThb
COOTBETCTBYIOIINX Pe3YIbTATOB /1A [PYTUX IIA3MEHHBIX
CHCTeM. A BO-BTOPBIX, 9KCIIEPVMEHTATbHOE CpPaBHEHNE
TpapuimonHoit CF,-Timasmbl ¢ MeHee n3BeCTHbIMM (HTOPY-
IJIEPOZJHBIMY ITAa3MaMM IIPY UJIEHTUYHBIX YCIOBUAX pabo-
THI IO3BOJISIET IPOAHA/IM3MPOBATh BO3MOXKHbIE Pas3INdNs,
B/IVAIONIVE HA TIPOLIECCHI IOHHO-CTYMYNTNPOBAHHOTO TPaB-
JIEHMSL.

OKCIepUMEHThI IPOBOAVINCD B YCIOBMAX MHAYKIMOH-
Horo BY (2.0 MIty) paspspga, B peaktope PlasmaLab 100
(OIPT, UK). B xauecTBe IIOCTOSTHHBIX BHELTHMX IapaMe-
TPOB IJIA3MBI BBICTYTIA/I CKOPOCTDb IIOTOKA rasa (q=50 cT.
cM’/MMH) 1 BKIagbiBaeMast MomHoCTh (W=2 500 BT), uro
COOTBEeTCTBOBAJIO IToTHOCTH MowHocTy 0.05 Br/cm?. Ba-
pbUPYeMbIM TTapaMeTPOM CTY>KIJIO [JaBJIeHNe Trasa, KOTo-
poe n3MeHAn0ch B auamnasone 5-20 mTopp.

[laHHble TIO 97eKTPODUINYECKUM [apaMeTpaM IjIa3-
MBI [IO/Ty4a/IN C TOMOILIBI0 OMHOYHOTO 30HAA JIeHrMIopa
(Espion, Hiden Analytical, UK). [l MyanMusanmu ucka-
KEHIII pe3y/IbTaToB M3MepeHMIT 13-3a MoMmMMepobpasoBa-
HIISI Ha 30H/aX, IIepef ¥ TOCTIe KaXK/[0ro M3MepeHNs IIPOBO-
M/Iach OYNCTKA 30HIOB B m1asme 50% Ar + 50% O, B Te-
YeHe OKOTO 2 MVH. IPQeKTUBHOCTb JaHHOI IIPOLEYPbI
HOATBEP)KIAETCS YOBIETBOPUTEIbHOI BOCIIPOU3BOAVIMO-
CTBIO Pe3y/IbTaTOB B CEPMU MOC/IEIOBATETbHBIX M3MepeHMit
IIpY HEM3MEHHBIX YCIOBUAX BO30Y>KeHus wasMbl. O6pa-
60TKa 30H/JOBBIX BO/IBT-aMIIePHBIX XapakTepucTuk (BAX)
C UCIIOIb30BaHE€M U3BECTHBIX MOIOKEHU 30H/IOBON T€O-
puM IS paspsfioB HU3KOTO fIaBjIeHust obecrieunBaa gaH-
HbIE 110 TeMIIepaType 3/eKTPOHOB, CYMMApPHOI KOHIIEHTpa-
LI/ IOJIO>KVITE/IbHBIX MIOHOB U KOHLIEHTPaL[Uy 9/IeKTPOHOB.

CraunoHapHble KOHIIEHTpaLyy aToMoB dropa omperne-
JISIIV METOJIOM OIITMYECKOJ aKTMHOMETPUH C UCIIONb30-
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BaHMeM aHajuTudeckoit mapsl F 703.8 um / Ar 750.4 HM
(21, 22]. Inst 06enx CreKTpanbHbIX TMHUIT XapaKTePHBI
BO30Y>X/leHIe TIPSIMBIM 9JIEKTPOHHBIM YAapOM U HU3KOe
BpeMsI KU3HY BO30YXX/IEHHOTO COCTOSIHISA, YTO I03BOLAET
npeHeOpeyb IpoLleccaMyl HeM3/TyYaTeIbHON pPelaKcalyin.

CeuveHns BO30Y)XIeHNUA 1 TapaMeTpbl ONTUYECKYX IIe-
PEXOJIOB /1A aTOMOB (TOpa ¥ apProHa XOPOILIO M3BECTHBI
IO JIUTepaTypPHBIM JaHHBIM. PaHee ObIIO IIOKa3aHO, YTO
JlaHHAas MeTOAMKa 0becreuyrBaeT yHOBIETBOPUTEIbBHOE
coryacye ¥3MepeHHBbIX KOHIIEHTPALUii aTOMOB B II/Ta3Me
CF, ¢ Benm4mHaMy, MOMTy4aeMbIMI TIPY MOJIETMPOBAHNM
m1asMbl. [IprHMMas BO BHYMAaHMe XOPOIIYIO M3Y4EeHHOCTb
ITa3MBl TeTpaTOpMeTaHa B TEOPETUUIECKOM IIIaHe, laH-
HbII PaKT MOXKET pacCMAaTPMUBAThCA KaK CBUAETEIbCTBO
aJleKBaTHOCTH Pe3Y/IbTaTOB VI3MepPEeHMIL.

BbI1o 06HApyXeHO, YTO BCe TPY IIA3MEHHBIE CHCTEMBI
JIEMOHCTPUPYIOT CXOXJe M3MEHEHNS yKa3aHHBIX IapaMe-
TPOB B 3aBUCUMOCTY OT JaBJICHN Ta3a.

OcnosubiMu ocobennoctsmu nmasmol CBrF, n C Br F,
no orHourernio kK CF, aBnAroTcsa: a) 6omee HU3KMe TeMIle-
paTypbl 97IeKTPOHOB; 6) 601ee BHICOKIE IIOTHOCTY IIA3MBI
¥ 97IEKTPOOTPHULATETIbHOCTD; B) 60/1ee BBICOKYE INIOTHOCTI
aromos F c ycosuewm [F] > [Br]. [locnennee sBnenue, Bepo-
ATHO, CBAI3aHO C MEXaHN3MOM PeaKLuu Br2 + F -> BrF + Br,
TIOfiIep)KMBaeMbIM ObICTpOI pekombuHammert 2Br —> Br,
Ha CTeHKaX Kamepbl. CoueTaHue 60j1ee BBICOKOI INIOTHOCTI
MOHOB 11 60/1ee HU3KOIT IIOTHOCTY aToMOB F B 6pomcozep-
JKaIIMX ra3ax o6ecIeuyBaeT UX IPEUMYIeCTBO B OTHOLIe-
HIY HeWITPa/IbHBIX/3aPsDKEHHBIX YaCTULL M B aHM30TPOINY
TpaB/IeHMA.

B skcnepuMeHTax ¢ TpaB/leHNEM KPeMHMEBBIX CTPYK-
TYp ObIO ITOKa3aHO, YTO IPUHIUIIMAIBHBIMY OTINYMAMMA
nmasmbl C.F, Br, oT ABYX APYIUX MCC/IeI0BaHHBIX COCTABOB
I/Ia3MO0OPasyIolero ra3a sABIAIOTCA cOoYeTaHMe Oonee
BBICOKOJI IIO/IVIMEPU3ALIMOHHON CIIOCOOHOCTY U CKOPOCTH
tpaBneHys. QopmanpHOI TPUYMHON MOCIEfHE 0CO6eH-
HOCTH SIBJIIETCSI aHOMAIBHO BbICOKas addexTnBHasI Bepo-
ATHOCTD TeTeporenHoit peakuun Si + xF —> SiF , 06ycmos-
JleHHasI JOLOJIHUTE/IbHOI TeHepalyeit aToMoB ¢ropa B crioe
HojMepa Mof AeiicTBIeM MOHHOI 6oMbapypoBku. [Toka-
3aHO, YTO OTCYTCTBUE KOPPEIALNMY B IOBEJEHUN CKOPOCTI
TpaB/IeHNA ¥ IVIOTHOCTYU IIOTOKA aTOMOB (pTOpa C pOCTOM
JIaBJIeHMA ra3a B 000MX C/Ty4asx 00YC/IOBIEHO CHIDKEHIEM
3¢ dexTNBHOI BeposATHOCTN B3auMopeiicTBus. Hanbornee
PeaIMCTIYHBIMY IPUYMHAMY 3TOTO SABJIAIOTCA CHIDKEHNe
TONIMHBI nonuMepHoli mieHku (B mnasme C F Br)) u koH-
KypeHTHas aicopOIys Hepearnpyouux YacTull, IpuBo-
AAIAs K CHYDKEHMIO IO/TU CBOOOMHBIX LIEHTPOB aficopo1mm
ms aromoB ¢ropa (B mmasme CF)).

[TonydeHHble pe3ynbTaThl 0OBACHAIOT 60JIee CUIbHYIO
ilerpajialluio IVIEHOK AMS/NIEKTPUKOB C YIbTPAHMU3KOI [i1-
9IeKTPUYECKOIl IPOHUIIAEMOCTbIO, HAOTIONAaeMYIO B II/Ia3-
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me CF,Br mo cpaBHeHMIo ¢ miasmoii
CF,. B To »xe BpeMs Hab/moflaeMast OHM-
JKeHHasl Jerpajjalyisi TUIIeKTPUKa IIPU
TpaB/IEHUN B II/Ia3Me CZBrZF p TTO-BU[IM-
MOMY, 00bACHACTCS afcopOumeit mas-
MooOpasylomero rasa 1 IPOAYKTOB
TpaBJIeHNUs B nopax IieHku. [Ipu sTom
CHIDKAETCS I CKOPOCTD TPaBJICHYS.

3aknroueHme

VccnepmoBaHHBIN NOJLXOJ OCHOBAH
Ha IIPOBEJEeHNY Ipoliecca IIa3MEHHOTO
TPaB/IeHMNA PV KPUOT€HHBIX TeMIIEpaTy-
pax obpasia, YTO IPUBOLUT K KOHJIEHCa-
LUY B HECOPA3MEPHBIX ITOpaX Kak IIa3-
MOO0OpasyIoIero rasa, Tak 1 MpofyKTOB
TPABJIEHN, IPEJOXPaHAA MaTepHal CTe-
HOK IIOD OT BO3/IE/ICTBYA XUMIYECKH aK-
TYBHBIX PaJiYIKaJIOB IIJIa3MBI.

B crarpe mccienoBaHbl METOABI KOH-
TPOJIA U JaHbl PE3Y/IbTAThI VICCIENOBAHNA
CTENEHN 3aIIO/IHEHNA NTOP KOHJEHCAaTOM
I1a3MO00PasyIoIero ra3a B yCI0BUAX
KPYMOTEHHOTO TPABJIE€HNA B 3aBYCUMOCTH
OT JIaBJIEHVA U TI0KAa3aHO, YTO MCIIONIb30-
Banue rasa C F Br mossonser yactnano
MIaCCUBMPOBATh IIOBEPXHOCTD IIOP IPU
TemIieparypax Hivke —40 °C.

ITpoBeneHO meTanbHOE MCCIENOBAHNE
na3mel 6pomcopepykammx razos CF Br
u CF Br, u (g1a cpaBHEHNA pesynbTa-
t0B) CF,, MpMMeHAEMBIX JI TPaB/leHNs
IM3NIEKTPUKOB C YIBTPAHUSKOMN JUSTIEK-
TPUYECKOI1 TPOHNUIIaeMOoCTbI0. OCHOBHOE
BHIUIMAHNE YHENANOCh XapaKTepUCTUKAM
ITa3Mbl, CBA3AHHBIM C 3/IEKTPOHAMU
U MIOHAMJ, @ TaK)Xe KOHIIEHTPAI[y aTo-
MoB F u Br, KoTopble [efICTBYIOT Kak
aKTMBHbIE YaCTUII TPV TPABJIEHUY Ma-
TEPUANOB C yNbTPAHU3KOI ANINIEKTpIYe-
CKOJ1 IPOHMIJa€MOCTBIO Ha OCHOBE KpeM-
HUIOPraHNYeCKNX COENVHEHNIL.

Pa6ora moppepxana POPI B pamkax
Hay4YHO-JCCIEJOBATENIbCKOTO IIPOEK-
Ta Ne18-29-27025, a mocne 3apepLieHUA
TpaHTa MCCHENOBAHMUA IPORO/KEHBI
B paMKax locymapcTBeHHOro 3afaHus
OTUMAH nm. K.A. Banmuesa PAH Mus-
obpuayku Poccuiickoit ®epepanun
o Teme Ne FFNN-2022-0020.
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The article summarizes the results of studying the processes of cryogenic plasma etching of low-k dielec-
trics for use in integrated circuit metallization systems with a node less than 10 nm. The mechanisms of film
degradation during plasma etching are considered, and an approach based on the adsorption of condensed
plasma-forming gas in pores is studied. Experimental results are presented concerning the development and appli-
cation of methods for controlling the filling of film pores in situ. The results of studying the parameters of the plasma
of bromine-containing gases (GF,Brand C,F,Br,) and the nature of the degradation of the chemical composition of films
after etching are presented. For comparison, the same characteristics are given for the previously used GF, plasma.

Keywords: dielectrics with ultralow permittivity, plasma etching damage, condensation, adsorption in nanopores,

plasma diagnostics.
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Fig. 1. Change in the refractive index of the film due to the adsorption of C,F Br, gas in the pores of the studied dielectric at pressures of 5 and 25 mTorr.
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AHanmu3 BO3MOXXHOCTY HE3aBYICMOTO PeryIpOBaHusA
pa3sINYHbIX MapaMeTpoB I1a3Mbl BY HecaMocTOATEIBHOTO
pa3pAfa C JONOTHUTENbHON MOHN3ALMEN 3/IeKTPOHHBIM
My4KOM™

M.A. Bozdanosa, [I.B. /lonaes, O.B. IIpowiuna, T.B. Paxumosa, A.T. Paxumos

B JaHHOI CcTatbe npefcTaBneHbl PesynsTatbl UCCNeS0BaHUS HOBOTO Tna niasmbl BY HecamocToaTensHoro paspsza (B4HP)
HU3KOr0 JaBMeHNs C JOMNONHUTENbHOIA MOHM3ALMeN Ny4KaMU BbICOKOIHEPTETUYHbIX 3/1EKTPOHOB. G NOMOLLbHO KOMMNEKCHOro
9KCMEpPUMEHTANIbHO-TEOPETUYECKOr0 MOAXO0AA ObINO MOKA3aHO OT/MYME MapamMeTpoB TakOi niasmbl (MAOTHOCTL MA3Mbl,
Temneparypa 3anekTpoHOB, (DYHKLMA pacnpeseneHns 3M1eKTPOHOB U UOHOB MO 3HEPrusm) OT cnyyan 06bi4HOM BY-nnasmbl,
a TaKKe 0T CNy4as YUCTO My4KOBOW HECAMOCTOATENbHON niasmbl. [poBEAEHHOE UCCNeL0BaHMe NOATBEPANII0, YTO Naa3Ma
BYHP ¢ noHn3aumeit 3neKTPOHHbIM MY4YKOM MOXET UCMONb30BATLCA ANS NONYYeHNst 60/1ee HU3KOW TeMnepaTypbl 3NeKTPOHOB,
4YeM B Knaccuyeckoil B4-nnasme, 1, COOTBETCTBEHHO, 419 MONYYEHUS UOHOB 60M1ee HIU3KIX 3Heprui. MapameTpamu niasmbl
BYHP MOXHO ynpasnaTh: MNOTHOCTLIO NAa3Mbl — Bapbupysa BY-MOLLHOCTL HA 4ACTOTE, MCMOMb3YEMOIN AN reHepaumn paspsaa;
JHEPreTU4ECKMMI CMeKTpamn 3NEeKTPOHOB U MOHOB — BapbUPYs COOTHOLLEHWE BKNaZoB BY-mowHoCTH, MoLHOCTM BY-CMeLLeHus
11 MOLLHOCTM 3NEKTPOHHOrO My4Ka. [0My4eHHbI PE3yNsTar ABNSETCA TaKXKe NeperekTUBHLIM NS BOSMOXHOCTU MPeLN3NOHHOM
06paboTKL MOBEPXHOCTY NIA3MOIA C HU3KOW 3HEPruer NOHOB (NOpsALKa HECKObKIX ANEKTPOHBOLT), UCMOMb3YEMON B TEXHOMOTMAX
aTOMHOrO CMOEBOr0 TPABNEHUA 1 OCAXKAEHUS B NIa3MEHHbIX PEAKTOPaX HOBOTO MOKOMEHMS.

Kntoyesbie cnosa: BY-nnasma, aneKTPOHHbIA My40K, HECAMOCTOATENbHBIA PA3pAd, NapameTpbl NNasmbl.

*Paboma evimontera npu gpunarcosoti noodepycke PODI (npoexm Ne18-29-27001).

BBenenie

[TnasmMa HM3KOTO [aBlIeHUs, BO30y-
JXpoaeMasa SHCKTPOHHBIM Hy‘{KOM, caMa
10 cebe ABJIACTCA XOPOIINM NHCTPYMEH-
TOM U1 aKTUBHO ]/ICHO}Ib3yeTC}I 19)5-¢ q)yHK-
[MIOHAM3AL[UY TTOBEPXHOCTI, @ TAKXKe
B 00/IaCTV aTOMHO-C/IOEBBIX TEXHOIOTMIT
[1-9].

ITnasma BUHP ¢ momonmunTensHOI M0-
HM3alMell Ty9KaMy 37IeKTPOHOB T103BO-
JisIeT CO3[aTh MOTOK HM3KOIHEPreTHd-
HBIX OHOB C XOpOH.[O KOHTPOHI/IPYCMI)IM
3HepFeTI/I‘~IeCKI/IM CHCKTPOM n yF}IOBbIM
pacmpefenenneM MOHOB, MMOMA/AIOIINX
3 IIJyIa3Mbl Ha HOBerHOCTb TpeH'{a.

BOrAAHOBA

Mapus AngpeesHa
HayuHo-1nccneaoBarenbekuit
VHCTUTYT SYAEPHOIA CDN3IKIA
. [1.B. CkoGenbublHa
MIY nm. M.B. JTomoHocoBa

PAXUMOBA

Tatbsina BuktopoBHa
HayuHo-1nccneaoBaTensekiii
VHCTUTYT SAEPHOI (DU3MKIA
M. [1.B. CkobenblibiHa
MIY um. M.B. JTomoHocosa
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_‘ . JIONAEB

- Omutpuii Buktoposuy
Hay4Ho-1ccnenoBarensekui
L. HCTUTYT 8pHOI DI3UK

il vm. [1.B. CkobenbLibiHa
L MIY um. M.B. JTomoHocoBa

BHenHmit MCTOYHNK MOHM3ALINY — 9I€KTPOHHBII ITy4OK —
H03BO/IAET 00ECIeYNTD Ty4IlNil KOHTPOJIb 9HepreTmye-
CKOTO CIIEKTPA JIOHOB 10 CPABHEHMIO C PaCIIPOCTPAHEHHOI
BY-mmasmoii, HOCKONbKY TaKasd HECAMOCTOATENbHAA II/I1a3-
Ma I03BO/IAET JOCTNYDb HU3KOI TeMIIePaTyphl 3TIeKTPOHOB
Y HU3KOTO MOTEHI[Va/Ia IIa3Mbl. ITO, B CBOIO 0Uepefb, I10-
3BOJIAET MOMYYUTh NIOTOK MIOHOB C 9HEPrHell B HECKOIbKO
37IEKTPOHBO/IBT, COOTBETCTBYIOIIEl SHEPTUY CBA3U A
KOHKPETHBIX JICIIOb3yeMbIX MaTepuanoB obpabaTbiBae-
MbIX 00pasioB. Tak, 6bIIO TOKAa3aHO, YTO UCIIOTIb30BAHIE
BY-nna3mbl HecamocTosTenbHOrO paspsaga (BUHP), mop-
Jilep>KMBaeMOII BBICOKO9HEPTeTUYHBIM ITYYKOM 3JIEKTPO-
HOB, SIB/IA€TCS OJHMM 113 Hanbosee MepCreKTUBHbIX MeTO-
JIOB I IIPeBApUTENbHOI (PYHKIVIOHAIM3ALVN TPeHYeil
C aCIIeKTHBIM OTHoLIeHMeM nopsaznka 10 [10]. Kpome Toro,
3HEpIUA IOHOB MOKET KOHTPOIMPOBATHCS HOMOMTHNTE/Ib-

NMPOLUUHA

Onbra BayecnasoBHa
Hay4Ho-nccnenoBarenbekii
VHCTUATYT STEPHON (hIn3IKN
um. [1.B. CkobenbLiblHa
MPY m. M.B. JlomoHocoBa

PAXUMOB

Anekcanpp TypcyHoBuy
[Mpocheccop, Hay4Ho-
11CCNE0BATENbCKIA MHCTUTYT SAEPHOI
chuankn um. [1.B. CkobenbLibiHa

. MI'Y nm. M.B. JTomoHocoBa
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HbIM BY-cMmemenmeM, NpuKIafbIBaeMbIM K 3NIEKTPORY,
Ha KOTOPOM pacronaraiot obpabarbiBaeMblit obpasery [11,
12]. B 60/1pLINMHCTBE UCCTIENOBAHNIT B KAYeCTBE CTOYHMKA
IyYKa 3/IeKTPOHOB MCIOJIb3YIOTCS MOLY/IM C IIOIbIM KaTo-
JIOM, TOTIa KaK B JJaHHOJ1 paboTe ObLI MICIIO/Ib30BaH PYTOit
TUII UICTOYHYKA /IEKTPOHOB — MOZY/Ib OTKPBITOTO paspsi-
fa. beita paspaboTaHa KOHCTPYKILUA peaKkTopa ¢ TpeMs
MOJY/IAMY OTKPBITOTO paspsAna, I03BOANIAS II0TyYaTh
OJJHOpOIHOE BO30Y>K/IeHe XOMOHO 11a3Mbl. Takas KOH-
CTPYKIMA MOXKeT OBITh MCIIO/Ib30BAHA B Y>Ke MMEIOIINXCS
KaMepax BY-peakTopoB, MCIOIb3yeMBbIX B T€XHOTOTUI.
BbI7I0 IpOBEREHO 3KCIIepUMEHTATbHO-TeOpeTMIecKoe Jc-
cneposanne BYHP B ogHO- 11 gByX9acToTHOM BU-pexume
(81 MIiy u 12 MIir) B unctom aprone. C nmomougsio hairpin
CBY-30Hpa u 30HAa JIeHrMIopa OBUIM M3MEpEHBI IIOT-
HOCTb IIa3MBI U QYHKLNUA PaCIpefie/ieHNs 37IeKTPOHOB
o sHepruaM (PPO3I). OyHKuA pacnpesienieHNsa OHOB
o sHeprusm (OPVII) 6pita usmepena va BY cmernienHOM
INEKTPOJie ¢ IOMOIIBI0 CETOYHOTO aHA/MN3ATOpa SHEPTU
noHoB (RFEA). [l ananmmsa sKCIiepyMeHTa/IbHbIX JaHHBIX
Ob11a paspaboTaHa v IpUMeHeHa MPOCTPAHCTBEHHO OJJHO-
MepHas KMHeTn4YecKas dncneHHas mozens BUHP ua 6ase
aJITOpUTMa METOfA JacTHII-B-A4elike ¢ MoHTe-Kapro-cron-
kHoBeHyAMM (MY MKC). [ToMnMo cpaBHEHMS C pe3yiib-
TaTaMJ M3MepeHUIl, MOfie/Ib II03BOLAET TAKXKe MONyIUTh
IIOTOKM MIOHOB 1 BO30Y)X/IeHHBIX aTOMOB Ha yIIPaB/IAeMbIil
BY-anextpop,.

BriepBble yiccieioBaHa BO3MOXXHOCTb KOHTPO/IMPYEMOTO
usMeHenuss ®POI npu npunoxeHUN HeOOMBIION MOLTHO-
ctu Ha yactore 81 MITi. Takyke mccaemoBaHO ITOBeIEeHNIE
®PVI B 3aBUCMMOCTU OT aMIUIUTYZAbI IPUIOKEHHOTO
BY-cmemenus yactorh 12 MIT.

Cnemyer OTMETUTD, YTO MCCIe0BaHHaA 1nasMa BUHP
HU3KOTO [JaBJIeHM s, IIOALeP>K1BaeMas 9/IeKTPOHHBIM ITy4-
KOM, MO>KeT 00€eCIIeYnTh KOHTPOJIb He TOIBKO MIOHHOTO I0-
TOKa, HO U IIOTOKA aKTVBHBIX PaJMKa/oB Ha 0OpabaThiBae-
MYI0 IOBEPXHOCTD IIpU 06aB/IEHNN MOJIEKY/IAPHOTO Ta3a.

3KCHePI/lMeHTa}IbHa§I YCTaHOBKa 1 MICIIO/Ib3yEMbI€
INArHOCTUKN

VccnenoBane 6bIIO IPOBELEHO € MCIOTb30BAHEM 9KC-
IepUMEHTA/IbHOTO CTeH/ja iByX4yacToTHOro (81 1 12 MIir)
BY emxocrtroro (Y BYE) paspsana (puc. 1). Uunuugpu-
yeckad Kamepa 19 BUE-paspsana guamerpom 330 MM us-
TOTOBJIEHA U3 HepKaBerollel cTamn. /IBa amoMIHMEBBIX
9/IeKTpofia guaMeTpoM 120 MM, pasMelljeHHbIe B BEPXHEIl
Y HVDKHEN 4acTAX KaMephl, OKPY>KeHBI TOJICTBIMM KBaplie-
BbIMU KOJIbLIAMM C BHEIIHUM AuamMeTpoM 240 mm. Mex-
97IeKTPOJHbII 3a30p ~40 MM. PaspaAp 3auraercs B 44CTOM
aproHe, KOTOPbIM HAIlyCKaeTCA B KaMepy 4epes3 Ira3oBblii
ILyII B BepXHeM a71eKTpofie (oTBepcTyA framMeTpom 200 MKM
c mraroM 8 Mm). [laBrieHne rasa B Ipoljecce MCCIeI0BaHNA
nopepKuBanoch Ha yposHe 100 mTopp.

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

MeTouHuK nyuka
INEKTPOHOB

CeTouHLIR
aHanusartop

ICornacytouled
YCTpOHCTBO

12 Ml'u(’]})

Puc. 1. dxcnepumenmanvHas ycmanosxa.

BY-MoOmHOCTD, Ha BBICOKOJM YacCTOTE
(81 MI1x) mopaeTcs Ha BepXHUIT ANMEKTPOT
Yepes coracyollee yCTPOICTBO U 6710-
KUPYIOIYI0 eMKOCTb. BU-cMemenne 60-
nee Hu3Koit gacToTsl (12 MIr) momaercs
TaKUM >Xe 00pa3oM Ha HIDKHUIT S7TEKT-
pon. Tak peanu3oBaH AByX4acTOTHBII pe-
JKUM PabOoThl peakTopa, B KOTOPOM MOILI-
HOCTD Ha BBICOKOJI 9aCTOTe MCIOb3YeTCsA
IS YIIpaBIEeHNUA IVIOTHOCTDIO IIA3MBL,
a BY-cMmenenne HM3KOM Y4aCTOTHI MC-
MO/Ib3YeTCs I/ YIpaBIeHUs paclpefe-
JIeHNeM SHeprUM VIOHOB Ha IIOBEPXHO-
cTu HIoKHero anektpopa [13]. Tlpu atom
napaMeTpbl BY-cmemenusa - 4acTora
U AMIUINTY/A HATIPSDKEHNSI — B OCHOBHOM
B/IVIAIOT Ha IIPUANIEKTPOJHBIN C/IOJ, B KO-
TOPOM MOHBI HAOMPAIOT OOJIBIIYIO YACTh
CBOEIT 9HEPIUY, HO He BT Ha 00beM
maasmbl [14]. B manHOM mccnemoBaHum
ammuTyfa BU-cmemenna BapbupoBa-
nack 1o 30 B, 4T06BI MpOKEMOHCTPUPO-
BaTb BO3MOXXHOCTb TOYHON HaCTPONKM
®PVS B ympaBnsaeMoil 3/1€KTPOHHBIM
myykoMm BY-nasme B paciypeHHOM AM-
amasoHe 9Hepruit MoHoB [15].

4 BYE-paspsan, ucnonbayemslit s
1jefelt JaHHOTO UCCIeNOBaHMs, ObUT MO-
[ePHU3NMPOBAH IIyTeM MCIONb30BAHNS
TpeX MOAY/Iell OTKPBITOro paspsaa [16]
¢ 00IMM UCTOYHMKOM muTaHus 1.5 kB
JU1A TIO/Ty9eHN A YUK 3/1eKTpOoHOB. Kaxk-
IbII TAKOV MOJY/Ib COCTOUT U3 OTpMUIia-
TEIbHO CMEIIEeHHOTO MPAMOYTOIbHOTO
Q/IIOMIHIEBOTO KaToJa U 3a3eM/IEHHOTO
CeTYaTOro aHOAA pasMepoM 14x120 MM?,
pasfieleHHbIX HeOOMbIIUM 3a30pOM
~1 mMm. Ilapa karop-aHoO[ 3akKi0YeHa
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B 3a3eMJICHHBINI MeTa/ZIMYeCKUI KOop-
IyC, 9MEKTPUYECKM M30IMPOBAHHBIN
or KaTofa. CTOUT OTMETUTD, YTO MOLYIIN
C 3a3eMJICHHBIMI aHOJAMY U KOPITyCaMu
HEKOTOPBIM 00Pa30M CTaHOBSTCS YaCThIO
CTEHOK KaMepbl, KOTOpBIE, B CBOIO OYe-
penb, UrparT ponb 3neKTpoza. Ilo aroit
IpUYVHE Ha/M4Me 9TUX MOJY/IEN He BJIN-
steT Ha GanmaHc 3apsga B BYE-paspsze.

OJIeKTPOHHBIN IIy4YOK T'eHepUpyeTCs
cepyromuM 06pasom. VIOHBI U3 ITa3Mbl
B KaMepe AperidpyIT K MOAYII0, TPOHY-
KaIOT 4€pe3 CETKY U 3aTeM YCKOPSITCA
K KaTOfly, BBI3bIBasA BTOPUYHYIO SMIIC-
CUIO 3JIEKTPOHOB C €Ir0 IIOBEPXHOCTH.
Bropu4Hble 37IEKTPOHBI, B CBOIO 04€PEfb,
YCKOPSIOTCS B 0OpaTHOM HaIpaBJIeHUN
¥ IIPaKTH4Yecky 6e3 CTOTKHOBEHMUII 110-
KIJJAI0T MOAY/Ib, GOPMUPYS IIyIOK BbI-
COKO3HEPTreTUYHBIX 37IEKTPOHOB (9Hep-
rvs 6osblue 1 K9B), BXOAALIMIL B IJTa3My
qepes CeTKy. ITOT IyYOK HOHU3UPYET I'a3
32 CETKOM, TPOM3BOJiA MHOTO HU3KOIHEP-
T€TVYHBIX 37IEKTPOHOB U JIOHOB, TEM Ca-
MBIM HOAIE€PKMBAA I/IA3MY.

Mopynu 97eKTPOHHBIX ITYYKOB ObIIN
pasMeleHbl 10 HePUMETPY KaMepbl
Yy CTEHOK Ha PaBHBIX PACCTOSAHUAX APYT
ot apyra (puc. 2). Vicnonbp3oBanue Tpex
MopyIIelt 6b110 00ycIOB/IeHO TpeboBa-
HIEM OIHOPOJHOCTY IIa3MBI B MEX-
aneKkTpopHoit obnactu. [IpocTpaHcTBeH-
HbI€ ONTHYECKIE U3MEPEHNA O3BOININ
OIIpefleINTDh JIIVHY JeTpajjaliii 3JIeK-
TPOHHOTO IyuKa [17], koTopas mpu uc-
nonbsyemoM fasneHun 100 mTopp 3Ha-
YHUTENbHO IIPEBBICI/IA PACCTOSAHME OT MO-
Iy OTKPBITOTO paspsfia B0 CepefuHbI
3NIEKTPOJA, YTO MO3BONINIIO C/IENIATh BbI-
BOJ; 00 OTHOPORHOCTM ITa3MBI, CO3/IaH-
HOJI IIOCPENCTBOM HECKOIbKUX MOZY/IEN
OTKPBITOTO paspsfa.

Insa mccnemoBaHMA ITa3MEHHBIX Xa-
pakTepucTuk BY HecamMocCTOATEIbHOTO
paspsga ObUIM MCIIONb30BAHBI CIEAYIO-
111e TPUOOPBI ¥ METOSVUKY IIa3MEHHOI
IMarHOCTUKM. [l M3MepeHnA IJIOTHO-
CTH IUTa3Mbl, PYHKINYU pacIpenesieHns
9JIEKTPOHOB II0 SHEPIUM, IIABAIOLIETO
¥ II/Ta3MEHHOTO MTOTEHLIMAIOB YICIIONb3Y-
eTcA UMIMHApUYIecKuii 3017 JleHrMiopa
¢ BY-kommeHcamueit, M3roTOBIEHHBIN
U3 BOIb(PaMOBOIL IIPOBOTIOKM TOJIIY-
HOM 90 MKM. JInMHaA OTKPBITON 49acTu
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Mopyne nyuka
3MNEeKTPOHOB

CeTouHbIN aHanuaaTop 3oHp NeHrmiopal

Hairpin CBY-30Hg]

Puc. 2. Bud Ha paspsaoHyto Kamepy céepxy.

30Hga cocTtaBnfgeT 10 mm. IIpu usMepeHnn ¢ MOMOILBIO
30H/a JIeHIMIOpa IJIOTHOCTY IJIa3Mbl M3BECTHO, YTO U3-
MepeHMe 10 MOHHOM YacT! 30HJOBOJ BOJIBT-aMIEPHOI
XapaKTepUCTUKH C ucnonb3oBanueM OML-Teopun Mmoxer
flaBaTb 3aBbIIIEHHOE 3HAYeHMeE, a U3MepeHe IITIOTHOCTU
I/Ia3Mbl 10 37IEKTPOHHOMY TOKY MOXET [JaBaTh 3aHIDKEH-
HOe 3HaueHue BCIeAcTBUE 3 deKTa CTOKa 3/IeKTPOHOB
Ha 30HJ. [loaToMy /1 oTy4eHusA KOPPEKTHDIX 3HAYEHNIT
IVIOTHOCTH I/Ia3Mbl ¥cronb3oBajcs hairpin CBY-3ong
[18]. Hairpin-3oHz mpezcTaBisiet co60it JBYXIIPOBOAHYIO
JIMHUIO, U3TOTOBJIEHHYIO U3 BOTb(PaMOBOIL IIPOBONIOKNI
tommyHoN 200 MKM, IJIMHOM 5 CM C pacCTOSHUEM MEXIY
MIPOBOJHMKAMM 5 MM, 3aMKHYTYIO C OJHOJ CTOPOHBI. Pe3o-
HAHCHasA YacTOTa JJAHHOTO YYaCTKa IBYXIIPOBOIHOI TMHUN
B BaKyyMe cocrabisger nopsapka 1 500 MIt. IIpu sxmroyge-
HUM TA30BOT0O PaspsAjia pesoHaHCHAsA 4acToTa yBeIN4YMBa-
eTcs BC/Ie[,CTBIE U3MEHEHN XapaKTePHOIl Ja/leKTpuye-
CKOJI ITPOHMI[AeMOCTH CPefibl, KOTOpas MOXKeT OBITh pac-
CYUMTaHA C MCIOIb30BAHNEM M3MePeHHOro ciBura. Jlanee
3 TIOJTYYEHHOI IM3IEKTPUYECKOI IIPOHNIIAEMOCTH T1/Ias-
MBI PacCYMTBHIBAIOTCSA I/IA3MEHHAsl YacTOTa Y IJIOTHOCTh
1a3Mbl. [/11 KOPPEKTHOTO y4eTa BAMAHNA 00eHEHHBIX
37IeKTPOHAMU TIPU3IEKTPOIHBIX C/I0€B OKOJIO IIPOBOJHNI-
KoB hairpin-3oHpa 6epeTcs TeMIepaTypa 9/eKTPOHOB, 13-
MepeHHas ¢ IoMOLIbIo 30H7a JleHrMIopa.
OHepreTUYECKNIl CIIeKTp MOHOB (PYHKLUA pacipefe-
JIeHNS IOHOB 110 9HEepTMsM) M3MepsieTcsl ¢ momolbio BY
KOMIIEHCYPOBAaHHOTO CETOUHOr0 aHaaM3aTopa. CeTOuHbII
aHa/IM3aTop IPeACTaBIsAeT cO00I COOPKY 13 TPeX M30/I-
POBaHHBIX IPYT OT Apyra HUKeNeBbIX ceTok 1 BeCu-ko-
nexTopa. [Ipunoxenue safepKuBalero i HOHOB Ha-
HPSDKEHNST MeX/TY TIepBoIt (BXO[JHOI CO CTOPOHBI I/Ta3Mbl)
¥ BTOpO (aHaMM3MPYIOlel) CeTKaMu MO3BOJISIET TIPO-
BecTu usMepenne OPVI. HanpsakeHue Mexgy BTOpPOIt
(aHanmusmpymoleit) u TpeTbeil (YCKOpsIoLiei) ceTKkaMu
ABJIACTCA YCKOPSAIOWUM /I MPOIIEINX IOHOB U Pasro-
HsAET UX B HaIlpaB/leHuy Ko/uleKTopa. HanpskeHne Mexpy
TpeTbell CETKOM U KOJIJIEKTOPOM SBJIAETCS 3alMPAOIUM
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17151 BTOPMYHBIX 9JIEKTPOHOB, BBIOMBAEMBIX C KOJIZIEKTOpa
MOHaMNI.

YucneHHas MoJenb

Yucnennass moens BUHP 6bi1a paspaborana Ha 6ase
OJJHOMEpHOII K1HeTn4ecKol Mopemu i BY eMKocTHOrO
paspsga [19], [20], a Taxke MOfie/ HECAMOCTOSATENBHOM
IUIa3MBI, YIIPaB/IAEMOIl IIYYKOM 9/IeKTPOHOB, pa3pabo-
TAHHOII paHee B TeopeTnyeckoit pabote [10]. I[Tockonbky
reoMeTpus Kak BU-paspapa, Tak u BHHP-paspsapa c tpe-
M IIyYKOBBIMI MOJYIAMU SABJIA€TCA HPOCTPAaHCTBEHHO
OIHOPOJIHOI1, 3TO I0O3BOJLAET UCIIONb30BATD [/ AHA/IN3A
IPOCTPAHCTBEHHO OZHOMEPHYI0 1D uncieHHy0 Mofieb.
JIBIDKeHNe 37IEKTPOHOB 1 MIOHOB ONMCHIBAETCS Ha OCHOBE
KIHETMYeCKOTo IOfIX0/ja MeTO/a JacTHULl-B-sA4elike ¢ MoH-
te-Kapno-cronkuosenusimu (MY MKC), pis Hevirpanb-
HBIX KOMIIOHEHT (MeTacTabM/IbHBIX aTOMOB Ar*) MCIONIb-
3yeTcst oObIUHBI AUQPY3MOHHBIT HoAxof. Pemraiorcs
ypaBHeHMs HbloToHa 114 BCeX 3apsKEHHBIX KBas3)ya-
CTHLI, IPOL,ECChl CTONKHOBEHNIT YUUTBIBAIOTCS C IOMOLIBIO
Mounte-Kaprno-anropurma. Vicronbayercst Habop cedeHmit
CTONIKHOBEHMII 3/IeKTPOHOB ¥ IOHOB C aTOMaMI1 aproHa,
AHAJIOTMYHBIN TpefcTaBIeHHOMY B [20]. YunTbIBaoTCA
YIPYIMe COYAapeHNs /I 57IeKTPOHOB 1 MOHOB, BO30YXK-
JleHye 37IeKTPOHHBIX COCTOSHMIL, MOHM3ALIA 37eKTPOHHBIM
YHapOM I IIPOLIeCC Pe30HAHCHOI! IIepe3apsAaKY I IOHOB.
Cxopoctu o6pasoBanus u rubemy Ar* ¢ ysacTueM ajnek-
TPOHOB Nonmy4anTca us Kunertndeckoit MUSA MKC-mone-
. CaMOCOITIaCOBAaHHOE pacIpefie/ieHNe 3NeKTPUIeCKOro
HOJIA B MEX3/IEKTPOLHOM 3a30Pe IOTY4aeTcs U3 PelleH s
ypaBHeHus Ilyaccona.

Ammmtyna BY-HanpsykeHNs Ha 3/IeKTPOfiaX B MOZE/IN
BBIOMPAETCs TAKMM 00pa3oM, YTOOBI pacCYMTAHHASL BJIO-
JKEHHas B IIa3My y7iellbHasA MOIJHOCTD p Ha 1 cM? COOT-
BeTCTBOBA/IA 3KCIIePMMEHTA/IbHO VI3MEPEHHbIM 3HAYeHUAM
nonmHo¥ MomHocTu P,.: p=0.7-P, /S, tne S=nR’ adpdex-
TMBHAA IUIOLIA/b IUIa3Mbl. Pajiyc miasMeHHOI 06macTu
R=11cM cOOTBETCTBYET pauyCy OKPYKHOCTH, BIIVICAHHON
MEXIy TpeMs MORY/LAMM ITYYKOB 3/1eKTPOHOB. ITO IIpefIIo-
JIaraer, 4TO I/Ia3Ma pacrpocTpaHsaeTcs 3a BU-amexTponsl,
3aI0JIHASA BCIO IUIOMIA/Ib MEXY TPeMs MOJY/LIMU IYYKO-
BBIX 97IEKTPOHOB (CM. TAaK)Xe YacTb 2 «IKCIepUMEeHTa Ib-
Has YCTAHOBKA M MCIOJIb3yeMble IMAarHOCTUKM»). Koad-
¢unyenT 0.7 yIuTBIBAeT OLEHKY [0/ MIOJTHON MOIJHOCTH
BY-ucrounnka, B1O>XKeHHON B I1asMy. IIpsamoe cpaBHeHme
M3MEPEHHON M PACCYMTAHHONM IUIOTHOCTYU IUIA3MBbl [JIA
OJIMHAKOBBIX 3HAYeHMI P, TIOATBEPAMIO ameKBaTHOCTD
TAHHOI OLEHKY [JIA Ye/bHOM BJIOYKEHHOI MOIJHOCTH P.

Y10 KacaeTcs BbICOKOSHEPreTUYHbBIX ITyYKOBBIX 37€KTPO-
HOB, OCHOBHas JJiesl 3aK/II0YA/Iach B TOM, YTOOBI KOPpEK-
THO Y4eCTb B UMC/I€HHOI MOJIe/I X KaueCTBeHHOe BIINsA-
HIe Ha 0OCHOBHBIe TapaMeTpbl BYHP-1masMel (1motHOCTD
I/Ta3MbI J TEMIIEPATypa 37eKTPOHOB). 371€Ch MBI He CTaBI-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

JIV LIeTIbIO IeTa/IbHOE MICCIIeiOBaHIe TIPO-
CTPAHCTBEHHON CTPYKTYPBI CAMOTO «OT-
KPBITOTO» paspsAfa, BKIOYAs MOTOXKN-
TeJIbHYIO CBA3b MEXJY 00paTHbBIM Aperi-
(oM MOHOB U3 00/1ACTY TITA3MBbI 11 TOKOM
Iy4Ka 97IeKTPOHOB. DKCIePUMEHTaIbHO
M3MEepEHHBIII TOK ITy4Ka JICIIONb30Ba/ICA
KaK BXOJHOJ IIapaMeTpP B MOJEIN.

ITy40K 57eKTPOHOB PacIpOCTpaHAETCA
napasuienbro BU-anexrpopam. Ilockonb-
Ky OH He C()OKYCHPOBAH B IIPOJOIBHOM
HAIIPaB/IeHNH, B MOJE/IN TIpeJIIoIaraeT-
€A, 4TO ITyYKOBbIE 37IEKTPOHBI PaccerBa-
10TCA B 30He BY-1171a3MbI 110 BceMy MexX-
9TeKTPOFHOMY 3a3opy h=4 cm. [TonHas
IJIOTHOCTD TOKA ITy4Ka PacCYUTHIBANACH
KaK j=J, /2Rh, tme ], - CyMMapHbIi
TOK ITy4Ka OT TpeX Mopyieil. IT1a ¢op-
My/Ia MOIpa3yMeBaeT, YTO TPU IYYKO-
BBIX MOAY/IA 9 PEKTUBHO MEPeKPhIBAIOT
BCI0 2D mpocTpaHCTBEHHYI 0071acTb
BY-mmasmbl, B pesybraTe 4ero addex-
TMBHASA IJIOTHOCTDb ITYYKOBBIX 37IEKTPO-
HOB IIPYMEPHO IIOCTOSIHHA II0 BCEIl 9TOM
obmactu. JTa OLieHKAa afleKBaTHO IIOJ-
TBEPXKHAeTCA 9KCIePUMEeHTaNbHBIMU
[IAaHHBIMM TIO JIVHE JieTpafaliiy IIydKa
37IeKTPOHOB. B caMoii Mozienu Mbl He pac-
CMaTpuBaeM AeTpafjalliio SHepIuy myd-
KOBBIX 37IEKTPOHOB, OHI YYUTBIBAIOTCA
TONBKO KaK JONOTHNUTEMTbHBIN NCTOYHNK
VIOHM3ALINY J/I1 BTOPMYHBIX 97IEKTPOHOB
CO CKOpOCTBIO R, =0° an/e, rae o -
CedeHIe MOHM3ALNY APTOHA ITYYKOBBIMI
37IEKTPOHAMM C 3Heprueit &, N-IIIOT-
HOCTb aTOMOB aproHa. [Iy4ok mpepmora-
raeTcs MOHOSHEPTeTUYHBIM C SHepTyel
e=1.5 k9B. HavanbHoe pacupeneneHne
BTOPMYHBIX 37I€KTPOHOB II0 9HEPTYAM
HPeAIIoNarasoch aHA/IOTMYHBIM JCTIONb-
syemomy B [10].

PesynpraTh1

boino mnposefeHo MccilefoBaHMe
CBOJICTB 1 XapaKTepUCTUK I1a3Mbpl BUHP
C MIOHM3ALMelT 3TIEKTPOHHBIM ITy4KOM, Ta-
KIIX KaK TeMIepaTypa 3/1eKTPOHOB, IIJIOT-
HOCTb I1asMbl, PPID u OPUI. ITnasma
TaKOTO THUIIA IPENCTAB/AET OOJbLION
MHTepec I 3a/jad MUKPO3/IeKTPOHMKIL,
B YaCTHOCTH JyLA 6e3fepeKTHOM QyHKIN-
OHA/IM3a111 HAHOIIOPYCTBIX MaTepuasioB
C HU3KOJ JU3IEKTPUYECKON IIPOHMIIAE-
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MocTbio [10]. ITpenmymecTBO mIasMel
BYHP ¢ gomonanTenbHO MOHMU3AIMEN
3/IEKTPOHHBIM IIYYKOM 3aK/IH04aeTcs
B TOM, 4TO B Heil BO3MOXKHO IIOJTy4eHue
MIOHOB OYeHb HU3KMX SHepruil (mopsjka
HECKOJIbKMX 9TEKTPOHBOJIBT) C COXpa-
HeHMeM BO3MOXXHOCTM He3aBUCUMOTO
yIIpaB/ieHNs napaMeTpamu miasmbl. Ilo-
JTy4eHHbIe pe3y/IbTaThl IIPefiCTaB/leHbl
B BIJIe CPABHUTE/IBHOTO aHA/IN3a JAHHBIX
M3MepeHUI B Tpex TUIAX IIa3MBl: II/1a3-
MBI 37IEKTPOHHOTO Ny4Ka, BY-mmasmbr
n BYHP-n1asmel ¢ JOOMHUTETBHON 110-
HM3aLyeil 9/IeKTPOHHBIM ITYYKOM.
PesynbraThl M3MepeHuil IIOTHOCTH
I/Ia3Mbl X TEMIIEPATYPhl 37IEKTPOHOB,
a TaK)Ke Pe3y/IbTaTbl MOAENIMPOBAHMS
IpeficTaB/leHbl Ha puc. 3 B 3aBUCUMO-
ctu ot BU-momunoctn (81 MIiy) B cy-
vyae BUHP-mrasmel ¢ JOmoHUTENbHOM
MOHM3aLMell 3/1eKTPOHHBIM ITYYKOM
n BYU-mmasmel. bes anexTpoHHOrO 1myd-
Ka II0THOCTD BY-mmasmer (puc. 3a),
KaK I O)KMJAJIOCh, pacTeT ¢ yBeINYeHN-
€M BJIO)KEHHOJI MOIIHOCTM Ha 4YacTOTe
81 MI1, 4TO NOKa3bIBAOT KAK SKCIIEPU-
MEHTa/IbHble I3MEPEHMUs], TaK U Pe3yilb-
tatel pacuera MUSA MKC. Jlo6aBnenne
K BY-nymasme 37eKTpPOHHOTO MyvKa MpH-
BOJUT K Pe3KOMY CKauKy IUIOTHOCTU
I1a3Mbl B 3-4 pasa, mpu 9TOM TPEHJ,
IUIOTHOCTU TAKOJ} IIAa3Mbl C POCTOM
BJIO>KeHHOI BY-MomHoCcTI coxpaHseTcs,
YTO MOATBEPXKJAETCA VM M3MEPEeHNAMN,
u MofenuposanueM. HaymeHbiee sHaue-
HJie TeMIIepaTypbl 9NMeKTPOHOB (puc. 3b)
OBLIO HOTY4EHO B I/IA3Me 3TIEKTPOHHOTO

a 9 . . : . .

WHTETPAJIbHbIX CXEM

myuka, B BU-mmasme TeMieparypa aneKTpOHOB OblIa 3Ha-
YNTENbHO BblIIE. BKIIOUeHMe 9/1EKTPOHHOTO ITy4YKa 3aMeT-
HO CHJDKAET TeMIIEPaTypy /IEKTPOHOB.

Ha puc. 4 usobpaxensr ®PII, momydyeHHble A
BY-mmasmer (MomHocTh Ha vactoTe 81 MIn — 10 Br),
BYHP-nmasMel ¢ 371EKTPOHHBIM ITyYKOM U IIa3MBI 9/IEK-
TPOHHOrO IyuKa. /I Ka)XJoro clydas IpUBEJiEHbI [Be
®PI3J: onHa — usMepeHHas 30H#oM JleHrmiopa, gpyras -
paccuntanHas ¢ nomoupio MY MKC-mopenn.

B cry4ae mma3Mbl a7eKTpoHHOTO Iy4ka 0o6e PP xapak-
TepU3YIOTCA HaVIMEeHbIIell TeMIIepaTypoil «Tema» QyHKIVN
~0.2-0.4 5B. B cmygae BU-mmasmpr @PII mmeeT MaKCBeIOB-
CKyI0 GopMy, a TeMIieparypa «Teia» GyHKINY 3HAUNTETBHO
Bbiie. OT/umsa MeXJy pesy/IbTaTaMy M3MEPEHWI M pacdeTa

= = = BYHP c e": pac4ér il
——— BYHP c e: akcnepumeHT
= = = BY: pac4ér
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Puc. 4. OPI3, usmepennvie 30n0om Jlenemiopa u paccHumantvle ¢ NOMOUsLI0
MYA MKC-modenu, 6 mpex 6udax nnazmvi: Bd-nnasma (mousHocmov na uacmome
81 MIy - 10 Bm), BAHP-nnasma c anekmpoHHbIM Hy4KOM U NIA3MA INEKIMPOHHO20
nyuxa. [laenenue apeona - 100 mTopp.
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Puc. 3. [Tnomnocmo nnasmot n, (a), usmepenras hairpin CBY-30ndom u paccuumannas ¢ nomouspro MUA MKC-modenu, u memnepaniypa snex-
mporos T, (b) kax dynxyus BI-mownocmu na wacmome 81 MIy, P, (0-25 Bm). Pesynomamut nonyyenvt 6 cnyuae BU-nnasmor u BIHP-nnasmot
¢ uonusauueii anexmponnovim nyuxom. Cryuati BU-mougpocmu «0 Bm» coomeemcmeyem nnasme anexmpontozo nyuxa. Jlaénenue 2aza — 100 mTopp.
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WHTErPAJIbHBIX CXEM

B HM3KO3HEPTeTIYHON 9acT! QYHKIMM MOTYT OBITh OOBsACHE-
HbI 3 PEKTOM CTOKa 3/IEKTPOHOB Ha 30H, @ TAKXKe HETIO/THO
BY-xommneHcanyeit 3013, YTO IPUBOAUT K ICKOYKEHUAM U3-
MepeHuit B 9HepreTnyeckoit obmactu 0-3 9B.

B crygae BUHP-mmasMbl ¢ BK/IIOYEHHBIM 37IEKTPOHHbBIM
myakoM OPI3 rakxe nMeroT popmy, 6/IM3KYI0 K MAKCBEI-
JIOBCKOMY pacIipefieieHN IO, O[HAKO «Te0» (QyHKIVIl Xa-
PaKTepusyeTCsa MEHbLIEN TeMIIEPATYPOIl 3IEKTPOHOB, YeM
B cny4ae BU-1mmasmel 6e3 a/eKTpoHHOro mmydka. Eme ofHa
ocobeHHOCTDb n3MepenHbix PO B BUHP-mmasme ¢ anek-
TPOHHBIM ITYYKOM 1 ITpocTo BYU-11asMe 3aKmodaeTca B TOM,
4TO 1X POpMa ABJIAETCSA B HEKOTOPOII CTEIIeHM IByXTeMIIe-
parypHoit (6MMaKCBeIOBCKOL), IpUYeM B CTydae C IIyIKOM
3TO NPOsABIAETCS 6OTIee ABHO. ITO MOXKET OBITh CTIEICTBIEM
TOTO0, 4TO B C/Iy4ae C 37IeKTPOHHBIM ITYYKOM KONNYEeCTBO XO-
JIOJHBIX 3IEKTPOHOB 6onblie, yem B BY-m1asme.

Ha puc. 5 npencrasnenst PPV, nsmepeHHbIe CETOYHBIM
AHAIM3aTOPOM SHEPIUY JIOHOB, IOMELeHHDIM Ha 37eKTPO,
B IUTa3My 9/IEKTPOHHOTO 1y4Ka (puc. 5a), B BUHP-mmasmy
C 97IEKTPOHHBIM Iy4ykoM 1 BU-nnasmy (puc. 5b u 5¢).

B cryyae mmasmbl 97IeKTPOHHOTO IIydKa (puc. 5a) muk
OPVO naxopmrca Ha 6 3B mpu mraBaoIeM 3/1eKTpofie
u Ha 2 9B npu 3asemnenHoM. B BY-1mmasme npu MomHocT!
10 Bt (puc. 5b) mux ®PVID B aHAIOTMYHBIX YCIOBUAX HAaX0-
outcs Ha 18 m 22 3B cooTBeTCTBEHHO. BK/TIOUEHE 37IEKTPOH-
HOTO Iy4Ka IpuBOANT K casury nuka ®PVIO B BU-nnasme
Ha 4-6 B B cropony MeHbpInx 9Hepruit. B cmydae BU-nmasmbr
npu BYU-momuocTy 25 BT 91€eKTpOHHBI IYYOK B COOTBET-
CTBYIOIMX yCIoBuAX capuraeT nuk OPVIO na 2-4 B. Takum

nyyoK e b 10BTBY

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

06pa30M, yeM Bbllle BU-MOIIHOCTD, TEM
MeHblIle HaO/moaeMblil 9pPeKT yMeHb-
IIEHVSI 9HEPTHUM VIOHOB OT UCIIO/Tb30BAHIS
a7leKTpOHHOro my4Ka. [Tofo6HOe CHIDKe-
HJe B/IVAHUA Iy4Ka Ha SHEPTUIO MIOHOB
HAO/IIOfIAeTCSA U TIPY YBETMYEHUN aMITIN-
Tynbl BU-cmemenns (puc. 5b u 5¢).

3akinroueHie

PCSYHbTaTbI, IIOTy4€HHbIE B XOJ€ NaH-

HOTO MCCIeOBaHMS, ITIO3BOISAIOT CHIeNaTh
CTIelyIOIVie BBIBOJIBL:
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mra3ma BUHP ¢ nonusanmeir snek-
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BaThCA /I HONMy4YeHUs Ooree HU3-
KOJl TeMIIepaTypbl 37IeKTPOHOB, 4eM
B Kymaccnvyeckon BU-1rasme, 1, cooT-
BETCTBEHHO, [/ IIOTTy4eHUs IOHOB
0oree HU3KMX IHEPIHIL;
napamerpamu mwiasmbl BYHP moxxHO
YIIPaB/IATH: ITIOTHOCTBIO IIJIa3Mbl —
Bapbupysa BY-MomHOCTh Ha 9acTo-
Te, UCIONb3YeMOIl /I TeHepalnun
paspsza (81 MIiy B paccMOTpeHHOM
cnydae), PPI3 n ®PUI - Bapbupys
COOTHOIIeHMe BKmamoB BY-momi-
HOCTM, MOIHOCTU BY-cmemeHus
Y MOILTHOCTY 37IEKTPOHHOTO ITy4Ka.
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Puc. 5. DPVID, usmeperHvle cemouHbiM aHAIU3AMOPOM IHEPeULL UOHOB 6 nasme aneKkmporHozo nyuxa (a) u 6 BU-nnasme npu BU-mousnocmu 10 Bm (b)
u 25 Bm (c). Iloxasanvt PPUS, usmepennvie 8 BY-nnasme (cepvim ysemon) (b) u 6 BYHP-nnasme ¢ snexmponnbim nyuxom (3enervim ysemom) (c). Kaxovtii
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Abstract @

This paper presents the study results of an RF non-self-sustained plasma discharge with additional ionization
by electron beams. Using a complex experimental-theoretical approach it was shown that the parameters of such
plasma differ from those of a conventional RF plasma as well as pure electron beam plasma. The study has con-
firmed that RF plasma with electron beam ionization can be used to obtain a lower electron temperature than in clas-
sical RF plasma and, accordingly, to obtain lower energy ions. RF non-self-sustained discharge plasma parameters
can be controlled: plasma density — by varying the RF power at the discharge generation frequency; energy spectra
of electrons and ions — by varying the contribution ratio of the RF power, the RF-bias power, and the electron beam
power. The result obtained is also promising for the possibility of precision surface treatment with low ion energy
plasma used in atomic layer etching and deposition technologies.

Keywords: RF plasma, electron beam, non-self-sustained discharge, plasma parameters.
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Fig. 3. Plasma density n, (a), measured by the hairpin-probe and calculated using the PIC MCC model, and electron temperature T, (b)
as a function of RF power at a frequency of 81 MHz P, (0-25 W). The results are obtained in the case of RF plasma and RF plasma with additional
ionization by an electron beam. The case of “0 W” RF power corresponds to the electron beam plasma. Gas pressure is 100 mTorr.
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Fig. 4. The EEPFs measured by the Langmuir probe and calculated using the PIC MCC model in 3 types of plasma: RF plasma (RF power
at a frequency of 81 MHz - 10 W), RF plasma with additional ionization by an electron beam and electron beam plasma. Ar pressure is 100 mTorr.
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Fig. 5. IEDs measured by the retarded field energy analyzer (RFEA) in electron beam plasma (a) and in RF plasma at an RF power of 10 W (b) and 25 W (c).
Figures b and c show the IEDs, measured in RF plasma (grey color) and RF plasma with an electron beam (green color). Each figure contains 5 sections, which
correspond (from top to bottom) to the cases of floating, grounded and RF bieased electrode (RF bias parameters are: the voltage amplitude - 10, 20 and 30 V,
correspondingly, and the frequency is 12 MHz). Ar pressure is 100 mTorr.
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®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @ BECTHHK PdrebH
WHTETPAJIbHbIX CXEM

ViccnemoBanue BY®-usnydeHns miasMbl M CTPYKTYypPbI
MarHeTPOHHOTIO pa3pAAa MOCTOAHHOIO TOKA™

A.®. Ianv, A.H. Pabunkun, A.O. Cepos, /].B. J/lonaes, F0.A. Manxenesuu, A.T. Paxumos, T.B. Paxumosa

[peLcTasneHbl peaynbTathl UCCNES0BAHIIA NNa3Mbl MArHETPOHHOTO Paspsaza NOCTOSHHOO TOKa, NOMy4eHHbIE B paMkax npoekTa
POOI No18-29-27001. Metogom PIC MC uccnefoBaHa CTpyKTypa MarHeTpOHHOT0 pa3psaa npu fasnexnsx 110 mTopp npu Toke
paspaga 0.5 A. lNokasaHo, 4T0 NpuKaToaHas 06/1acTb, rae NafaeT noyTv BCE HanpsXeHne paspaga, COCTOUT U3 TOHKOTO KaTOAHOro
cnost (0.1-0.2 MM) 11 LLMPOKOTO NPeACNos (~2 CM), B KOTOPOM NPOMCXOANT 6ONbLIAA YacTb MOHM3aUMiA. OTHOLLIEHIE HANPSKEHWIA,
NafatoLLinX B CN0Oe W NPEACNOoe, NIMHEIHO YBENNYMBAETCA C [jaBfieHneM. 3aBIUCUMOCTb HaNpsHKeHUs paspsda OT JaBNeHns rasa
UMeeT MuHUMyM oKono 3 mTopp. Mpu fasnexuax 2-12 mTopp U3MepeHa UHTEHCUBHOCTL BakyymMHOro YO (BY®) uanyyenusq. Ha
MOANOXKE, pacnonoxeHHoil B 10 cm 0T katofa, 0Ha cocTasnAeT nopsaka 10 oTOHOB/(CMZC) NpK CKOPOCTYM OCAXAEHNS MOKPLITUS
1.5 HM/C. IHTEHCUBHOCTL NPONOPLIMOHANBHA TOKY paspsaa U YMEHbLLIAETCS C AaBNEHNeM.

Kntouesble cnosa: MarHeTpoHHbIA paspsg, BY®, nepeHoc n3nyyenus, low-k-matepuansl, opraHocunukatble crekna, 0SG,

PIC MC.

*Paboma evimontera npu gunarcosoti noddepycke PODI (npoexmot Ne18-29-27001 u 19-08-01250).

Beenenue

MarHeTpoHHO€ paciblIeHe MNPOKO
MPUMEHSIETCS B TPOIIECCAX OCAXKIEHMS
TOHKMX TIeHOK [1, 2]. B Mukpoamektpo-
HIKE MarHETPOHHBIN pas3psj| MOCTOSH-
HOTO TOKA VICIIO/Ib3YeTCSA /IS OCAXK/IeHNS
6apbepHbIX CTI0eB Ha low-k-UameKTpuK,
IIPY 9TOM CTPYKTYpa IOKPBITUS 3aBUCUT
OT CTeleHN MOHU3AIUU PACTIBUIEHHbBIX
aTOMOB U VX 9HEPIUM, @ U3/TyYeHMe T/Ia3-
MbI MOYKET MPUBOIUTD K MOBPEXKIEHNIO
Matepuana nomtoxku [3]. C Heobxomu-
MOCTbIO ONITMMM3ALINH YCIIOBUIT OCaXIe-
HUS [T PAa3/IMIHBIX TPOI[ECCOB CBSI3aH

MAJIb Anekcanpap

‘j PABUHKUH
®puapuxosny ! + Anekceii Hukonaesuy

MpPaKTUYeCKMIT MHTepeC K M3y4eHMIO TI/Ia3Mbl MaTHETPOH-
HBIX Pa3psfioB.

B nmnaHapHOM MarHeTpOHHOM paspsfe MOCTOSIHHO-
ro TOKa IIa3Ma yAep>KMBaeTCs BOMU3Y KaTofa apOYHbIM
MaTHUTHBIM TIOJIEM, CO3JJaBa€MbIM MaTHUTHOM CUCTEMOI
3 TIOCTOSIHHBIX MarH)UTOB, PACIONIOKEHHBIX 1TOJ] KATOZ[OM.
O6nacTh MIa3Mbl OTAE/IEHa OT KaTofla TOHKMM KaTOIHBIM
croeM. B mepBBIX aHAIUTUYECKUX MOJIe/IAX MarHeTPOHHO-
TO paspsAfa Mojaraaiu, YTo B 9TOM C/Ioe MafiaeT IMOUTH BCE
HamnpsDKeHMe paspAfa. VoHbI 1a3Mbl, yCKOpeHHBbIe IT07IeM
71051, 60MOApPAMPYIOT KaTOM, BBI3BIBAS IMUCCUIO SMEKTPO-
HOB C €T'0 TIOBEPXHOCTU. DTU NEePBUYHBIE 3/IEKTPOHBI IIPO-
XOJISIT KATOMHbII COiT €3 CTOMKHOBEHWIT, Hab1past B HeM
BBICOKYIO 3HEPIUIO, KOTOPYIO B Jja/IbHelIleM pacXofyloT
Ha MoHusanuio rasa. Ilogmep>xanue paspsaga NpoucxoguT
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3a CYeT VIOHU3ALWIl, TPOU3BONVMBIX NIEPBUYHBIMY JJIEK-
TpOHaMU. 30H/IOBBIMU VI3MEPEHVAMU B MarHeTPOHHOM
pAfie HOCTOSHHOTO TOKA [4] 6bIT0 06HAPY)KEHO 3HAYUTEb-
HOe T1aJieH}e OTeHIMaIa B MMUpPOKoil obmactu (mopsaka
CaHTMMeTpa) 3a Mpee/laMy KaTOZHOTO C/I0S — TIPefiCIIoe,
B KOTOPOM 3/IEKTPOHBI TI/Ta3Mbl MOI/IY OBl HAOMPATh HEP-
TYIO, JOCTATOYHYIO [ OHV3anuu. VoHnsanus B npey-
C710€ HOCUT 1aBUHOOOPA3HbIil XapaKTep 1 IOITOMY MOXKET
ObITH O0/mee 3 deKTUBHA, YeM MOHM3ALNS TePBUYHBIMU
97eKTPOHAMIL. Y4eT MOHM3ALNM B IIPeCIoe ObUI JoOaB/IeH
B 60JIee MO3IHNUX aHATIMTIIECKUX MOZIe/sAX paspsa [5-7],
OBIO IIOKa3aHO, YTO BKJIAJ B MOHM3ALUIO 9T€KTPOHOB
ITa3Mbl, Pa30rpeBaeMbIX B I107Ie IIPECIIOs, MOXKET ObITh
BBIIIIE BK/IaJia IEPBUYHBIX 97IeKTPOHOB. Hao oT™MeTnTD,
4TO y4eT BCE OOJIBIIETO YMC/IA ABICHNIT B aHATUTIIECKIX
MOJIe/IAAX IIPUBOANT K VX YCTIO)KHEHUIO Y TIOSAB/ICHUIO MHO-
XKeCTBa IapaMeTpOB, He U3MepPsAEMBIX B 9KCIIEPUMEHTE
HAIPAMYI0, KOTOpbIe He BCeria MOTYT ObITh OJHO3HAYHO
OIpefie/IeHbl ANIPOKCUMALell K MMEIOIMMCS 9KCIIepu-
MEHTa/IbHBIM JJaHHBIM, KPOMe TOTO, 30H/IOBbIE U3MEPEHN
ITa3Mbl B 00/IaCTY KaTOJHOTO C/I0S1 OKA3bIBAIOTCS HEBO3-
MOXXHbI. boJee TOUHasA KapTuHA paspsza MOKeT OBITD I10-
JTydeHa B paMKax YMC/IEHHBIX MOJie/elL.

Pacripepenienys IOTeHI1a/Ia MarHeTPOHHBIX Pa3pAfOB I10-
CTOSHHOTO TOKA, IIO/IyYeHHBbIE B CAMOCOI/IACOBAHHBIX pacye-
Tax MeTonoM yacTuubl B ssuerike (Particle in cell Monte-Carlo
(PIC MC)), moKasbIBAIOT 3HAYNTENbHOE TTafIeHIe TOTEHIINA-
J1a 3a Ipefie/IaMy KaTOIHOTO CJIOsA, IIPOCTYpAIoLieecs B CIIy-
4ae KOPOTKMX PaspsAHBIX IIPOMEXYTKOB BIUIOTD [0 aHOAR
[8-11]. B [9] mamenme moTeHI[ama BHE C/IOSI COCTABIAIO
or 25 0 40% paspAfHOro HANPAKEHNA B 3aBUCUMOCTU
oT K03 GuimeHTa OTpaXKeHNsI INEKTPOHOB OT Karoza. B [11]
Ha pacIpeie/ieHNAX MOTeHIMala XOPOLIO BUAHBI 00/1acTI
crnost u npepcnos. C yBenumyeHneM MarHUTHOTO IIONIA TOJ-
LIVHA C/I0S1 ¥ 0TI HAIIPSDKEHVA, TTajaloliasi B HeM, yMeHb-
IITa/IVCh, 00/IACTD MPEC/IOA YBENYMBA/IACh, TPV CUIBHOM
MAarH{THOM II0JI€ B HEJI ITaJIajI0 II0YTY BCE Pa3psARHOE HAIIPs-
xenne. B [12] mposeneno Mopenuposanue masms HiPIMS
paspsAfa ¢ UCIOMb30BAHMEM IUIa3Mbl CTA0OTOYHOTO pas-
pAZia IOCTOSIHHOTO TOKA B Ka4eCTBe HaYa/IbHBIX YCIOBMIL.
O6macTb MOHM3ALMY PACIIOIATaNach B IPEAC/IOe IIMPIHON
0k0/10 10 MM, B KOTOpPOM OOBIYHO Tajajta OG/IbIIas 4acTh
HaIIpsDKEHNA paspsAfia. Pesy/IbraThl epeuncieHHbIX paboTt
OBUIN MOJTyYeHBI, KaK IIPaBUJIO, IPU KAKOM-TO OFJHOM JIaBJie-
HIM T'a3a, eTaIbHOTO UCCIeNOBAHNA IPUKATOJHOI 00/1acTn
MarHeTPOHHOTO paspsi/ia Py Pas/INYHBIX JaB/ICHNUAX IO Ha-
CTOAILETO BpeMeHM He IIPOBOAMIIOCh.

BosgericTBue 11asMpl Ha HOPUCTHI low-k-uanekTpuk
MO>KET BBI3BIBATb €I'0 MIOBPEXK/IEHIIS, IIPUBOJIA K IIOTepe T1-
IpodOOHOCTH ¥ YBEMMYEHWIO AUITIEKTPUYECKOIT IPOHNUIIA-
eMOCTH BCTIEfICTBHE yAameHns MeTunbHbIx rpym (Si-CH,)
B pe3y/ibTaTe B3aMMOJIEIICTBIA C aKTVBHBIMMU PaiMiKajIaMIL,
noHamy 1asmbl ¥ BY®-usnyyennem [13, 14]. Vismydyenne
13-150 HM BbI3bIBaeT Hanbonbiuue nospexperus OSG

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

low-k-guaneKTpuKoB — B 3TOI 06/macTH
cedeHre HoToaARCOPOIM ¥ KBAHTOBAS
3G (deKTUBHOCTD OTPBIBA METUIBHBIX
TPYIII OKa3bIBAIOTCS HOCTATOYHO BelN-
ku [15, 16]. [I7sa olleHKM CTeleHn IIo-
BpexeHns low-k-guanexTpuka mias-
MOJ1 MarHeTPOHHOTO paspsja B IpoLec-
ce HaHeCeHNs 6apbepHBIX C/IOEB, HYXKHO
3HATb MHTEHCUBHOCTb BYD-nsnydenns
Ha ITI0BEPXHOCTH IN3/IeKTPUKA, €rO CIIeK-
TPa/IbHbII COCTAB M BpeMsl 9KCIIO3UINIL,
He0OX0AMMOe J/IA OCaXK/IeHNS TOKPbI-
A TpebyeMoil TonmuHel. Vsmepenue
BY®-unTenCMBHOCTY M3Ty9eHNA TI/Ta3-
MBI MarHeTPOHHOIO paspsja 3aTpynHe-
HO BBUJY 3arpsA3HEHMs JeTeKTopa pac-
IIbIIEHHBIMI aTOMaMM 1 paHee He IIpo-
BOJIM/IOCD.

Hacrosmas pabora onmmchiBaeT pe-
3ynbTaThl u3Mepenuii BY®-usnyuenns
aproHOBONl IIa3Mbl MAarHETPOHHOTO
paspsja MOCTOAHHOIO TOKA I MICCTIeN0Ba-
HUS CTPYKTYPBI paspsAfa B paMKax 4yc-
JIEHHOTO MofienupoBanusa MetoroM PIC
MC. B paboTe cyMMupyloTcsi OCHOBHbIE
pesynbrarel pabotr [3] un [17], BbIION-
HEHHbIX IIpU Nopjepxke rpanTa POOU
Ne18-29-27001.

MccnepoBanne cTpyKTypbl
MarHeTPOHHOIO paspsafa

PacyeT mapameTpoB I1a3Mbl aKCHasIb-
HO-CUMMETPUIHOTO MATHETPOHHOTO Pas-
pAfa Hafl INIOCKUM KaTOJZOM-MMIIEHbIO
B aproHe IPOBOAMICA B paMKax CaMOCO-
rmacoBannoi 2D PIC MCC-mopenu [17].
B mamnasone gasnenuii ot 1 o 10 mTopp
OBUIM PacCUMTAHBI CTALIVIOHAPHBIE COCTO-
AHUA TUTa3MBl, B KOTOPBIX TOK U HAIIps-
JKeHHe paspsfia 0CTaBa/NNCh HeM3MEHHBI-
mu. Hanpsoxenne ncrounnka V. mop6u-
paoch TaKuM, 4T0ObI TOK paspsiga I Obu
paseH 0.5 A.

Pacmipenenenne 4acToThl MOHM3AINN
nna masneruit 1 u 10 mTopp, a Taxxe
nna gasneHus 3 mTopp, mpu KOTOpoM
HaIIpsDKeHMe paspszia JOCTUTAeT MUHU-
MyMa, TI0OKa3aHbl Ha puc. 1. BugHo, 4To
C POCTOM JaB/IeHVs IIa3Ma BCE 6OJIb-
IIe KOHIL[EHTPUPYeTCs BOMU3M KaTofia.
[Tpu 10 mTopp 061acTh MaKCHMMaIbHOM
KOHIIEHTPAIM! 3/1eKTPOHOB HAXOAMTCA
Ha BpICOTe 0KO0/IO (.45 MM OT KaToja.
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p=1mTorr

Z,cm
Z,cm

Puc. 1. Pacnpedenenus uacmomot uonusauuu (6 cm=>c™') npu oaenenusx 1, 3 u 10 mTopp. Benvimu nunusmu noKazanvl TUHUU MAzHUMHOZ0 NOJIAL.

Pacnpepenenue moreHnmana mnuiasMel
mokasbiBaer (cM. [17]), 94To mouTy BCé
THajieHye HaIPsDKeHVs IPOUCXOANUT B 00-
JIACTYI OKOJIO KaTOfja, COCTOALIET M3 TPeX
qacTeil: KATOZHOTO C/I0s IIMPUHOI MeHee
0.2 MM, clefyromiero sa HUM y4acTKa I104-
TV TIOCTOSHHOTO IOTEHIVA/Ia M PUHOM
0.25-0.35 MM, 3a KOTOPBIM ClefyeT 00-
NaCTDb IPeACIos WNMPUHON OKONO 2 CM.
Pasmeps! o6macTy Ipencnos 1 3aBUCH-
MOCTb NMAJIAIOLIET0 B Hell HAIpPsKeHMNs
OT JJaBJIeHNA KaYeCTBEHHO COOTBETCTBY-
0T JaHHBIM 30H/OBBIX M3MepEHMII /13-
MBI MarHETPOHHOTO paspsza [4]. B pac-
vetax HiPIMS nnasmer npu 3 mTopp [12]
U TIpY IVIOTHOCTY MIOHHOTO TOKA Ha KaTOR
B /1Ba pa3a OoJIblleil, 4eM B HaIlleM CITy-
Jae, IJIOTHOCTY MIOHHOTO TOKA Ha KaTo
TOJI[YHA KaTOJXHOTO C/I0s OblTa MeHee
0.1 MM, 4TO XOPOLIO COITACYeTCA C Ha-
MIMMU pe3y/IbTaTaMI.

Bpitu onmy4eHbl 3aBUCMMOCTY HAIIpA-
JKEHMII B CTI0€ 1 IIPEfICTIoe OT JIABJICHIIS P.
3asucumoctp UJ/U, 0T p XOpoIIO arn-
IPOKCUMMPYeTCS IVHEITHO (PyHKIIMeit:
U/U,=0.215-p[mTopp]-0.021. [Tpu Hus-
KOM JIaB/IeHVM OOJIbIIIas 4acTb HampsiKe-
HIIS TIAJIaeT B IPEJC/Ioe, IIPY BLICOKOM —
B KaTOJTHOM CJIO€.

[IpyyyHBI yBeNTUYEHNS OV HAIIPSDKe-
HIIS, TAJAIOIIEro B C/I0e, C POCTOM fiaBie-
HIS IPeCTABIAIOTCA CIIENYIOLIMU. YBe-
nyeHe 9¢GeKTUBHOTO KoapuIienTa
BTOPVUYHOJ MOH-3eKTPOHHOI SMUCCUN
C pocToM flaBreHus (CM. fiasiee) PUBO-
IUT K YBeTMYEHMIO BK/IAJ]A B IOHU3ALINIO
9/IeKTPOHOB, SMUTUPOBAHHDBIX C II0OBEPX-
HOCTM KaTofa. DTV 9/IeKTPOHBI HAOMPAIOT
3HEPIMIO B KATOHOM CJI0€ J IIPOM3BOJAT
MOHM3ALVM BOMU3Y ero rpaHnisl. Poct
KOHIIeHTPalVM I/Ia3Mbl Ha IpaHuIle Ka-
TOZJHOTO C7I0SI BefleT K YBeIMYEHNUIO Ha-
npspkenns cnost U
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Z,cm

PoxzeHHble Ha KaTOfe B pe3ynbraTe BTOPUYHOI
MOH-9/IEKTPOHHOI AMICCUN /IEKTPOHBI, ABUTAsCh B Mar-
HVUTHOM IIOJIe Pa3psfHON 06/1acTi, MOTYT BHOBb CTOJI-
KHYTbCS C KATOZOM U OBITH M 3aXBaY€HBI C BEPOSITHOCTBIO,
ompenenseMoit K03GbUIMEHTOM OTpaXKeHMs IMEKTPOHOB
oT moBepxHOCTH Karofa (0.5 B HacToselt pabore). Ha-
JasibHas 9HEPIMs POXK/EHHOTO Ha IOBEPXHOCTHU KaTofa
a7meKTpoHa (4 9B) MeHbIne sHepruy Bo36yxaerns (11.5 3B)
u vonusauuu (15.8 sB), mosTomy Heynpyrue CTONKHOBe-
HIisI, YMEHbIIAs SHEPIUI0 MeKTPOHA, TOTYYEHHYIO UM
B 9/IEKTPUYECKOM IIOJIe C/I0s, AeNal0T ero BO3BpalljeHue
Ha KaToj] HeBO3MO>KHBIM. Tak1M 00pasoM, 3aXxBadeHbl MO-
IyT OBITH TONBKO 3TIEKTPOHBI, He YCIEBIINEe COBEPIINTD
HJI O{HOTO HEYIPYTOro CTONKHOBEHIS.

O PexTuBHBIN KO3PPULMEHT BTOPUIHON MOH-3/IEK-
TPOHHO SMUCCUM 7 o , OTIPENENAETCA KaK

Ncap
]\/vi(m7 (1)

Nej = Neap _

7€ff - N ion

rae N, - TIOTOK MOHOB Ha MOBEPXHOCTD KATO/IA, NE].I/I pr -
IIOTOKY 37IeKTPOHOB, SMUTHPYEMbIX C KaTOJa U 3aXBaThl-
BaeMbIxX uM, ¥ =N, /N, - K09 DUIIMEHT BTOPUIHOI dMTeK-
TPOHHOJ SMICCHY, IO/Ty4aeMblil B ITyYKOBBIX SKCIIEPUIMEH-
Tax, Korja NmP=O.

Pacyernl mOKa3bpIBalOT, 4TO B HalleM CiaydYae
C POCTOM JaBJIEHNS NOTEPU 3NEKTPOHOB YMEHbBIIAIOTCH,
Yoy yBeNU4IMBAETCS B 8 pas Mpy M3MEHEHMM HABIECHUA
or 1 go 10 mTopp.

B orcyTcTBME CTOMKHOBEHUIT M QIYKTyaunil 91eKTpu-
YeCKOTO IO/ POXKAEHHBIE Ha KaToJe 37IEKTPOHBI B KOH-
Ile KOHI[OB JIO/DKHBI OBUIV OBl BHOBb BEPHYTHCSA B HETO.
YeM HMXKe HaBieHNE, TeM MeHbIe YacTOTa CTONKHOBE-
HUII U BBIIIE BEPOSTHOCTD, YTO SMUTVPOBAHHBIN C KaTofja
37IEKTPOH, IBUTAsCh B CBOEIT aPOYHOIT 00/1aCTH, CTONKHET-
cs ¢ kKatofoM n OyzeT 3axBadeH uM. Ecu faBnenne rasa
He OYeHb BENUKO, TO 33 BpeMs MEX[Y CTOTKHOBEHUAMNU
C aroMamu rasa GOJBIIMHCTBO POXKIEHHBIX Ha KaTofe
97IeKTPOHOB YCIIEIOT O0J/Iee OJHOTO pa3a CTONKHYThCA C Ka-
TozOM. B Tako cuTyanuy 10714 3aXBaueHHbIX 37IeKTPOHOB
JIO/DKHA OBITD JOBOJIBHO OOJIBIION 1 YMEHBIIAThCS C IaBIe-
HIEM, YTO 1 HAOMIOf[aeTCsl B HAIMX pacyerax [17].

[Tony4eHHble B pacyeTe QYHKIUM paclpefe/ieHNs 9/IeK-
TpOHOB 110 3HeprysiM (PPII) xopoluo anmpoKCUMUpPYTCA
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IBYXTeMIlepaTypHoll QyHKIMeil pacnipenenenus. Habmo-
JlaeMoe yMeHbIIIeH)e TeMIIePaTypbl 37IeKTPOHOB C JiaBJie-
HMEM CBSI3aHO C yMeHbieHneM U, TPUBONAIINM K yMEHb-
IIEHNIO 3TIEKTPUYECKOTO IO/ IPEACTIOA U YMEHbIICHUIO
MaKCYIMaJIbHOI 9HEPT1H, KOTOPYIO 9JIeKTPOHBI MOTYT Ha-
Oparb B HeM MeX/y CTOTIKHOBEHVAMIL.

3aBUCUMOCTD HaIpsDKeHUs paspaga U OT AaBleHUs p
IIpY IIOCTOSTHHOM TOKe paspsija npusefeHa Ha puc. 2. C po-
CTOM JIaBJICHVIsI HAIIPsDKEHME YMEHDIIAeTCS, TOCTUTAsA MHU-
HUMYMa B paitoHe 3 MTopp, ocjie 4ero MefIeHHO pacTer.
[Toxoxas 3aBUCHMOCTb Ha0/IIOfa/Iach SKCIePYMEHTAIbHO
B [18].

Cy1ecTBOBaHMe MYHMMYMa HAIPsDKEHNU, T10-BUANMO-
My, 00YC/IOB/IEHO KOHKYPEHIIMell ABYX IIPOLIeCCOB: yBe-
nudeHreM K03 uienTa BTOPUYHOI MOH-31eKTPOHHOI
3MUCCUU Ve U CHIDKEHMEM TeMIIEpaTypbl JIEKTPOHOB
¢ pocToM fiaByieHusA. IIpy HUSKOM JJaBIeHNN 7 oy MaJI, YUC-
JIO TIEPBUYHBIX 37IEKTPOHOB MaJIO, IO3TOMY HAIlpsDKEHIe,
THajjaoliee B C710€, M BK/IAJ] 37IeKTPOHOB C/I0A B IOHM3ALINIO
OKa3bIBAIOTCA TaKXKe MaJIbl. B Takoil cutyaumu 60sblas
4acTb MOHM3ALMNII JO/DKHA IIPOUCXOUTD B IIPECTIOE 1 KO-
3¢ duieHT pasMHOXKEHNSI ITIEKTPOHOB B HeM JI0/DKEH ObITh
6onpmyM. [l 9TOr0 HANPSDKEHHOCTD 3JIEKTPUYECKOTO
IIO/IA B TIPEJC/IOE JO/DKHA OBIT JOCTATOYHO BBICOKOIT, UTO-
OBl 9Heprys, HabupaeMast 7IEKTPOHAMY MEXY CTONKHO-
BEHMAMY, ObIIa He CJIMIIKOM MaJla JyIsl HOAAep>KaHNsA Bbl-
COKOJT HAIIPSDKEHHOCTY 9/IEKTPUIECKOTO TI0/IA B IIVPOKOM
IpefCTIoe, HAIPsDKEHVe pas3psiia JO/DKHO ObITh OOMBIINM.
C poCTOM HaB/IEHNS YBEMIINBAITCS 7 o ¥ YUCTIO LIEPBUY-
HBIX 9JIEKTPOHOB, PAacTeT YIC/IO MOHM3ALMNIT 9eKTPOHAMU
c1ost (Kak MepBUYHBIMI, TaK U POXXIEHHBIMY B C/I0€). ITO
IPUBOANT K YBEIMYECHNIO KOHIIEHTPALVM IIa3Mbl Ha Ipa-
HIIe CJI0SI, POCTY HAIIPsIKEHMA B CJI0€ U YBETNYEHUIO
€ro BKJIaJla B MOHM3ALMI0. YMCIIO 5/1eKTPOHOB, BXOJAIINX
B IIPEJC/ION, 3HAUNTEbHO BO3PACTALT, U AJIA MOJepiKa-
HJA TOKA paspsAfa Ha 3aJlaHHOM YPOBHe Tpefyercs yxe

280r m ]

260 r ]

D 240 | .

220 ]

200 : ; ; * '
0 2 4 6 8 10

p, mTorr

Puc. 2. 3asucumocmo nanpsicenus paspsoa U om 0asnenus p npu nocrmosHHom
moxke paspsaoa oxorno 0.5 A.
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ropaszo MeHpunit Koadduiment pas-
MHOXXEHM 3JIEKTPOHOB B Ipeficnoe. Ha-
IPsKEHHOCTD 1071 B IIPENCTIOE CHIKAET-
s, HaIIpsDKEHNME paspsfia YMEeHbIIAeTCs,
[lOCTUIasA MUHMMYMa B paitoHe 3 mTopp.
IlanpHeumuit pocT JaBieHus euie 60/mb-
II€ YMEHbIIAeT JOMI0 HAIIPsXKEeHN, Tajja-
IOLIYIO B IIPEJICIIOE, IPUBOJA K YMEHbIIE-
HIIO 9HepIUM, HabMpaeMolt 97IeKTPOHAMM
MEX]y CTONKHOBEHVAMI U YBETMYIEHNIO
HOTephb Ha BO30Y>K/ieHMe aTOMOB. 3arpa-
TBI SHEPTUM Ha CO3/JjAHNE IOH-9/IEKTPOH-
HOJT Iapbl BO3pacTaoT (CM. mofpobHee
[17]). Ins kommeHcanyu aToro addexra
HaIlpsDKEHMe paspsAfa pacTeT.

BY®-usny4enne naasmpl
MarHeTPOHHOIO paspsifa

OKCIIepUMEeHTbI TPOBOAIINCD B LIVJINH-
ApUYECKONl BaKYyMHOM Kamepe auame-
TpoM 37 CM, Ha OCI KOTOPOIl B CpefHell
9acTy ObUI YCTAHOB/ICH aKCUA/IbHO-CUM-
METPUYHDBIN MATHETPOHHBI PaCIIbIIATEND
C IJIOCKOJ MUIIEHBIO-KaTOfIOM M3 TUTaHa
nuamerpoM 98 mMm. CTeHKH KaMepsbl ClIy-
KUIM aHOZOM. MeXX/ly aHOZIOM ¥ KaTo-
TOM TIOAJEPKMBAJICA MarHeTpOHHBIN
Paspsf MOCTOSHHOTO TOKA B aproHe Ipy
masneHuax 2 u 12 mTopp. Tok paspsa-
Ia BapbMpoBajICa B AnanasoHe 0.2-2 A,
IIPY 3TOM HAIIPsDKEHMe MeHANoch ot 200
1o 275 Bu ot 155 o 243 B pyia maBneHuin
2 n 12 mTopp cootBercTBeHHO. CBeueHMe
IJTa3Mbl paspsja UMeno GopMy KoJblia
Y PacIoNarasoch BOM3YU MOBEPXHOCTH
KaTofia.

B xauectBe merekTopa BY®-msmyuqe-
HUA VICIONb30BANCh CTEK/IAHHbIE II/Ia-
CTUMHKM C TOKPBITMEM M3 CalayIMIaTa
natpus (C H,NaO,). [Inactunkn pac-
HOJIara/INCh BAAIM OT paspsAfa, 4ToObI
CHM3UTD CKOPOCTD VX 3aTPA3HEHNA pac-
IbUIeHHbIMY aToMamu. CxeMa sKcIepu-
Me€HTa omycana B [3].

Cornacao 6ase manabix NIST [19],
B aTOMHBIX ¥ MOHHBIX SMMCCHOHHBIX
CIEKTpax TUTaHAa HET CU/IbHBIX JVMHUI
B muamasoHe Hipke 200 HM. IMuccus
aprona B BY®-gnanasone B 0CHOBHOM
COCTOUT M3 PE3OHAHCHOTO M3JIyde-
HuA atomoB (104.8 u 106.7 HM) U MO-
HOB (92 u 93.2 M) [20]. Oupenenenne
BEeIMYMHBl T0TOKa BY®D-usnyuenns
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Ha HOJJIOKKY, PacIONOXeHHYI0 BOMN3K
OT MarHeTPOHHOTO PACIIBIINTENA, IPO-
BOAMIOCh B paMKaX MOJeNN IepeHoca
PE30HAHCHOTO W3/Ty4YeHUs, MOAPOOHO
OIMCaHHOI B [3].

VsMepeHns MOKasany MOYTU JIMHeN-
HYI0 3aBMCUMOCTb IJIOTHOCTU IIOTOKA
BY®-n3nydenns, magamolero Ha eTeK-
TOp, OT TOKa paspsna (cM. mogpobHee
B [3]). IerekTop pacronarancs BEaau
OT MarHeTPOHHOTO paspsfia /I YMeHb-
IIeHNA CKOPOCTU €ro 3arpsA3HEeHMUA
pacmbUleHHBIMYM aToMaMi. [I1oTHOCTD
BY®-m3nydenna BOMM3M pacmblnAeMoit
MHUIIEHN Ha paccTogHuu 10 cM or Hee
OIpefieNnAnach Ha OCHOBE JJAHHBIX U3Me-
PpEHMII C IOMOLIBIO YMCIEHHON MOJENN
nepenoca nanydenus [3]. [Ipu atom pac-
CMaTpPUBA/INCD [IBA NIPEie/IbHBIX CTydas:
(1) ouenka cBepxy - BY®-msmydenme
COCTONUT M3 PE30HAHCHOTO M3TY4eHNA
atomoB (104.8 n 106.7 um) u (2) oueH-
Ka cHusy - BY®-msmydenme cocTout
U3 PEe30HAHCHOTO W3Ty4eHNSI HOHOB
(921 93.2 um). IlonydeHHbIe pe3yIbTaTHI
IpUBefieHbl B mabnuue 1.

3aknroueHne

B crarbe mpuBefieHbI OCHOBHbBIE pe-
3ynpratel pabor [3] u [17], monyden-
Hble TIPU BBINONHEHUN NpoekTa PO O
Ne18-29-27001. UncnenHoe MomenmupoBa-
Hlle aKCUAIbHO-CYMMETPUYHOTO MarHe-
TPOHHOI'O paspsja MOCTOSHHOIO TOKA

WHTETPAJIbHbIX CXEM

Ta6nuya 1. [Inomnocme nomoxa BY®-usnyuenus (I, ) Ha nodnod-
Ky, pacnonoxcenuyro Ha paccmosinuu 100 Mmm om kamooa, npu ckopo-
cmu ocaxoenus nokpoimus 1.5 um/c (moxk paspsaoa - 2 A).

NlaBnenne, MTopp 1,,,, [thotoHoB/(cM%c)]
2 4.3.10"-7.410"
12 3.4.10"-1.7.10"

B aproHe C IVIOCKMM KaTOfIOM IMaMeTPOM 5 CM IIPU TOKe
0.5 A B anamazone gasnenutt ot 1 fo 10 mTopp mokasarno,
4TO NIPUKATOAHAs 00/1aCTb, B KOTOPOII MajaeT MOYTH BCE
HaIpsDKeHMe paspAza, COCTOUT M3 TPeX YacTell: TOHKOTO Ka-
TOIHOTO C/10s1 IIVPUHON MeHee 0.2 MM, 06/1aCTI LIMPIHOI
0.25-0.35 MM, B KOTOPOJI HOTEHLIMA/T OCTAETCA IOYTI HEN3-
MEHHBIM, a KOHIJeHTPALV IIa3Mbl — MaKCYMaJIbHa, U CTie-
AYIOLIETO 3a HEeN IPeCI0A WMPUHONM OKOO 2 €M, B KOTO-
POM pOXJIeHHBIE B IITa3Me 97IeKTPOHbI HAOMPAIOT SHEPIUI0
¥ IPOM3BOAAT GOMBIIYIO YacTh MoHM3anuit. C yBe/mueHnem
TaB/IeHNA IO7A HapsDKEeHNA paspALa, HaJalolero B CI0e,
yBenmnm4uBaercsa. B uccmegyemMoM fnamnasoHe JaBeHUI OT-
HOIIEHVE HAIIPsKEHNU, MaJalOlVX B CJI0€ Y IPEJCIOe, AB-
sieTcs MUHelHol (yHKImeit faBnenns. I1py mocTosHHOM
TOKE pas3psfia 3aBYCYMOCTD HaIIPsDKEHUA OT JaBJIEHNA VMe-
eT MMHIMYM B parione 3 mTopp. IIpu gaBnennn 1-3 mTopp
B I/Ia3Me IPefC/I0s HAOTIONAITCS BOMHBI KOHIIEHTPALINit
3JIEKTPOHOB I MOHOB C JJIMHOI BONHBI 0KO/MO 0.8-1 MM,
IBVDKYILMECS B HAIIPABIE€HNM KaTOfla CO CKOPOCTBIO OKOJIO
6-7-10° m/c. C poCcTOM [JaB/IeHUs BOTHBI CTAHOBATCS MeHee
BBIP)KEHHBIMU Y IIOYTH MCUe3AI0T Ipu fasneHnu 4 MTopp.
ITposenens! usmepennsa BY®-nsnydenns nmasMpl Marue-
TPOHHOTO Pa3psAfa MpY pasNMYHBIX JaBTEeHUAX U TOKaX
MaTrHeTPOHHOTO paspAna. Ha ocHOBe maHHBIX M3MepeHmit
U pacyeTa IepeHoca N3MyIeH A IIOTyYeHbl OLLeHKI CBEPXY
IJIOTHOCTY TTOTOKAa BY®-n3nydenna aproHoBoiil murasmMbl
MarHeTPOHHOTO pa3pAfa C TUTAaHOBBIM KaTOJOM.
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Abstract

The results of studies on DC magnetron discharge plasma carried out in the framework of RFBR project
18-29-27001 are presented. The structure of the magnetron discharge was investigated using the PIC MC method
at pressures of 1-10 mTorr and a discharge current of 0.5 A. It was shown that the cathode region, where almost
all of the discharge voltage drops, consists of a thin cathode sheath (0.1-0.2 mm) and a wide presheath (~2 cm),
where most of the ionization occur. The ratio of voltages dropping in the sheath and the presheath linearly increas-
es with pressure. The dependence of the discharge voltage on gas pressure has a minimum around 3 mTorr. At
pressures of 2-12 mTorr, the intensity of vacuum ultraviolet (VUV) radiation was measured. On a substrate located
10 cm from the cathode, it is of the order of 10 photons/(cm?2s) at a deposition rate of 1.5 nm/s. The intensity is
proportional to the discharge current and decreases with pressure. Estimates of the degree of damage to the porous
low-k dielectric by VUV radiation during the deposition of barrier layers in a magnetron discharge were obtained.

Keywords: magnetron discharge, VUV, radiation transport, low-k materials, organosilicate glasses, 0SG, PIC MC.

*The work was financially supported by RFBR (projects 18-29-27001 and 19-08-01250).
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Fig. 1. lonization rage distributions at pressures of 1, 3, and 10 mTorr. The white lines show the magnetic field lines.
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Fig. 2. Dependence of discharge voltage U on pressure p at a constant discharge current of about 0.5 A.

Table 1. VUV flux (I ) on the substrate located at a distance of 100 mm from the sputtering cathode
at the coating deposition rate of 1.5 nm/s (discharge current — 2 A)

Pressure, mTorr ,,,, [photons/(cm?s)]
2 4.3-10"-7.4-10%
12 3.410"-1.7.10%
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WHTETPAJIbHbIX CXEM

Omnpepenenne 3MeKTPOIMHAMUYECKIX MAPaMeTPOB TOHKIX
IJICHOK B COCTaBe reTePOCTPYKTYP METOJAMU TeparepueBoil
1 MHPPpaKPaCHOI CIEKTPOCKOTMITY

I'A. Komanoun, A.C. Buwnesckuii, J].C. Cepeeun, K.A. Bopomunos, K.B. Pydetixo, A.B. MAKoHvKux,
M.E. Cnexmop

B pa6ote npencrasneHbl pa3padoTaHHble METOLb! UCCNefoBaHNA (DYHKLMA AUNEKTPUYECKOTO OTKNNKA TOHKMX MEHOK
B cOCTaBe reTepocTpykTyp. 0co60e BHUMAHWE yAefneHo MEeTOANKe PaboTbl C BArOHACHILLEHHBIMU MOPUCTBLIMU MIEHKAMN.
MpoBefeHa napameTprsaLma KonebatebHbIX M0M0C NOMMOLLEHNS U ONPELENeHbl UX BKNadbl B CYMMApHYH0 LU3NEKTPUYECKYHO
MpoH1LaeMocTb. poaHanuanposaHa nonoca NornoLLeHNA B TeparepLiesoM AuanadoHe OPraHoCUIMKATHbLIX CTEKON W BbISBIEHO
BNNAHIE BNIArOHACHILLEHHOCTY 1 6030HHOTO MIMKA HA YBEMMYEHNE HU3KOYACTOTHOM JUANEKTPUYECKON MPOHULIAEMOCTI HE MEHEe YeMm
10%. PaspaboTaHHble METOAbI UCMOSb30BaHbI 719 BOCCTAHOBIEHIS ONTUYECKMX XapaKTepUCTUK NPO3pa4HOi MeHKI MPOBOLALLEro
OKCWZa HIKenata naHTaHa B TeparepLesom guanasoHe.

Knroyesble cnoBa: Su3NeKTPUYECKne 1 NpOBOAALLME TOHKUE MNEHKYU, PYHKLNS OTKNNKA, TeparepLiesas u UHgpakpacHas
CNEKTPOCKONUS, MOPUCTLIE MaTepUansl.

*Paboma evinonuena npu gunarcosoti noodepixe PODIU (npoexm Nel18-29-27010).

Beenenue

KntoueBbIM pyHIaMeHTaIbHBIM BOIIPO-
COM JIa/IbHEIIIIeTo yIy4llleHNs XapaKTe-
PUCTUMK MHTErpaabHBIX CXeM ABIAeTCA
UICCTIefIOBaHMe MeXaHU3MOB, GpopMupy-
IOLIMX TOTePU U MCKa)KeHUA CUTHAIOB
B IIMPOKOM YacTOTHOM fiuamnasoHe. Ha
peleHne 3TUX pobyeM ObIN HallpaBe-
HBI 3HAUNTe/IbHble YCUINS, Pe3yIbTaTOM
KOTOPBIX CTa/Ii HOBbIE pelleHNs 110 CHU-
JKeHMIO aKTMBHBIX U PeaKTUBHBIX, IIpe-
UMYIIEeCTBEHHO eMKOCTHBIX ITOTepb KaK
HeTIOCPeICTBEHHO B MEXXCOeNVHEHNAX,

KOMAHOUH
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BULLHEBCKHUIA
Anekceii Gepreesuy
MUP3A — Poccuiickuin
TEXHOMOTNYECKMIA YHINBEPCITET

PYLEHKO

Koncrantun Bacunoesuy
DU3IKO-TEXHONOTNHECKIA
nHeTuTyT UM. KA. Bannesa PAH

TaK U AMOIEKTPUYECKUX M3ompyomux cnosx [1]. [Tomu-
MO BOIIPOCOB, CBA3aHHBIX C Ie€pefadyeli CUTHAIOB BHYTPU
VIHTETPA/IbHOJ CXEMBbI, IePCIIeKTUBHOM ABIAETCA 3aJada
CO3/JaHNA ONTO3NEKTPOHHBIX MHTEIPANIbHBIX YCTPONCTB,
paboTaIUX B MMPOKOM YaCTOTHOM IMATIA30He, BKTIOYAS
MHPPAKPACHYI0 00/IACTh CIIEKTPA, a TAKXKE 1 TeparepleByo
00/1aCTh YaCTOT.

Jlna penrenus 3ajjad M3y4eHMs MMPOKOIOIOCHOI (PYHK-
LMY OTK/IMKA IIePCIeKTUBHBIX MAaTePUAJIOB I MUKPO3-
JIEKTPOHMKMY IIVPOKO IPUMEHAITCA METOMbI AUINIEKTPUYE-
CKOJI I OIITMYECKOI CTIEKTPOCKONNY. MeTOfbI ONITUYEeCKO
CIEKTPOCKOINY AaKTVBHO IIPUMEHAIOTCA 1A XapaKTepu-
3alyy 3/IEKTPOJMHAMIYECK)X ITapaMeTPOB TOHKOIITIEHOY -
HBIX 00pasnoB. K TakuM MeToiaM OTHOCATCS MPeX]Ie Be-

CEPETUH

Amutpuii Cepreesuny
MIP3A — Poccuiickiii
TEXHONOTMYECKNIA YHUBEPCUTET

MAKOHbKUX

Anppeii Banepbesuy
DN3NKO-TEXHONOMVHECKNIA
nHeTuTyT M. KA. Bannesa PAH
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WHTErPAJIbHBIX CXEM

TO 3JUINICOMETPYs, KOMOMHAIIMIOHHOE paccesiHNe CBeTa,
MH(ppaKpacHas CIeKTpocKomusA. VIcronbp3oBaHme COBO-
KYITHOCTH 3TUX METO/[OB [103BOJLAET YCIIELIHO ONpPeNeINTh
CTPYKTYpHbIE ¥ MOP(OTIOTIYECKIIe TapaMeTPhl TOHKOILIe-
HOYHBIX 00pa31oB. Pe3y/bTaToM 9TUX U3MepEeHWIl ABIIA-
I0TCA JAHHbIE O TOPUCTOCTY AMINIEKTPUYECKIX IIJIEHOK, X
OITHYECKIe TapaMeTpsl — K03 HUIMEeHTBI TIPeTOMIeHNUS
¥ TIOIVIOLIEHYIS, @ TAKOKe, YTO Hanboee BaXXKHO B IEPCIIeK-
TUBHBIX MCC/IEJOBAaHMAX, XapaKTepHbIe I10I0ChI IOIJIOLLe-
HUA KPUCTA/UIMYECKON pelleTKM, MOIEKyN, PajuKanoBs
¥ TIPUMECHBIX KOMIIOHEeHTOB [2]. Heob6xoamnmo oTMeTnTh,
4TO YaCTOTHASA 00/IACTh ONTUYECKUX METOMOB IIPEeBbIIIa-
eT pabouye YaCTOThl COBPEMEHHbBIX MHTETPAIbHBIX CXEM,
COCTABJIAIOIINX HECKOJIbKO rurarepil. B cumy atoro Heo6-
XOfi¥IMa Ka/lMOpOBKa pe3y/IbTaToB, IOTyYeHHBIX METO/A-
MM OIITMYECKOJ! CIIEKTPOCKOINMY C IIPYBJIeYEHNEM JAHHBIX
HU3KOYACTOTHBIX M3MepeHnmit uMmiefanca. Takum o6pasom,
CUMOMO03 METOJOB LIMPOKOIIOTOCHOT JUITEKTPUIECKOIT
CIIEKTPOCKOIINM 11 OIITUYECKOI CIIEKTPOCKOIINM [IO3BOJIAET
OXBaTUTb PEKOPIHO IUMPOKMIT YACTOTHBIN AMAIA30H, CO-
crapAomuii 15 nopsagkos. C y4eTOM YyBCTBUTENTBHOCTI
IM3TIEKTPUYECKIUX U ONTUIECKMX METOHOB AMHAMMIIECKMIT
IMATIA30H PErMCTPUPYEMbIX MEXAHI3MOB 3/1eKTPOUIIONb-
HOTO IIOIJIOLEeHNS MOXKET COCTaBIATH 1o 103,

Heo6xoguMo 0OTMETUTD GOJIbIION IIOTEHLINAT METOOB
OITUYECKOI CIEKTPOCKOINMN I UCCIeSOBAHNUA (PYHK-
LMY OTK/IMKA TOHKUX IUIEHOK, ocobeHHO MeTomos TIii-
u VIK-cnexrpockormu. B pytunHbIX n3mepennsax VIK-cnek-
TPOCKOIIV UCIIONIb3YeTCs 1Al OIpefie/ieHN s XapaKTepHbIX
YacTOT KO/IebGaTeIbHBIX MOJI0C ¥ MOCTIeAYIOIeil X CBA3N
C MOZIEKY/LIPHBIMHU KOTeOaHMAMM 1 (POHOHHBIMIU MOJAMI
[2]. OTHOCUTETbHBIE M3MEHEHNS TIOTIOC ITOIIOIIEHIIS TIC-
HOJIb3YIOTCA /I OLEHK! KOHILIEHTpauyuy KoMIoHeHT. Ofi-
Hako 1o aHanu3y VK- u TIi1-crieKTpoB MOXKHO OIIpefieNATh
U 9/IeKTPOAMHAMIYECKIe XapaKTePUCTUKM IUICHOK B BITe
CIIEKTPOB JM3/IEKTPUIECKOIl IIPOHMILIAEMOCTY 1 IIPOBOJM-
MOCTH ¥ PaCCUMTBIBATDh BEIMYMHbI BKIAIOB B IU3/IEKTPU-
4eCKYI0 IPOHNIIAEMOCTb K>KI0I1 II07I0CHI IIOIJIOLIeHNA. ITO
H03BOJIAET HAIIPAMYIO CBA3ATb Pe3y/IbTaThl CIIEKTPOCKOIIN-
4eCKIX UCCIefOBAHMIT ONTUYECKMMM METOAMM C JAaHHBIMU
VIMIIE[lAHCOMETPIYECKIX M3MEPEHIl B BUJIe eVHON PyHK-
LV KOMIIIEKCHOJ IM9/IEKTPUYECKOI IIPOHNIIAEMOCTI.

[enp Hamrert paboThI 3aK/I09AETCs B pa3paboTKe HOBOIT
OCHACTK! U KOMIIOHEHT /I aflallTalliyl MeTOJO0B OITHU-
4eCKOJ1 CIIeKTPOCKONMM K UCC/IeIOBAHMIO TOHKMX IIEHOK
B COCTaBe reTepocTpyKTyp. Ocoboe BHUMaHME YAeIeHO
U3Y4eHUIO IOPUCTBIX AMIEKTPUIECKUX TITIEHOK C Y4eTOM
UX B/IaTOHACBIIIEHHOCTHL.

IKcnepuMeHTaIbHbIe METOIbI M AHA/IN3 TAHHBIX
Cybmunnumemposas I0B-cnexmpockonus

B HM3KOYaCTOTHOI 06aCTU MCIIONb30BAaH METOJ KO-
TePEHTHO KBa3MMOHOXPOMATINYECKOI CIIEKTPOCKOINY

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

[3]. Cxema yCTaHOBKM [ M3Mepe-
HUA CHEKTPOB IMPOIYyCKaHNUA MTOKasaHa
Ha puc. 1. OCHOBHOIl OTINYUTENbHOI
0COOEHHOCTBIO JJAHHOTO 3KCIIEePUMEH-
TaJIbHOTO IOAXO/a ABJIAETCA UCIONb30-
BaHI€e B Ka4eCTBE MICTOYHNKA U3TyYeHN
nammel obpatHoit Bonubl (JIOB). JIOB
reHepupyeT MOHOXPOMAaTHYECKOE M3ITY-
YeHle, 4aCTOTa KOTOPOrO OIpefeneHa
KaTOJOHBIM HampspKeHueM. JacroTa re-
Hepanyuy JIOB MoxeT msaMeHATCA Npu
BapbMPOBAHUM KAaTOJHOTO HaIpsKe-
HuA B npefienax +30% OT LeHTpalIbHOM
YacTOTbl. JTO II03BOJIAET MCKIIOUUTD
U3 OITUYECKON CXEMBI JJICIIEPTUPYIOLINI
97IeMEHT, HeOOXOMVIMBII [/ TIOMTyYeHNsA
CIIEKTpa NP UCIOIb30BAHNM IIIPOKOIIO-
JIOCHBIX ICTOYHUKOB VM3/Ty9€HMA.

C nosBieHneM JOCTYIHBIX VMIYIIb-
cHpIX cmekTpomerpos TIu-pmama-
30Ha OCHOBHBIMM IpeNMYIleCTBaMI
JIOB-cniexTpoMeTpa 1o-IpexxHeMy 0CTa-
I0TCSL BO3MOXKHOCTb PabOTBI B MOHOXPO-
MaTH4YeCKOM peXXuMe U B 001aCTI 4acTOT
BIIOTh 1o 40 I'Ti, uro HemocrynHo Dy-
pbe-VIK- 1 MMITy/IbCHBIM TeparepleBbIM
CIIEKTPOMETPAM.

Tepazepuesas umnynvcnas

cneKmpockonus

[TosB/IeHNE JOCTYIHBIX IIMPOKOIO-
JIOCHBIX Te€HepaTOpOB U IIPUEMHUKOB
Ha OCHOBe (POTOIPOBOAAIINX AHTEHH
CYILIECTBEHHO PaCIUIMPUIO BO3MOXHO-
CTU U3MepEHNs CIeKTPOB B YaCTOTHOI
00671acTi MeXJAY CyOMMIINMETPOBBIMMI
BonHamu u panpHuM VIK-pyamazonom.
OpHaKo OCHOBHOI IIPO6IEMOIT TOTyJe-
HIA HaJleXHbIX JaHHbl B TTu-06mactn
ABJIAETCA PENTAaKCallMOHHBINI U pe3o-
HAaHCHBIe BK/IaJibl aTMOCQEPHOI BOJBL.
Kone6aHns OTHOCUTENIbHOI BIaXXHOCTI
arMocdepsl IPUBOJAT K 3HAYUTEIBHO-
MYy CHIDKEHUIO TOYHOCTY JAHHBIX, YTO
IpU VCCIE[OBAaHUM TOHKOIUICHOYHBIX
CTPYKTYp HIPUBOAUT K HEIPMeM/IeMbIM
ommnbkam. Ml paspaboTanu u cospa-
mu ciekrpomerp TTi-nuamasona ¢ rep-
MeTHYHOJ OTKa4yHOI Kamepoit (puc. 2)
¥l BO3MOXXHOCTBIO YCTaHOBKY IOJIIPU3a-
topoB TIi-nsmyuenns [4]. Koncrpykimsa
CIIEKTpOMeTpa 06ecreynBaeT yCTaHOBKY
B TpakTte TIIj-M3/Ty4eHNs repMeTUYHbIX
TEPMOCTATMPOBAHHBIX KaMep A/ pa-

DOI: 10.22204/2410-4639-2023-118-02-113-129  Ne 2 (118) anpenb—utoHs 2023 r.



®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @
WHTETPAJIbHbIX CXEM

00TBI B AMamasoHe Temmeparyp oT 10
o 650 K. B o6beme TepmocTaTa MOXHO
HOJIepXKMBATh aTMOCEPY ¢ KOHTPOIN-
pyeMoil TeMIIEPATYpPOil U BIaYKHOCTDIO.
17151 KOHTPOJIA 9THX IAPAMEeTPOB MCIIONIb-
3yeTcsl 30H]l, pa3MelljaeMblil B KOHHEKTO-
pe drranIa crenyanbHOI BCTAaBKY (puc. 3)
¢ Tepmorurpometpom Testo 635-2.
Vcnonp3oBanue KaMepbl ¢ KOHTPOJIN-
PpyeMoil BIaKHOCTbIO II03BOJLAET U3Y4aTh
B/IMAIHYE BJIarOHACBILIEHUs MOPUCTBIX
06pasIioB, BK/IIOYas TOHKOIICHOYHBIE.
[l M3y4eHMs ONTIIECKOIl AHM30TPO-
oy 06pasioB OblT pa3paboTaH 1 CO3-
JiaH y3en BpaieHus obpasua (puc. 4) [5],
pasMellaeMblll B T€PMETUYHON KaMepe.
OTOT y3el COBMeEIleH C KPUOCTATOM,
YTO I103BOJIAET NIPOBOJAUTD M3MepPEeHMs
KaK B KOHTPO/IMpYyeMoit arMocdepe, Tak
U B OT[e/IbHOM 9KCIIepMMEHTe, B TeMIle-
parypHoM fnamnasoHe ot 15 o 300 K.

HUngpaxpacnas Oypoe-

cnexmpockonus

Hanb6oree mmpoKomnonocHbM mpubo-
POM, MCIIONIb30BAHHBIM B Hallleil pabore,
asnsaerca VIK-cnekrpomerp Bruker IFS-
113v. Taussii mpubop obecriednn pern-
CTpALMIO CIEKTPOB OTPAXKEHNUS U IIPO-
IyCKaHVA B MaNla3oHe BOJTHOBBIX YMCeT
ot 40 mo 5000 cM™. ITOT crIeKTpOMETp
ABJIACTCS CEPUIHBIM NPUOOPOM, /A
KOTOPOTO V3TOTOBJIEHBI COI/ACYIOIINE
¢aHubl, obecrednBaoLe YCTAHOBKY
B OIITMYECKMII TPAKT pa3pabOTaHHOI OC-
HACTKI IS MI3MEPEeHIsl TOHKOIICHOYHBIX
00pas31oB B KOHTPO/IMPYeMOIt arMocdepe.

Anamns IKCHIEPUMEHTA/IbPHBIX TAHHBIX

OCHOBHBIMHU 3KCIIEPMMEHTAIbHBIMMI
JIAHHBIMU SIBISIIOTCS CIIEKTPBI OTpake-
HIA, IPOIYCKaHUA U (Ha30BOTrO CABUTA
BOJIHBI B 00pasiie. [InHaMuueckuii ama-
Ia30H IpubOpa 1 ero YyBCTBUTEILHOCTD
OIIpefie/IM/IN TUII SKCIIEPUMEHTATbHBIX
JIAHHBIX B KaXX/[OM KOHKPETHOM CIIeK-
TpajbHOM AuanasoHe. CIeKTpbI MpOIy-
CKaHUsA 60/ee YyBCTBUTE/IBHBI K C/IA0BIM
JIMHNUAM IIOIIOIE€HNSA, TUIINYHBIM /I
w1eHoK. OHAKO, B 3aBMCUMOCTY OT THIIA
HO/UIOKKN — KPeMHWUIA, TJTATMHUPOBAH-
HBIII KpeMHUIT Wiy candup, — UMEHHO
CIIEKTPA/IBHBII OTK/IVK TIOIIOXKKM OTIpe-
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BECTHHK P

Puc. 1. Cxema JIOB-cnexmpomempa 075 usMepeHUs Cnekmpos nponycKanus.

Onemenmul cxemvl: 1 - Habop Henaxemuposantvix JIOB, mpebynousux 6HeutHezo MazHuma;
2 - Habop Huskouacmommvix nakemuposarnolx JIOB co ecmpoentbim mazuumonm; 3 - maz-
HUMHAS POKYCUPYIOULAS CUCMeMa; 4 — BbICOKOBONbHDLIL 8bICOKOCMAOUNLHDLLL O7I0K NUMAHUS
JIOB; 5 - yugpoananozosviii npeo6paszosamens; 6 — Cucmema ynpasneHs cHeKmpomMermpom
U c60pa 0aHHvIX € BLIX000M HA KOMNbIOMep; 7 — UH3bL; 8 — OUCKPemHbLLl IMOHKONTeHOUHDbIL
ammen0amop; 9 - AMNAUMYOHbLIL MOOYATMOP CUHXPOHHO20 Oemexmopa; 10 — onmuKo-axycmu-
ueckutl npuemnuk; 11 - nongpusamop usnyuenus; 12 - ananuzamop; 13 - depucamens 06pasua;
14 - KoHmMpOnvHYII AHATI208bLT] UHOUKAMOP CUHATA.

VACUUM PUMP

Puc. 2. Cxema umnynvcroeo TIy-cnexmpomempa 015 u3MepeHus cnekmpos nponyckanus (cne-
8a) u ompaxcenus (cnpasa): 1 - emmocexyHOHbILL 8070KOHHDLL 1A3ep; 2 — Oenument Ha ONUHy
sonubt 780 HM; 3 — nuHuA 3a0eprcku; 4 — 3epKano; 5 — KomneHcupyowas 3adepia; 6 - 6a-
Kyymnas kamepa; 7 - Gomonposoosusas anmenna; 8 — Heocegoe napabonuteckoe 3epKano;
9 - obpaseu; 2* - monkonnenounviti denumenv TIy-usnyuenus; 4* - wupoxoanepmyproe nuo-
ckoe 3epxano. Inemenmot 2%, 4* u 5 ycmanasnusamcs 6 OnMmMu4ecKuil mpaxm npu usmepenuu
CNeKmpos OMpaieHus.

gas

injection

nozzle Sample
holder_

mixing
volume

Puc. 3. Bcmaska onst eepmemuunoii kamepol TIy-cnexmpomempa 0715 usmepenusi 06pasuoe npu
KOHMPONUPYeMOLi B1ANHOCIU. 30HO O USMEPEHUS BNIANCHOCLL 1 IEMNEPAMYPbL 2434 YCMa-
Hasnusaemcs 60 dnarey, damuuxa énaxrocmu (RH sensor).
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rod crown gear

Internal rod

Otate

ampse 'Y | leading gear

External tube

Cold finger
leading gear

Sample holder
with crown gear

Cryostat

Polarized radiation

Puc. 4. Ysen spawenus o6pasya 6 kpuocmanme.

JiefsAeT TUI MCXOHBIX JaHHBIX — OTPakeHMe MO0 mpomy-
CKaHNe.

Oco6eHHOCTBIO CIIeKTPOB mporycKanus B TTu- n mann-
Heit MIK-obmactsamn 4acToT sBnsgeTcs MHTEphepeHIus
B IVIOCKOIIapa/UIeNIbHOM 00pasiie B CUITY BBICOKOIT T06pOT-
HOCTI Pe30HATOPa, CHOPMIUPOBAHHOTO 0OPA3IIOM, U HOTb-
IO iIMHOM KorepeHTHOCTH TIiI-1M3myuenus.

[l7151 MHOTOCTIOTTHOM cpefibl K03 PUIMEHTBI OTpaXKeHNA
R ., unponyckanus Tr . onpenenenst kosdduimentamm
IPeNOM/IEHNA U SKCTUHKIIUM KXIO0To /1o (2 1 3), BKITIO-
Jas BHEIIHIOW cpeny (1 u 4):

Rip = Riy t+ Ry 62‘“-02"*‘ Ry 62i(¢2+<_p:5? + R12R2333_4 ?2i¢f ,
1+ RyRue™ + RiyRyse”™ + RipRye™ ')
Tiy T3 T ei((pﬁm) + RipRos sy e
1+ Ry R 62% + RisRos 621@2 + Ri2R 62i(¢2+(p3)
1 $a30BOTro CABUTA IIPM OTPAXKEHNY HA TPAHNIAX pasfena
CTI0€B P 1 q:

Thoss =

Qn= arctg(—% (k”;bq _kfnp) ; )
n,+k,—n,—k,
U, COOTBETCTBEHHO, IIPU IIPOITYCKaHUN:
r_ k,n,—k,n,
¥ = arctg( n,+k,+n,n,+kk, ) .
Hucnepcust B 06/1acTy MOOC IOIVIONIEHNS OIMMCaHa
B paMKaX MOJe/IU TapMOHIYECKOTO OCUMIIATOPA C CO6-
CTBEHHOI1 YaCTOTOI v, KOHCTAHTOM 3aTyXaHUA Y, ¥ BK/a-
ZIOM B IN3NIEKTPUIECKYIO IIPOHNIIAEMOCTD Aej:

il AE; W5
(@) =t D 5t
elo)=e. ; @ — @’ +iwy

Cuma octisatopa f =A¢€;- @’ = 4xe; /Vm; nponopum-
OHa/IbHA 3P PEKTUBHOMY 3apANy KOmeOaHNA.
ACCI/IMCTPI/I‘{H])IC KOHTYPI)I IIOITIOIICHIMA HpoaHa}II/I3I/I-
pOBaHbBI C MPUMMEHEHNEM MOZENN B3aMMOZENCTBYIOIINX
OCUMIIATOPOB [6]:
e(v) =

filwi— @' +iwy,) + (0! — @' +iwy,) — 2¢ fif (a + iwd)
(0} — W* +iwy) (@i — @+ iwy,) — (@ +iwd)*

)

I7le KOMIUIEKCHAsI KOHCTaHTa CBS3M (i+i(0 XapaKTepusy-
eT CMeIIeHVe YaCTOT IpPY B3aMMOJEVICTBUN OCIVIIATO-
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POB 1 McKaxxeHNe GOpMbI UX KOHTYPOB
I10 OTHOLIEHNIO K JIOPEHIIeBCKOMY THITY.
CooTHOIIeHVe MeXTY IMKINIECKOIl da-
CTOTOJI ¥I IPUHATHIM B CIIEKTPOCKOIINI
BOJIHOBBIM 4JICJIOM 3a/JaHO J3BECTHBIM
COOTHOIIEHVeM V=0/2Tc, ¢ — CKOPOCTb
cBeTa B CBOOOHOM IIPOCTPAHCTBE.

HecMoTpst Ha IPOCTOTY K/TaccH9ecKux
MOZesIell FUCIEPCHN, OHM MO3BOJISIOT
C JOCTaTOYHOI TOYHOCTBIO CMOJIENIPO-
BaTh QYHKIMIO JUIIEKTPUIECKOTO OT-
K/IMKa KaX[OT0 C/I0S MHOTOC/IOITHOTO
obpasra.

IIpuzomosnenue u xapakmepusayus

06pa3uyo6

B paboTe nsydeHsl 37eKTpOANHAMMYE-
CKJe XapaKTepUCTUKN KaK VINIeKTpIde-
CKIX CTI0€B OPTaHOCHMINKATHBIX CTEKOTL,
TaK U IPOBOJANINX IEePOBCKUTHBIX IIIe-
HOK HMKenara manTana LaNiO,. Bce 06-
PA3IIbI OTYYeHBI METOZIOM SPitl Oh C VIC-
nonb3oBanueM yctaHoBku WS-650-8NPP
(Laurell) ¢ mpuMeHeHMeM IpeKypcopoB
Ha ocHoBe TeTpasTokcunana (TEOS), me-
tuntpusTokcunana (MTEOS). [l momy-
YeHNA IIEHOK C BBICOKOJ ITIOPMCTOCTDIO
B IIpeKypcop fobasysics noporex Brij®
L4 [7]. Ona cuntesa niuenok LaNiO, mc-
HO/Tb30BAHBI IIPEKYPCOPBI IPUTOTOB/IEH-
HbIe 113 CMeCH alleTaTa IAHTAHA 11 alleTara
TeTparnfipaTa HUKeIA.

[Tocrme ocaxmeHNsA MIEHKN MOfBEpra-
JINCh CylLIKe Ipu Temieparype ~200 °C
U KPUCTA/IM3alMU TIPY TeMIeparype
~400-650 °C.

O6beMHOe OTHOLIEHNME Basbl OPraHo-
CIIMKATHOTO CTEK/Ia ¥ TIOP OIpefie/IeHbl
C MCII0/Ib30BaHNEM PEHTTEHOBCKOI ped-
JIEKTOMETPUU U 3JIUIICOMETPUIECKOI
HOPOMETPUN IIPK aTMOC(EPHOM JjaBJie-
Hyy. O6a MeToza ITOKa3alu CXOfHbIE Be-
JIMYVHBI TIOPUCTOCTY C Y4€TOM TOYHOCTH
maHHbIX MeTopuK. [Tpn 10 Bec.% mopore-
Ha [OJTHast 00'beMHast IIOPUCTOCTh 06pas-
1,0B cocTaBuIa ~23% mpu 18% OTKPHITBIX
nop. IIpn comepxanum B mpexypcope
42% moporeHa IoIHasA MOPUCTOCTD 43%
npu 40% OTKPBITHIX IIOP.

[l BBICOKOYACTOTHON IPUBA3KA
TIu-VMK-gaHHBIX M3MepeHBl IIOKa3a-
Te/NN TIPEeTOMIEHNS 1 M3TOTOBIEHHBIX
IJIEHOK 3/UINIICOMETPIIECKIM METOLOM
C JICIIONb30BAHNEM 3JUIMIICOMETpa Sen-

DOI: 10.22204/2410-4639-2023-118-02-113-129  Ne 2 (118) anpenb—utoHs 2023 r.



®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @
WHTETPAJIbHbIX CXEM

tech SE-850. B cry4yae mopucTBIX ITeHOK
OHM PacCMaTPUBAIOTCI KaK 3P eKTuB-
Hble Be/IMUVHBI C JOIYILeHMeM, 4TO [OoKa-
3aTenb IpeoMIeHNs Ay nop n=1. Hus-
KOYaCTOTHbBIE BEMNYNHBI JUIEKTpUUe-
CKOJI IPOHMI]AeMOCTH TITIEHOK M3MepEHbI
Ha yactoTe 100 kIi1. s aToro ucmonb-
3oBaH n3meputens LCR Agilent 4284A,
OCHAILleHHBINl PTYTHBIM 30HZOM MCD
802-150 ¢ gameTpoM KoHTaKTa 790 MKM.

Pesynbrarhl 1 06cyxKpeHne

IInenxu opzanocunukamuvix cmexosn

JlnA momydeHMs LIMPOKOIOTOCHOTO
CIIeKTpa TOHKUX IJIEHOK OPraHOCW/IN-
KaTHBIX CTEKOJ/I M3MepeHNUs POBeIeHbI
C MICIIOIb30BAHMEM ITIO[IOXKEK U3 II/IATH-
HMPOBAHHOTO KPEMHUS U C-Cpe3a call-
¢bupa. XapakTepuCTUKI MCCIE[OBAHHbIX
006pas1oB mpuBeeHbl B mabs. 1.

CpaBHeHMe puc. 5 1 6 IOKa3bIBaeT IIpe-
VIMYIIECTBA U OTPaHIYEHMA UCIIONTb30Ba-
HIS TIO/IOKEK PA3TMYHBIX TUIIOB [T U3-
y4eHIS CBOJICTB IVIEHOK OPTaHOCH/INKAT-
ubIx crekon B TTi-MK-auamasonax (8, 9].
Haubornee ocToBepHbIe U KaueCTBEHHbIE
JaHHbIE IO KO/eOaTeNbHBIM II0/I0CaM I10-
IJIOIEHVS B IVIEHKE MOXXHO IIOMTYYUTb
B CTPYKTYpe C aIIOMUHUEBBIM HOACIOEM
[10]. AmroMMHUIT IeMOHCTPUPYET IIOTI-
HOCTBIO 0e3[[UCIIepCUOHHOe TIOBEfIeHNe
K03 duIiieHTa OTpAKEHNs BO BCeil UC-
CJIeNOBAHHOI 00/IaCTY 9acTOT. TakuM 06-
PasoM, CIeKTp IUIEHKM OPTaHOCHU/IMKAT-
HOTO CTeKJIa TlepefaeTcst 6e3 MCKaKeHWil.
On@HaKO aMOMUHNIT TEXHOMOTUMIECKU
He ONTUMAJIeH U JAHHBIE 9TOJ CTPYKTY-
PpbI IpuBesieHsl Ayist cpaBHeHus. [InatuHa,
KaK ¥ BCe MeTaJI/Ibl C 3aII0/IHAEMOM /1K -
TPOHHOII d-060/I04KOIL, IEMOHCTPYPYET
BBIPXEHHYIO VICIIEPCHIO Ha BBICOKOYA-
CTOTHOM KPalo 9KCIIePMMEHTA/IBHOTO -

o5
—— Sil|Al 43% porous
04+ Si||Pt 43% porous
Sil|Pt 23% porous
03[
02}
01}
UO 1 1 L 1
1000 2000 3000 4000 5000
Wavenumber (cm™)

Puc. 5. CnexmpoL ompasicenus crmpykmypol: nienka 0p2aHoCUunuKamuozo cmex-
714 MOnwUHOU 864 Hm u nopucmocmoio ~43% HA NAAMUHUPOBAHHOM KPeMHUU,
CMPyKMypbL NIEHKA 0PeaHOCUNTUKAMHO20 CIeKIa monusunoti 490 Hm u nopucmo-
cmuto ~23% Ha NAGMUHUPOBAHHOM KpeMHUL. J[N cpasHeHUs npueeder cnexmp
NOPUCMOti NAEHKU 0P2AHOCUIUKAMHO20 CIMEKIA MONIUUHOL 425 HM HA AToMUHU-
esom nodcnoe. IIpeumyusecmeom anoMUHUs 6 CpAGHeHUL ¢ NAAMUHOLL S6/IAEMCA
omcymcmeue Ouchepcuy Kodpduyuenma ompaxeHus 60 6cém UHPPaKpacHom
ouanasoe.

0.8 |

0.2 - TDS Transm

06 |-
0.0 . L .
20 40 60 80

['4 Wavenumber (cm'')

ET IR Reflectivity

0.2

0.0 L
100 1000

Wavenumber (cm™)

Puc. 6. Cnexmpbl ompaxcenus u nponycKanus noonoxKu c-cpea candupa c no-
PUCMBIMU NTIEHKAMU 0P2AHOCUTUKAMHO20 CeKad: 1 - cnekmp ompasjeHus noo-
JIOMKU; 2 — CNeKMPbL OMPAXceHUs u NPOnycKanus cmpykmypul ¢ nienxoti 23%
nopucmocmu; 3 — cneKmpoL 0mpaxceHUs u NPONYCKAHUL CMPYKMypbl ¢ NIeHKOIL
43% nopucmocmu. Ha écmasie noxasanvt cnexmpot nponyckanus noonoxxu (1)
u cmpyKkmyput ¢ nexxoii nopucmocmoio 43% (2) 6 TIy-ouanasone.

BECTHHK P

Ta6nuua 1. Onmuueckue u Mopgﬁomzuuecrcue Xapakmepucmurku MmoHKUX nieHoK Op2aHOoCUNUKAMHbILX CINeKOo

N Mopnoxka Moacnoi Mopuctoctb, % Vv, A~635 Hm €', (100 k')
1 ALQ, — 23 1.35 —
2 ALO, — 43 1.255 —
3 Si Pt 23 1.35 36
4 Si Pt 43 1.24 2.3
5 Si Al 43 1.246 —
No 2 (118) anpenb—utoHb 2023 1. DOI: 10.22204/2410-4639-2023-118-02-113-129 117




BECTHHK PodH

WHTErPAJIbHBIX CXEM

amazona. OTKIOHeHMe oT pexxuma XareHca — Py6eHca npu
MOZeMPOBAHUM CJIOS IUIATUHBI OTPeOOBAIO BBENEHIA
MOJIe/IbHbIX OCLM/UIATOPOB, ONMCBIBAIOLINX AMCIEPCHIO
Ha 3Tux Yacrorax. Kak BugHO U3 puc. 5, HM3KOYACTOTHAS
00/1acTb CIIEKTpa Tak)ke He II03BOJIET JOCTOBEPHO OIIpefie-
JIUTH TapaMeTpsl Hornomtenus B TTij-o6macTu n3-3a BbIco-
KOTO OTPa)KeHIs ¥ HU3KOI TOYHOCTY OIpefie/IeHN s II0/I0C
THOITIOIEHM B CIIEKTPaX OTPasKeHNA.

Ilst moptoxex c-cpesa candupa obmacts Hivke 1 000 cv™!
XapaKTepusyeTcs CUIbHBIM IIOITIONeHeM Ha ONTUYeCKIX
$OHOHAX, 4TO 3aTPYyAHAET aHAIN3 II0JIOC MOMIOIEHI
B IUIEHKe U CHIDKAET JJOCTOBEPHOCTDb OIlpefie/neHys Ia-
paMeTpOB IO/IOC IOITIOeHNs B 9Toil ob6macTi. OfHaKo
HECOMHEHHBIM IIPEUMYIIECTBOM CAI(IPOBBIX HOIOKEK
II0 CPaBHEHMIO C IIOOBIMIM MeTa/IN31POBAHHBIMY TIOTIOX-
KaMI ABJIAETCA UX Ipo3padHocTh B TIij-o6macTy vacror,
YTO OTKPbIBAeT YHUKA/IbHYI0 BO3SMOXXHOCTb HAIPAMYIO
V3MEpPUTb IIOIJIOLIEHNE B IVIEHKe B 9TOI 06/1aCTH YacTOT.

Hauboree BaXHBIM pe3y/IbTaTOM IPOBEIEHHbIX MCCIIe-
JIOBaHWII AB/IAETCSA pasioXKeHne QYHKIMU OTK/IMKA Ha OT-
Jie/IbHbIE STIEKTPOAMIIONbHbIE BO3OY>K/IEHIS U OIIpefie/ieHue
UX BK/IAfIOB B CYMMAapHYIO IM3/IEKTPUYECKYIO IPOHMIIae-
MOCTb. /laHHbIE, IPUBETCHHbIE HA puc. 7 U B mabz. 2, 1o-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

Ka3bIBalOT, YTO NOMUHUPYIOLINI BKIA]
B IIPOHNIIAEMOCTD OXK/JaéMO BHOCAT KO-
ne6aHMs KpeMHUIT-KICTIOPOJHOTO KapKa-
ca. B 1o >xe BpeMs TepMUHAJIbHBIE IPYII-
IIBL ¥, BO3MOXKHO, OCTaTOYHBIE ITPUMECH,
Ha0/TI0flaeMble IPeUMYIIeCTBEHHO B 00-
JIACTU BOJTHOBBIX umcen 6omnee 1 000 cm,
MMEIOT He3HaYUTeIbHbII BKIIa],

B xadecTBe MITIOCTPAINN OITUIECKIX
[apaMeTpPOB IJIEHOK OPTaHOCHINKATHBIX
crexon B VIK-TIu-gnanasone Ha puc. 8
MIOKA3aHbI pacyeTHbIe CIEKTPBI OTpaXKe-
HJA U IPOITYCKAHMA CBOOOIHOI TI/IEHKN
C TIPOU3BOJIBHO BBIOPAHHOI TOMIIMHON
(725 um). Ha saTom pucyHKe ImOKa3aHBI
KaK CIIeKTpPbI CaMOTO MaTepuana B Mpu-
OMVDKEHUM OTPaKeHMs OT HMONMyOecKo-
HeuHoro cnos (bulk), Tak u ¢ yderom
KOHEYHOJ TOJIIMHBI ITIEHKMN, IIPUBOJA-
11eil K TUIIMYHO [UIMHHOIIEPMOANYIECKOM
uHTepdepennun. [l MITOCTpALUn
B/IMAHNA UHTep(PEepeHINN ITPUXITYH-
KTVMPHOII IMHNEN Ha puc. 8 IOKa3aH pac-

Tabnuua 2. ITapamempol non0c NO2NOULEHUS NOPUCHIBLX NIIEHOK 0P2AHOCUTUKAMHO20 CHEKIA, OCAMOEHHDIX HA NIa-
MUHUPOBAHHBITE KPeMHUL

0.1 366 13 368 0.14 357 60 17 843
0.186 440 102 35 941 — 0.7 440 125 135 520 —
0.085 588 149 29 429 — 0.3 596 150 106 565 —
0.0176 710 96 8 877 — 0.12 710 130 60 492 —
0.011 775 29 6 481 — 0.023 775 30 13 814 —
0.0082 802 40 5290 — 0.023 802 40 14 794 —
0.0065 840 39 4598 — 0.032 840 52 22 579 —
0.0008 860 17 591 — 0.02 904 100 16 327 —
0.056 1036 60 60 078 -25 0.13 1031 12 139 080 —
0.025 1140 99 32184 = 0.073 1130 125 93 216 -15
0.001 1185 33 1405 — 5%103 1273 18 7455 —
0.00148 1273 12 2 398 — 5%10 1410 25 1036 —
0.0001 1376 21 188 — 0.0 003 1710 47 963 —
0.00026 1412 27 528 — 6x10° 2 856 25 477 —
0.00039 1459 50 823 — 4x10° 2878 21 300 —
0.00014 1725 48 410 — 2x10* 2926 35 1879 —
0.00068 1781 322 2171 — 2x10 2970 26 1956 —
0.00009 2 855 23 734 — 8x10* 3 445 250 9708 —
0.00004 2875 22 364 — 3x10* 3638 160 4053 -60
0.00004 2901 27 359 — 6x10° 3 696 31 810 —
0.00035 2925 35 2959 — 0.023 1520 500 52 683 —
0.0004 2957 15 334 — 0.003 2100 530 13 348 -150
0.00026 2972 21 2252 —
0.00049 3 426 386 5792 —
0.00007 3728 114 988 —
0.00001 4248 40 180 —
0.00002 4373 66 382 —

prweuaﬂue, H(uprIM mpu¢m0M 8vl0eneHbl napamempul ACUMMEMPUUHDBLX NOTIOC NO2IOWLEHUS, CMO()E/luPOBKZHHbLe Bsawvtobeﬁcmayromumu OCUUTILAMOPAMU.
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YEeTHBIIT CIIEKTP MPOITyCKaHMsA Oe3 BKIafia
TI0JIOC TIOIVIOIeHNA. VI3 cpaBHEHNA 9TOTO
CIIEKTPa C PACYETHBIM CIIEKTPOM C JIHU-
AMM IOITOIEHNA CIIERYeT, YTO [N U3-
YYEHHBIX IUIEHOK C TONIIVHAMU COTHHU
HaHOMETPOB BCE ITOJIOCHI IIOITIOIeHNA
PACIIO/NIOXKEeHBI B 06/1aCTH NIEPBOTO MHTEP-
depeHioHHOTO MOpsAKa. [Ipy MeHbIINX
TONIIMHAX [UVIEHKY yBeINYeHye Iepuosa
MHTepepeHINN B SKCIIePUMEHTaIbHBIX
CIEKTPax MPONYCKAHMUA ¥ OTPaKeHUA
MOYKeT OBITh OLIMOOYHO IIPOMHTEPIIPETH -
POBaHO KakK I/IaBHOE MCKaXXeHMe «6a30-
BOJI IMHUM» TPV PETUCTPALINN CIEKTPA.

Oco6blit MHTepec MpefCcTaBIAeT IIN-
poOKas KBasupenaKcaljMOHHas IIOJIO-
ca B TIu-o6mactu 9acTor. Jra momoca
¢dopmupyer 6omee 10-15% cymmap-
HOTO BK/IaJia ¥ CHIVDKEHME €€ BIMAHMA
Ha CIIEKTP IPOHMUIIAEMOCTU MOXKET Cy-
IIeCTBEHHO CHUSUTD BENMYMHY IIPOHN-
[1aeMOCT! B 007acTH pabodmx 4acToT
VHTETPaNbHbIX cXeM. MBI paccMarpuBa-
€M /IBa OCHOBHBIX MeXaHN3Ma GopMupo-
Bauus noteps B TTu-o6mactu. Ilepssiit
CBA3aH ¢ Hamm4meM 6030HHOTO muKa [11,
12], xapakTepHOTO AJIsl CTEKI00OPA3HO-
TO COCTOSTHMA U NIPUCYIIETO BCEM CTPYK-
TYPHO-Pa3yNOPALOYEHHbIM MaTepyaIaM.
Bropoit mpouecc MOxeT ObITh CBA3aH
C afcopOMpOBAHHOI HOpaMM BOJOIL.
Bopa popmupyer MOIIHYIO AUIIONBHYIO
penakcanyio ¢ MaKCYMyMOM IIOIJIOLe-
Hua B obmactu 10 I'Ty [13]. B TIg-pna-
Ia30He MPOABJIAETCSA BBICOKOYACTOTHBIN
Kpall KOHTypa 9TOJ onochl. IIocKonbKy
Ha Kpalo KOHTYpa IIOITIOIeHNA YYBCTBI-
TEIbHOCTD K M3MEHEHMAM IMINEKTPU-
YEeCKMX XapaKTePUCTUK Maja, MBI HC-
II0/Ib30BaJIN aHAJIOT OPTaHOCUINKATHOTO
CTE€KJIa — HaHOIIOPYCTOE CTEK/IO C TOJIIIN-
HOIT 6071ee 1 MM 151 9KCIIepUMEHTAIbHO-
rO ONpefieeHNA BIVAHMA BIaTOHACHI-
IEHHOCTY Ha CIIEKTP JMIIEKTPUIECKOTO
OTK/IMKA IJIEHKN.

Ha puc. 9 mokasan mporuecc CHixe-
HIA HU3KOYaCTOTHOMN AMINEKTPUYECKON
IPOHMILAEMOCTH Y BaKyyMUPOBAHUNI
HaHOIOPMCTOTO CTEK/IA, IPENBAPUTEND-
HO BBIJIEP>)KaHHOTO B aTMOcdepe ¢ OTHO-
CHUTENIbHOM BIaXXKHOCTBIO ~50%. Ha atom
rpadyKe OTPaKeHbl KaK IPOILECC OT-
Kaukl OT aTMOC(EpPHOTO MaBIeHNUA
10 ~1 Mbap, TaK u ajbHeIiIIas BbIePIK-

4
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Puc. 7. PacuemHvle uupoKononocHole cneKmpbl KOMNIEKCHOT Ousnekmpu4eckoii npo-
HULAEMOCINU, NOTLYHeHHbIE C UCNONIb30BAHUEM NAPAMEMPOB MOOCTUPOBAHUS, npuse-
dennvix 8 mabn. 2. Cnexmp €"(V) nnasnenoeo k6apya noKazaH WMpUXnyHKmupHo
JuHUeil 0718 UANIIOCMPAYUY NOTIOC NOIOUAEHUS «PACARUBAIOUSUX» U «U3ZUOHBIX» KO-
nebanuii O-Si-O.
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08 | Interference
Absorption lines
-4 04
06| )
—
& 403
b
s
04} %
E 402
= 0-8i-0
2
02} = ®
0.1
00 e ™ | Np e gt

1000 2000 3000 4000

Wavenumber (cm™)

Puc. 8. Pacuemmvie wiupoKononocHvle CneKmpol NPONYCKAHUSA 1L OMPANEHUS HOPUCINOLE NeHKU
0p2AHOCUNIUKAMNHO20 CIMEKTIA NPOU3BONIbHO 6bl0panHol monuunvl (725 Hm) 6 TIy-VK-ouana-
30He. Cnekmp ompaxceHust nonybeckoHeuHo20 crios nokasan mouxamu u 0603nayver “Bulk”. VIn-
mepdepeHyA 6 cneKmpe NPONYCKAHUS 6e3 TUHUL NO2TOULeHUS NOKAZAHA WMPUXIYHKINUPHOLE
nuHuerl.
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3oBaHueM Teparepuesoro u VK-cmek-
TPOMETPOB 00pasIbl MOPUCTHIX IIEHOK
IpeNBapUTENIbHO BBILEPKUBANNUCh TIPU
OCTAaTOYHOM JaB/IeHUN He Xyxe 1 Mbap
B TeyeHre 30 muH. Hanndne xapakrep-
HBIX [ Bog#bl mosnoc B MK-crekrpax
HOPUCTHIX IVIEHOK B 06acty ~3 000 cv™
(monoca H-O-H Ha puc. 8) cooTBeTCTBY-
€T IOIVIOLIEHNI0 OCTaTOYHOM BOLOIL, IIpe-
UMYIECTBEHHO 3aXBa4yeHHOl 3aMKHY ThI-
M IIOpaMIH.

e B TIuy-o6mactu 4acToT M3MEHEHUS
BJIATOHACBIIEHHOCTY ITPY OTKa4yKe OIie-
HUBAINCh IO aHA/IU3Y CIIEKTPOB IPOITy-
CKaHMA CTEK/A 10 MOJENN KIaCCUYeCKO-
O OCLWIIATOPA € OOMBIION KOHCTAHTOM

3aTyXaHMA.
Puc. 9. Kunemuxa usmenenus buanekmpuuemoﬂ NPOHUUAEMOCU HAHONOPUCO-
20 CMeK7a 3a cuem ymeHbuleHus 811a20HACbIULEHHOCMU. HpOBOD}Iugue naeHKu HuKenama
nanmana
314 — : ' : | : MeTop mMPOKOIONIOCHOH CIEKTPOCKO-

NV UCIIOb30BAH /1A aHaIN3a QYHKIUK
OTK/IMKA TOHKMX IIPOBOJAIINX IICHOK
uukenara nanTana (LNO). Hukenat man-
TaHa OTHOCUTCSA K CTPYKTYPHOMY CeMeli-
CTBY IIEPOBCKUTA V1 IOAXOMUT JISI CO3MIa-
HJA KOHTAKTHBIX C/IOEB C JUINIEKTpIUe-
CKVIMM CTIOSIMY C GOTIBIIMMYL BETYMHAMM
nponunaeMoctu high-k-guanexrprkamn
[14, 15]. ITockonbKy OOITBLIIMHCTBO
high-k-pyanexTprukoB TaKxKe IMepOBCKY-
ThbI, TO 9TO NO3BOJIAET MONYYaTh CTPYK-
TYpbl, OMM3KMe K BNUTAKCUATBHBIM.
[Ipu paccMoTpeHny QyHKINMU OTKINKA
LNO Bknaj cBOOOIHBIX HOCUTENIEN OB
. y4TeH afAMTUBHO C KoOjebaTelbHBIM
sim / OTK/IMKOM C MCIIONIb30BAaHVEM MOJe/N
1900 mbar Hpyze. VccnenoBanHblit 06pasel; mpep-
CTaB/IAN €000l IUIOCKONApa/IeNIbHYIO
= IVTACTYHY U3 KPEMHUS C YZelbHbIM CO-
npotusneHneM ~20 OM-cM, 4eM 06yc71013-
JIeH cIafi K09 PuIMeHTa IPOImyCKaHNsA
Ha Hu3Kux vacrorax (puc. 11). Ha mep-
BOM 3TaIle OblI CMOJETVPOBAH OTK/IMK
0.0 L1 A 1 : ! : HOMJIOKKM TaKXe C JMCIIOIb30BaHMEM
20 40 60 80 mogpenu [Ipyne. Hanee npu GUKCHpOBaH-
Wavenumber (cm”) HBIX TapaMeTpax MOJIOXKK! MpOBefleH

aHa/mms crekrpa mwieHkn LNO. Oxcnepu-
MEHTa/IbHbIE JAHHBIE, & TAK)Ke PACYETHBII
CIIEKTP IIPOIYCKAHV ITOKAa3aHbl Ha PUC.

RH,,.~50%
p~1000 mbar

p~10° mbar

20 40 60 80
Wavenumber (cm™)

0-2 l T I T I T

% 0.1 p~10° mbar

Puc. 10. Msmenenue cnekmpos KOMNAEKCHOL OUdeKMPUMECKol NPOHULAEMOCTIUL
Hanonopucmozo cmekna 6 TIy-Ouanaszone npu 6axyymupoeanuu.

Ka [IpM HU3KOM JIaBjieHnn. Vicxons us JaHHOI 3aBUCHMO- 11.1lo aHamormm c aHaNMM30M IIIEHOK
CTV MO>XKHO CJie/IaTh BBIBOJ, YTO C/Ta0OCBsA3aHHAS aficCOPOU-  OPTaHOCUIMKATHBIX CTEKON Mbl BOCCTa-
pOBaHHas BOZja BBIXOUT U3 00beMHOTro 00pasija 3a BpeMs ~ HOBUIM IapaMeTpbl IeHkn LNO, mpen-
nopsiaka 30 muH. IIpu n3MepeHnsX CIIEKTPOB C UCIONb-  CTAaBIeHHbIE B mMao. 3.
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BECTHHK P

Wavenumber (cm™)

Puc. 11. M3meHenust cnekmpos nponyckanusi KpeMHuegoi noonoM KU MosuUHoi
0.706 mm u noonoxcku ¢ naerxoit LNO monuunoir 430 um. Toukamu nokazamol
Oannvie umnynvcHozo TIy-cnexmpomempa. OKpy#Hocmu — OaHHble, HOMyHeH-

0.0 1 1 Il

100
Wavenumber (cm™)

8 maon. 3.

Hote Ha JIOB-cnekmpomempe. CniouiHas nunus — moOenvubiii cnekmp. Cnekmp
noonosxku cosurym na 0.1 66epx OMHOCUMENLHO CHEKMPA CHPYKIMYPbL.

Tabnuua 3. Ilapamempot modeneii noenousernus 6 nnerxe LNO monujunoti 430 Hm

Mogenb MapameTpbl

1000

5000

Puc. 12. Pacuemmnuviii cnexmp nponyckanus naeuku LNO monujunot
300 um 6 TIy-VK-0uanasome, nonyueHuolil no napamempam, npuedeHHvIM

Opyne Gy M (p, 2, CM) Yp CM™ v, CM
1 70 (1.4107) 1000 2049
TNopeHunan Ae v, CM’! ¥, CM™
1 30 20 40
2 11 60 23
3 (A, +2E) 7.9 161 53
4(2E,+A,) 16 314 150

Ipumenanue. Coommecenue M00 npugodumcs no danHoim pabomot [16].

Pacuer cmexTpa mpomyckanus, 1moka-
3aHHBIII Ha puc. 12, HOKasbIBaeT, YTO IPU
TONIMHe IUIeHKM oKomo 300 HM OXU-
flaeTcs IpomyckaHue Ha yposHe 50%.
YacToTHass 0671aCTb IPO3PAYHOCTH
B TIu-gmnamasoHe orpaHmMyeHa co CTo-
POHBI BBICOKMX YaCTOT KO/Meb6aTeTbHbIM
criektpoM [17]. IIpakTuyecku mpuemie-
Mble BEITNYMHbI IPOIYCKAHUA /I ONTO-
3/1eKTPOHHBIX Npunoxennit B T1i-gua-
[Ta30HE COCTAB/IAIT 0K0s10 20% Ha 9acTo-
tax 100-200 cm™. Ha BbICOKOYacTOTHOM
Kpalo B CHEKTP NPONYCKAaHUA IJIEHKU
IPOMOJYIMPOBAaH NHTEPEpeHIIeil.

3akmroueHne

B pabote npexncrapnena paspaboraH-
Has OCHACTKa IJIA NPOBefieHN: IKCIIe-
PUMEHTaNTbHOTO UCCIefloBaHNA TOHKUX
wieHok Metogamy TIij- u VIK-cnekrpo-

No 2 (118) anpenb—toHb 2023 T.

CKOIMY C Y4€TOM UX HOPUCTOCTY ¥ BIaTOHACHIIEHHOCTI.
[TonyyeHHbBIE CIEKTPBI CTPYKTYP C AMUIMEKTPUYECKUMU
¥ IPOBOJALIMMY I/IEHKaMV OBUIN TIOCTIe0BATeIbHO MPO-
aHanu3upoBaHbl. [lomydeHbl MapaMeTpbl Kome6aTeTbHOro
CIeKTpa ¥ CBOOOJHBIX HOCUTerell 3apAna. [To mapamerpam
BOCCTaHOB/IEHBI ONTHYECKME CIIEKTPhI IJIEHOK OPraHOCK-
JIMKATHBIX CTEKON 1 HUKeJIaTa TaHTaHa.

KomnnekcHoe n3ydeHre 06pasiioB OpraHOCH/IMKATHBIX
CTEKOJI, OCAXXIeHHbIX Ha pa3MyHble TIOINOXKY, obecIe-
4I/I0 BO3MOXKHOCTD TTOTYYMUTD IIMPOKOIOIOCHBIE CIIEKTPBI
IVI9NIEKTPUYECKOTO OTK/INKA Vi TAPAMeTPI30BaTh BCE S/IEKT-
POMMIIONbHBIE IIPOLIECCHI TOITIOMIeH A, GOPMUPYIOLLIe HI3-
KOYACTOTHYIO IV3IeKTPMIECKYI0 IPOHUIIAeMOCTb. YCTaHOB-
JIeH BKJIaf] KBasypenaKcaloHHoI monock! B TIi-o6macTi.
IToxasaHo, YTO JOMMHVPYOVIMI MeXaHU3MaMu, popMupy-
IOIIVIMY 3TY MOTIOCY, AB/IAIOTCA CTPYKTYPHBII 6eCIIOpPSTOK —
0O030HHDII MK B CTEK/IE U BIATOHACBIIIEHHOCTD B IIOPUCTON
cpezie. C MCnIOMIb30BaHMEM IIPECTABIIEHHOTO B paboTe Me-
TOJ]a BOCCTAHOBJIEH CHEKTP NPOIYCKAHNA IPO3PAYHOTO
IPOBOJIAILIETO OKCU/A — HYKe/MaTa MaHTaHa B TIi-o6macTn
4acToT.
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Abstract .‘/WVVVWVVVWVVVWVVVWVVVWVWWV\’

The article presents the developed methods for studying the dielectric response function of thin films in hetero-
structures. Particular attention is paid to the technique dealing with moisture-saturated porous thin films. The vibra-
tional absorption bands are parametrized and their contributions to the total dielectric permittivity are determined.
The vibrational absorption band in the THz range of organosilicate glasses was analyzed and the effect of moisture
saturation and boson peak of an increase in low-frequency dielectric permittivity of at least 10% was revealed. The
developed methods are used to restore the optical characteristics of a transparent conducting oxide film of lantha-
num nickelate in the THz range.

Keywords: dielectric and conductive thin films, response function, terahertz and infrared spectroscopy, porous
materials.

*The work was financially supported by RFBR (project 18-29-27010).
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Fig. 1. Scheme of a BWO (Backward wave oscillatore) spectrometer for measuring transmission spectra.
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Fig. 2. Scheme of a pulsed terahertz spectrometer for measuring transmission (left) and reflection (right) spectra: 1 - femtosecond fiber laser;
2 - beamsplitter for wavelength 780 nm; 3 - delay line; 4 - mirror; 5 — compensating delay; 6 - vacuum chamber; 7 - photoconducting antenna;
8 - off-axis parabolic mirror; 9 — sample; 2* thin-film beamsplitter; 4* - wide aperture mirror. Elements 2%, 4* and 5 are installed in the optical path
when measuring reflection spectra.
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gas
injection
nozzle ﬁample

volume

Fig. 3. Assembly for the sealed chamber of the THz spectrometer for measuring samples under controlled humidity. Sensor for measuring of humidity
and gas temperature (RH sensor) is installed in the flange of the humidity sensor.

rod crown gear
Internal rod Tes
Mlate 2 I & , .
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with crown gear

Polarized radiation Cryostat

Fig. 4. Sample rotation unit in a cryostat.
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Fig. 5. Reflection spectra of the structure: an organosilicate glass thin film with a thickness of 864 nm and porosity of ~43% on platinized silicon,
structure of organosilicate glass thin film with thickness of 490 nm and porosity of ~23% on platinized silicon. For comparison, the spectrum
of a porous organosilicate glass thin film 425 nm thick on an aluminum sublayer is shown. The advantage of aluminum in comparison with platinum
is the absence of reflection coefficient dispersion in the entire IR range.
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Fig. 6. Reflection and transmission spectra of the c-cut sapphire with porous organosilicate thin films: 1 - reflection spectra of substrate; 2 - reflection
and transmission spectra of the structure with 23% porosity; 3 - reflection and transmission spectra of the structure with 43% porosity. The insert shows
the transmission spectra of substrate (1) and structure with a 43% (2) porosity thin film in the THz range.

Table 1.0ptical and morphological characteristics of the organosilicate glasses thin films

N Substrate Underlayer Porosity, % n, A~635 nm €', (100 kHz)
1 ALD, — 23 1.35 —
2 ALQ, — 43 1.255 —
3 Si Pt 23 1.35 3.6
4 Si Pt 43 1.24 2.3
5 Si Al 43 1.246 —

H-0-H
Boson peak

4000

10°

107

10° o g g S T S ey R
10 100 1000 4000

Fig. 7. Calculated broadband spectra of the complex permittivity obtained using the simulation parameters given in the table 2. The €”(v) spectrum of
fused silica is shown by a dash-dotted line to illustrate the absorption bands of stretching and bending O-Si-O vibrations.
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Table 2. Absorption bands parameters of organosilicate glass thin films deposited on the platinum sublayer.

975, d,, =864 nm

Ag : T :

0.1 366 83 13 368 — 0.14 357 60 17 843 —
0.186 440 102 35 941 — 0.7 440 125 135 520 —
0.085 588 149 29 429 — 0.3 596 150 106 565 —
0.0176 710 96 8877 — 0.12 710 130 60 492 —
0.011 775 29 6 481 — 0.023 775 30 13814 —
0.0082 802 40 5290 — 0.023 802 40 14794 —
0.0065 840 39 4598 — 0.032 840 52 22 579 —
0.0008 860 17 991 — 0.02 904 100 16 327 =
0.056 1036 60 60 078 -25 0.13 1031 12 139 080 —
0.025 1140 99 32184 — 0.073 1130 125 93 216 -15
0.001 1185 33 1405 — 5x10° 1273 18 7455 —

0.00148 1273 12 2398 — 5x10* 1410 25 1036 —

0.0001 1376 21 188 — 0.0 003 1710 47 963 —

0.00026 1412 27 528 — 6x10° 2856 25 477 —

0.00039 1459 50 823 — 4x10° 2878 21 300 —

0.00014 1725 48 410 — 2x10* 2926 35 1879 —

0.00068 1781 322 2171 — 2x10* 2970 26 1956 —

0.00009 2855 23 734 — 8x10* 3 445 250 9708 —

0.00004 2875 22 364 — 3x10* 3638 160 4053 -60
0.00004 2901 27 359 — 6x10° 3 696 31 810 —

0.00035 2925 35 2959 — 0.023 1520 500 952 683 —

0.0004 2957 15 334 — 0.003 2100 530 13 348 -150
0.00026 2972 21 2252 —

0.00049 3426 386 5792 —

0.00007 3728 114 988 —

0.00001 4248 40 180 —

0.00002 4373 66 382 —

Footnote. Bold indicates the parameters of asymmetric bands simulated using coupled oscillators model.
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Fig. 8. Calculated broadband and reflection spectra of the porous organosilicate glass thin film of arbitrary thickness (725 nm) in the THz-IR range.
The dots illustrate the reflection spectrum of semi-infinite sample and is denoted “Bulk”. The dash-dotted line shows the interference in the transmission
spectrum without absorption lines.

126 DOI: 10.22204/2410-4639-2023-118-02-113-129  Ne 2 (118) anpenb—utoHs 2023 r.



®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @ BECTHHK PdbdH
WHTETPAJIbHbIX CXEM

Fig. 9. Kinetics of changes in the dielectric permittivity of nanoporous glass due to a decrease in moisture saturation.
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Fig. 10. Changes in the spectra of complex dielectric permittivity of nanoporous glass in the THz range during evacuation.
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Wavenumber (cm™)

Fig. 11. Changes in the transmission spectra of a silicon substrate 0.706 mm thick and substrate with an LNO film 430 nm thick. Dots show the data
of the pulsed THz spectrometer. Circle is the data obtained by the BWO spectrometer. The solid lines are model spectra. The spectrum of the substrate
is shifted upward relative to the spectrum of structure.
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Fig. 12: The calculated transmission spectrum of a 300 nm thick LNO film in the THz-IR range obtained using the parameters given in Table 3.

Table 3. Parameters of the absorption models in the LNO film of 430nm thick

Model ‘ Parameters
Drude G Qom™ (p, 2 cm) Yy SO v, cm’?
1 70 (1.4102) 1000 2049
Lorentz Ag v, o’ ¥, cm?
1 30 20 40
2 11 60 23
3 (A, +2E) 7.9 161 53
4(2E,+A,) 16 314 150

Footnote. Modes assignment provided according data reported in [16].
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(I)YHKIH/IOHa}II)HbIe MEKCOCNMHEHNA HA OCHOBE KBa3UNIBYMEP-
HbIX I TPEXMEPHDBIX MAaI'HOHHBIX CTPYKTYP B IaT€PATbHDbIX
N BEPTUKATDbHBIX TOIOIOT U AX*

A.B. CadosHuxos, A.A. Mapmupiuikun

B HacToswen paboTe C MOMOLLbK YUCNEHHbIX W 3KCMEPUMEHTaNbHbIX METOA0B WCC/ef0BaH MeXaHU3M
yMpaBfieHNs Mepejayeil CruH-BOSIHOBOrO CuUrHana B TPEXMEPHbIX MarHOHHbIX CTPYKTypax, 00pa30BaHHbIX
OPTOTOHANbHbIM COYJIEHEHWEM MArHWTHbIX MOMOCOK XKee30-UTTPMEBOro rpaHara. llccnefoBaHbl MexaHW3Mbl
YMpaB/ieHNs CMWH-BOJTHOBbIM CUIHAIOM TMPW  KacatenbHOM HaMarHWYMBaHUWM CTPYKTYpbl. [l0Ka3aHo, 4TO
yrnpasJieHWe pacrnpocTpaHeHWem CMUHOBOM BOMHbI BO3MOXHO MPU  W3MEHEHWX HamnpaBneHUs BHELUHero
MarHuTHoro nons. MokasaHo, 4To NPy N3MEHEHNI BeINYIHbI BO3YLIHOMO 3a30pa MeX[y ChiH-BOMHOBEAYLLMMM
CEKLNAMK OKa3blBAETCH BO3MOXHbLIM OCYLUECTBNATH PEXUMbl MPOCTPAHCTBEHHO-YACTOTHON CENeKLun curHana.
icnonb3oBaHne CTPYKTYP C HApYLUEHHOW TPAHCNALWOHHOM CUMMETPUER OTKPbIBAET HOBbIE BO3MOXHOCTM NS
(bopmMnpPOBaHNA MHOFOCMOMHBIX TOMOMOMMA MarHOHHbIX CETE Y MUHUATIOPU3ALIMN BbIYUCIINTESIbHbBIX YCTPOIACTB,

OCHOBAHHbIX Ha NMPpUHLKUNAX MarHOHNKN.
KntoyeBble cnoBa: CNHOBbLIE BOJSTHbI, MArHOHWKA, TPEXMEpPHbIE MEXCOeANHEHNS, MUKPOMAarHUTHOe MOAENNpO-

BaHKe.

*Paboma evimontera npu punarcosoti noodepycke PODI (npoexm Nel8-29-27026).
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BBengenne

B nocnenHee BpeMsi B paMKax HallpaB/IeHUs] MATHOHUKY
aKTUBHO MCCIIE[YIOTCS MEXaHU3MBI U CIIOCOOBI BO3OYX-
IeHuA U ynpasjaeHNs cnHoBbIMM BomHamy (CB) B mar-
HUTHBIX Marepuanax [1]. OpHa u3 KI04YeBBIX MpobIeM
CO3[JaHNA CIIMH-BOTTHOBBIX YCTPOJICTB CBSI3aHA C 3aTyXa-
H1eM ciHOBBIX BOTH (CB) [2]. PexoppHO HU3KMIT ypo-
BeHb 3aTyXaHusa CB MoXeT OBITh JOCTUTHYT IIPU UCIIOTID-
30BaHUM IJIEHOK Xenme30-utTpueBoro rpanara OKWI) [2].
B 10 e Bpems B JKVII' BO3MOXHBIM OKa3bIBaeTCsl BO3OYK-
meHue u pacnpocrpanenre CB ¢ yInHOI BOHBI OT JecAT-
KOB HAHOMETPOB [0 eAVMHUL] MIJTUMETPOB [3].

CoBepllIeHCTBOBaHME TEXHOIOTMYECKOTO IpoLiecca 13-
rotoByneHusa ToHKuX ieHok KNI mo3Bonmmno cosmaBath
MHOTOYpPOBHEBBIe MUKPO- ¥l HAHOCTPYKTYPBI J/IA peajn3a-
1y MarHoHHbIX ceTelt (MC), Ha OCHOBe KOTOPBIX Ipefia-
raeTcs CO3JaBaTh IEMEHTHYIO 6a3y yCTpOICTB 06paboTKu
uH}OpMaLMOHHBIX cUTHAIOB [4]. Vicrionp3oBanme addek-
TOB CIIVH-BOIHOBOJ MHTep(EpeHINN ¥ aMIUIUTYLHO-(da-
30BOTO KOAVIPOBAHVA ABJIAETCA MEPCHEKTUBHBIM ITyTeM
st cospanust MC ¢ enpio 06paboTky nHGOPMALMOHHBIX
CHTHAJIOB B LIMPOKOM AMamasoHe 4acTot [5]. Ympasie-
H1te aMImtyfamn un ¢pasamm CB B MarHOHHBIX YCTpPOIi-
CTBAaX MOXKET OCYILIECTB/IATHCS Pa3/INIHbIMU CIOCOOAMIL,

CA[10BHUKOB
Anekcanpp
Bnagumuposuy
(apaToBCKyif HaLMOHaNbHbIIA
11CCNe0BATENLCKMI
TOCYLAPCTBEHHbIN YHUBEPCUTET
M. H.I". HepHbILLEBCKOrO

MAPTBILLUKWH
Anekcanpp

11CCres0BaTenbCKuin
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Anexkcanpgposuy
(apaToBCKHiA HaLMOHANbHbIIA

HaIpuMep, Iy TeM UCII0/Ib30BAHNS HeN-
HEHBIX CIVH-BOTHOBBIX 3¢ (deKToB [6]
VIV CO3JaHMs NMePUOANIECKUX CTPYK-
TYp — MarHOHHBIX KPUCTA/IOB [7].
OnuH 13 NOAXOROB /s yIpaBIeHNA
CIIMH-BO/THOBBIM TPaHCIIOPTOM OCHOBAaH
Ha TpaHcpopManyy 3¢ PeKTNBHOTO CTa-
TUYECKOr0 MATHUTHOTO MOJI BHYTPY Mar-
HUTHOI MUKPOCTPYKTYpbl. Takas TpaHc-
¢dopmarst MoxeT ObITh peann3oBaHa, Ha-
IpKMep, IyTeM JIOKaJbHOTO M3MEHEHMs
MaTepuaTbHbIX TapaMeTPOB MAarHUTHBIX
Cpefi, FeOMeTPUYECKIX Pa3MepOB MarHOH-
HBIX BOIHOBOJIOB M/IV IIPOCTPAHCTBEHHOI
Bapualuy BHEIIHMX MarHUTHBIX TOJIET.
BONbIIMHCTBO CXeM, OCHOBAHHBIX
Ha MarHOHHOJI JIOTMKe, HaMarHM4eHbI
B IVIOCKOCTY, YTO HAaK/Ia/ibIBaeT OTPaHN-
YeHJs Ha MapLIPYTU3ALNIO CUTHATIOB, 110~
CKOJIbKY MarHOHHbIE CeTJ1 OTPaHIYEHBI Off-
HUM (QYHKIMOHATBHBIM YPOBHEM, UMEIOT
KPUTHYECKYIO JJINHY PaclpoCTpaHeHNs
CUTHasIa 11 GOTIBIIYIO IIOLIA/b YCTPOIICTBA
[9]. VIsroTOB/IEHME CTPYKTYP C BepTHUKA/Ib-
HBIM TPAHCIIOPTOM CIIVH-BOJTHOBOTO CT-

rOCYAAPCTBEHHbIA YHUBEPCUTET
M. H.I". YepHbILLEBCKOrO
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HaJIa TI03BOJIAIET CO3/aBaTh TPEXMEpHBIE
MarHOHHbIE CeT! C OONbIINM KOImde-
CTBOM (DYHKIIMOHA/IBHBIX OJIOKOB B MEHb-
meM o6beme. Ha Iy K yBemmdeHmio Ko-
nn4ecTBa (PYHKIMOHATbHBIX 57IeMEHTOB
B MC oxasbIBaeTcsAd BaKHBIM U3Y4UTDH
MeXaHI3MBI, OTBETCTBEHHbIE 33 IIePEHOC
CB B MHOroyposHesbIx Tononorusax MC
Ha OCHOBE TPEeXMEpPHBIX CTPYKTYp [10].

B pabote pa3paboTaHsbl 1 NCCTIETOBAHBI
BapPMAHTBI Pean3ali MeXypPOBHEBOTO
CIIMH-BOJTHOBOTO TPAHCIOPTAa MEXAY
napajnenpHbiMu cnosmMu MC Ha oc-
HOBE KBa3W/JBYMEPHBIX ¥ TPeXMEPHBIX
MAarHOHHBIX CTPYKTYp B JIaTepabHBIX
U BepTUKA/NbHBIX Tononoruax. C momo-
I[bI0 YNC/IEHHBIX JMCCIeOBAHUI BbIAB-
JIeHbI 0COOEHHOCTH IIepefiady CIVH-BOJI-
HOBOTO CHTHA/a IIPM OPTOTOHAIbHOM
COYJIEHEHN) BOJHOBENYIIVX CeKINIL.
[TokasaHo, 4yTOo Ha ocHOBe 3ddexTa
Tpancopmanyy Tunos CB B Heperyap-
HOJT 00671aCTU BOTTHOBERYILell CTPYKTYpPbI
BO3MOXHO 3] deKTUBHOE yIpaBleHue
CIVH-BOTHOBBIM TPAHCIIOPTOM ITyTeM OT-
KJIOHEHN yI/Ia HAMarHNYMBAHNA CTPYK-
TypbL. [lokasana appeKTuBHAS CeneKIy
CIIVH-BOTHOBOTO CHTHA/IA C TOMOIIBIO 13-
MeHeHMA BO3YIIHOTO 3a30pa B 00/acTy
COYWIEHEHN A BOMTHOBEYLINX MarHUTHBIX
0710COK. [TpenoskeHHbIN 31eMEeHT MeX-
coepyHeHNs QYHKI[MOHAIBHBIX 67I0KOB
MHorocnolHeix MC TakXe HO3BONIAET
peanus3oBbIBATh QYHKIMOHAIBHYIO 06pa-
60TKy MH(POPMAIVIOHHBIX CUTHAJIOB (4a-
CTOTHYIO (puIbTpanyio 1 $Ha3oByl0 KOp-
PEKINIO) IIpU Iepefjade CUTHA/MIA MeX/Y
napajuienbHbiMu crnosaMu MC.

YncneHHble U SKCIEPUMEHTAIbHbIE
METOJIbI

PacripocTpaHeHe CIHOBBIX BOMH Yepe3
Ppas/MuHbIe CTPYKTYPBI ObITIO CMOAETUPO-
BAaHO C IOMOI[bI0 MIKPOMAarHUTHOTO MO-
IenupoBaHus B nporpaMmme MuMax3 [11],
OCHOBAHHOV Ha YJC/IEHHOM pelleHny yPaB-
Henus Jlaupay - JIndumia - [ipbepra
oir) L ==y H, M+ 40,
KOTOPOE OINCBIBAET IPeLecCcHio BEeKTOpa
HaMarHn4eHHocT M B addexTnBHOM
MarHUTHOM TI07Ie, T7ie H ) — BHemHee mMar-
HuTHOE mote, H,  — pasMarHudnBaromee
none, H,_— obmennoe mone u H - none

Ne 2 (118) anpenb—utoHb 2023 T.
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aHM30TporMy. MUKpOMarHuTHbIE pacyeThbl O3BOMSIOT YIC-
JIEHHO PEIINTD IIPo6IeMy BO30Y>K/IeHNA U pacIpOCTpaHe-
HJA CIIMHOBBIX BOJIH B HEPETY/IAPHOI MarHUTHON MUKpO-
CTpyKType. B Xozie mocTpoeHMs MOJeN IpefIonaraeTcs
JIONyIeHNe, YTO MATHUTOKPUCTA/UINYECKas aHM30TPOINA
JKUIT npenebpexxnmo Masa 1o CpaBHEHMIO C aHU30TPOIIHEl
dopmbpi, moaTomy H =0. X0opoIIo n3BecTHO, 4TO aHU3OTPO-
s GOPMBI UTPAET PEIIAIOLIYI0 POJIb B IEPEHOCE CIIMHOBBIX
BOJIH BJJO/Ib MarHOHHOr0 13ruba [12]. OOMeHHast KOHCTaHTa
s YIG cocrapnana A =3-107 apr/cm, a 6espasMepHbIii mma-
paMeTp 3aryxaHusaA ObUI paBeH o = 10°. UTOOBI yMEHBIINTD
otpaxkernst CB oT rpaHmi; pacyeTHON 006/1aCTIt, MbI BBeN
THOIIOLIAIOIINE CTION C IKCIIOHEHIINAIbHO YOBIBAIOLINM KO-
s duIeHTOM 3aTyXaHMA o B Ha4a/le BXOZHOTO U B KOHIIe
BBIXOJIHOTO YYaCTKOB BOJTHOBELYIIIell CTPYKTYpbL. VcTouHu-
KV BO30Y>K/IeHIA U PETVCTPALiUy CIIVH-BOTHOBOTO CUTHAJIA
PacIoyaraaich HeOCPEeACTBEHHO PSAIOM C 00TaCTAMMY 3aTy-
XaHMs Ha KOHIaX BonHOBOoJoB. Toukue menku KT nemon-
CTPMPYIOT TPYU THIIA MATHUTOCTATIYECKMX CIIHOBBIX BOJTH,
a MIMEHHO MarHUTOCTATIYECKIIe TOBEPXHOCTHbIE CIIMHOBBIE
BonHbl (IIMCB), mpsiMble 06beMHBIE MATHUTOCTATUYECKIIE
crvtHoBble BoiHbI ([IOMCB) 1 o6paTHbie 06BeMHBIE Mar-
HUTOCTaTMYecKye crHoBbIe BomHbl (OOMCB), pucnepcn-
OHHbIE COOTHOLIEHNS KOTOPBIX 3aMETHO OT/INYAIOTCS IPYT
ot gpyra [13].

B nanHoIt paboTe npepiokeHa KOHQUIYpaLys CTPYK-
TYpbl ¥ BHELIHETr0 MarHUTHOTO IOJA, C IIOMOIIBI0 KO-
TOpBIX MOXHO 3¢dekTuBHO Bo36ysuts IIMCB mnn
OOMCB. Ycnosue, npuBogpsiee K BO3OY>KIEHNIO U pac-
npoctparenuio [IMCB B I7I0CKOCTY MarHUTHOI! I/I€HKM,
CBI3aHO C IIOIIE€PEYHOI HAMATHMYE€HHOCTBIO BOJTHOBOJHOI
CTPYKTYPHI U CHVIH-BOJIHOBBIM CUTHAJIOM, PacIpoCTpa-
HAIOLIMMCS B HAIIPaBICHNY, IePIEHAUKY/IAPHOM IIPUIIO-
)KeHHOMY MarHUTHOMY IOJII0. DTOT TUII CIIMHOBBIX BOJTH
XapaKTepy3yeTCst IIONOXKUTEIbHOI TPYIIIOBOI CKOPOCTHIO
ﬂ>0, rfie k — uncio BoyHbL. VI Hao6opot, OOMCB pac-
H%OCTpaH}I}OTCH KOJITMHEAPHO C IPU/IOKEHHBIM MarHUT-
HBIM TI0JIEM C OTPULATETbHBIM HAKJIOHOM AUCIIEPCUN U,
C/IEJ0BATEIbHO, OTPULLATENIbHOI IPYIIIOBOM CKOPOCTHIO,
ﬂ<0 [13]. OOMCB B036y>xmatoTcs, KOIjia HaMarHu-
q%]%HOCTb BOJIHOBOJHOJI CTPYKTYPBI HaIlpaB/ieHa BJOJb
JUIMHHOI OCY, IIPU 9TOM PaCIpOCTpaHeHNe CIIMHOBBIX
BOJIH KOJUIMHEAPHO HAIPaB/IeHNI0 HAaMarHUYEHHOCTH.
Crenyer IIOHMMATD, YTO B OOIBIINHCTBE MPAKTUIECKUX
9KCIIEPUMEHTA/IbHBIX CHCTEM TOMIMHA IJIEHKY HAMHOTO
MeHbllle IMHBI BONMHBI CB, 11 T09TOMY pacipeseneHye aM-
IUIUTY/BI BOJIHBI 110 TOMIMHE IJIEHKM MPUOIN3UTETbHO
paBHOMEPHO.

OpnHOpoaHOE BHEIIHee MarHUTHOE To7ie H 651710 Ipuo-
KeHO TapasUIe/IbHO OCHU X Ha MIPOTSDKEHNN BCEX M3MEPEeHNIt
u pacuetos. CregosarenbHo, CB, pacpocrpassomecs
B ceK1un A, 6b111 06paTHO-00'bEMHBIMU MAaTHUTOCTATIYE-
ckumu crHOBbIMY BoHamy (OOMCB), a pacipocTpans-
foryecsi B ceKiysix B 1 C - HOBEpXHOCTHBIMM MAarHUTOCTA-
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TrdeckuMu cumHoBbiMit BomHamu (IIMCB) [14]. Bxogroit
CB-curHan B 0671aCTH MUKPOIIO/IOCKOBOJ aHTEHHBI CO3-
IaBaJICA IyTeM MPYUIOXKEHNS BIO/Ib OCY Z HEIIPEPHIBHOTO
BO/THOBOTO MAarHUTHOTO 1071 b(t)=b sin(27ft) c yacToToli f.
[Tomy4eHHbIE TPOCTPAHCTBEHHO-Pa3pelIeHHbIE MAaCCUBBI
JAHHBIX /I I HAMIYECKIX KOMIIOHEHT HaMarHN4eHHOCTI
m(x,,z) OBUIM VICTIONIb30BAHBI /IS TIOCTPOCHYIA IBYMEPHBIX
KapT pacrpepenenus nTeHcusHoctyu CB.

[t pacyeTa CIeKTpa/bHBIX XapaKTePUCTUK CIMHOBBIX
BOJIH, PAacIIpOCTPAHIOINXCSA IO BOTHOBOJAM, /I KX IO
CTPYKTYPBI ObUIM OIpefe/IeHbl 00/1aCTI BXOHOI Y BBIXOJI-
HOJI aHTeHH. [l BO30y)XIeHVsI CIIVIHOBBIX BOJIH IIPUK/Ia-
IBIBAJIOCDH LIMPOKOINIONIOCHOE AMHAMUYECKOe MAarHUTHOE
none b (t)=b sinc(2nf t) c vactoroit cpesa f =6 I'Tiy u am-
nnutynoit b =10 M3. [[nHaMnyecKas HaMarHNIEHHOCTD
PerucTpupoBaIach B 00/1aCTy BHIXOAHOI aHTEHHBI C IIIATOM
110 BpeMeH1 75 ¢c st ob1eit mpopomkuTenbHocTH 300 HE.
CrniekTpasbHas IJIOTHOCTb MOIIHOCT BBIXOJHOTO CHUTHA-
ma P (f)=20log, |0(m )| 6b1a mOCTpOEHa U3 BpeMEHHBIX
PAOB, IONTYYEHHBIX B 9TUX CEKIVAX, C HOMOIIbIO IIpeo6-
pasoBans Pypee, rie 6 — oneparop mpeobpasosanusa Py-
pbe, a 1, — BHEIIOCKOCTHAsA KOMIIOHEHTA IMHAMIYECKON
HaMarHM49eHHOCTH.

Ilst pacyeTa 3¢ HeKTMBHBIX UCIIEPCHOHHBIX XapaKTePu-
CTMK UCIIO/Ib30BA/ICA METOJL IBYMEPHOTO IIpeobpa3oBaHms
®ypbe. CimHOBBIE BOHBI BO30YXK/JaINCh TeM Ke IIPO-
KOIIOJIOCHBIM [JTHAMUYECKIM MarHUTOM, KOTOPBIil OBLI
OIMNCaH B IpeabiayueM paspene. [llupuHa aHTeHHBI cO-
crassuta 0H=50 Mxm. [Ipy Takux pasmepax MOXKHO IIpefi-
IIOJIOXKUTD, YTO NePeMEHHOe MarHUTHOE I10JIe ICTOYHMKA
VIMeeT paBHOMEpPHOE pacIpefie/ieHue 110 TOJIIVHE IUIeHKN
JKUI. Bronb LieHTpa BONHOBOLHOM CEKLIY PerUCTpUpYeT-
Cs U3MEHAKLIIeecs BO BpeMeH [I0BeJIeH)ie HAMarHI4eHHO-
et mi= | m(z,y,z Ai)dV , e V - 06beM cexuum 06-
JTaCTH, JUCKPeTH3MPOBAHHBIN BpeMeHHOI mar A(f)=75 Hc
v utenbHOCTh T=600 He. Vconbays aAByMepHOe mpe06-
pasoBanue Dypbe, MOXKHO IONYYNTb IByMEPHYI0 KapTy
pacnpenenenns BenuunHbl D(k,f) = %Z 0, [m(x,y,2,t)"
e k - wucno Bonw, 6, - onepatop AByMepHOTro mpeo6pa-
3oBaHMA Qypbe, i — HOMep AYeiKM u N=256 — 4ncio Ade-
€K BJIOJIb LIeHTPa/IbHOI ceKuny BomHoBopa. Kapra D(k, f)
ABJIATCS KBAJJPaTVYHBIM MOIY/IEM aMIUIUTY/bl HAMarHu-
YEHHOCTY VI IO3BOJIAET BOCCTAHOBUTD 9 PEKTUBHBIE JIVIC-
IIePCUOHHbIE XapaKTEePUCTUKI JIA CIIUH-BOTHOBBIX MOJ,
B BOJTHOBOZAX. B mockoctu (fk) MOXHO Takxe ompefe-
JIUTD JIOKa/IbHBIe MaKcUMyMbI BemnauHel D(k,f), dusnde-
CKJ COOTBETCTBYIOLIME MOIaM IIMPYHBI #1-T0 Hopsifka [15]
C TIOTIepeYHbIMI BOTTHOBBIMM YncIamMu K = n% .

Taxoke OBUIM IIOTyYeHBI S-TIapaMeTphl C HOMOIIbIO BeK-
TOPHOTO CETeBOTO aHA/MN3aTOPa. AMIUIUTYHO-4aCTOTHBIE
1 3¢ deKTUBHBIE IUCIIEPCHOHHBIE XaPAKTEPUCTUKY ObIIN
IIOJTy4eHbI 110 YaCTOTHOI 3aBUCUMOCTY a0 COIOTHOTO 3Ha-
4eHNA M aprymenTa koadduimenra S, B crydae, Korja
BO30Y>XK/ieHIe VI IeTeKTMPOBAaHNUe CUTHA/IA OCYIIeCTBILA-
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JTOCb C IIOMOINBIO MI/IKPOHOHOCKOBOI/UI
AHTECHHBI.

OPTOI‘OHa)II)HO COY/ICHCHHbIC
TpexMepHbI€ BOTHOBEAyHI 1€

CTPYKTYPBI

Ha puc. 1 mokxasaHa uccnegyemas Tpex-
MepHas CTPYKTypa U3 TPeX OPTOrOHa/Ib-
HO COYICHEHHBIX MeX[y c060il MUKpPO-
BONHOBOZOB (A, B, C). llIupuHa xaxoi
cexiuu coctassieT w=500 MKM, AaMHA
| =1,=1.=2 500 mxm. Vicxomnas crpykTypa
MOXKeT OBITb IpefiCTaB/IeHa B BIJie TTOCTIe-
JIOBAaTe/IbHOTO COENVHEHNA [BYX IapIu-
anbHbIX cucteM A-B B mmockoctt xy u B-C
B IVIOCKOCTM XZ, [IOMEII[EHHBIX BO BHEIITHEE
OIHOpPOJHOE MarHuTHOE 1osie, H = 1200 9,
HaIpaB/IeHHOe BIOJIb ocK Y. Takast KoHpU-
TypaLysl MIKPOBOTTHOBOZIOB 1 BHEIITHETO
MaTHUTHOTO 1oyt H, obecreunsaet ycmo-
BV JISL PACIIPOCTpaHeH st 06paTHO 00b-
emHon cuaoBoit Bomubl (OOCB) B cek-
VM A ¥ TOBEPXHOCTHOJI CIITHOBOJ BOJTHBI
(TICB) [3] B cextsx Bu C.

MUKpOMarauTHOe MOJeNVpPOBaHNe,
OCHOBAaHHOE€ Ha peLIeHNV ypPaBHEHMNA
JUII, BKIIOYaeT peleHme [BYX 3afjad: CTa-
TIYeCKOIl (pacHpesenieHye BHYTPEHHNX
CTaTMYECKIX MaTHUTHBIX MOJIEN B CTPYK-
Type) U AMHAMIYECKO (pacrpocTpaHe-
HJie CIIVH-BOJTHOBBIX BO30YXX/IEHMIT).

V3 penrenys CTaTNYeCKOI 3aa4n IOMY-
YeHO IIPOCTPAHCTBEHHOE pacIipefiesieHyie
BHYTPEHHEIO CTaTNYeCKOr0 MarHUTHOTO
nonaH =H +H fomag B CVICTEME BOTTHOBO-
JIOB IIPY PA3/IMYHBIX YI7IAX OTK/IOHEHVI
u B (¢ 3a7aeT OTK/IOHEHNE TOJIAA B IVIOCKO-

ABL

Puc. 1. Cxemamuueckoe u3zobpajxceHue uccnedyemol
cmpyKmypo.
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BECTHHK Pcbebi
WHTErPANbHbIX CXEM
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Puc. 2. Pacnpedenenue sHympennezo maznummozo nons 6 cekyusx A, B u C (a). Buympentee none HW(E) npu omxnoneruu Hom ocu x 8 nuaockocmu xy
u om ocu x 6 nnockocmu xz (b) na $=0° 15° 30° u f=0°, 15°, 30°. Jucnepcuonmvie xapaxmepucmuku (c) 601H08e0yU4UX cextyuii A u B.

CTI XY, P B INIOCKOCTY XZ) BHEIIHETO Mar-
HUTHOTO 1O/ H ) OTHOCUTENBHO OCH X.
Ha puc. 2a npepcrapieHbl pacpesiene s
y-KoMIoHeHTsI oyt H, | B cexumsix A-B
u C COOTBETCTBEHHO IIPM OpMEHTALVN
nonst H, sonb ocu y (¢ = = 0°). B cex-
uyu A BHyTpeHHee nione H,  TpakTnye-
CKM COBIIAJIA€T 1O BemunHe ¢ H , Tak Kak
B 3TOM C/Iy4ae HaMarHW4/MBaHMe IIPOYC-
XOJJUT TIO JIHHOU CTOpOHe cekuun (I>w)
U y-KOMIIOHEHTA 10711 pa3MarHNuMBaHUs
H femag MATIR. B cexnusax B u C namaram-
YJBaHUe IIPOUCXOANUT BIOIb KOPOTKUX
CTOPOH CEKLUIi, BIMAHME TI0/IE)l pa3Mar-
HIYVMBAHUA CYIeCTBEHHO VI BHYTPEHHMe
IO/ MeHbllle BHEIIHEIO Ha BeJIMYUHY
nopsgka 50 9. OTMeTnM, 4TO yMeHblIe-
HIle Be/IMYVHDI BHYTPEHHMX IOJIel B CeK-
nyax B u C MUKPOBOTTHOBOJIOB IIPMBOIUT
K CMEIEeHNI0 XapaKTePHBIX YaCTOT Haya-
na criektpa CB f = 7 y Ho (Hy + 47 M)
BHJ13 OTHOCHTE/IbHO aHA/IOTMYHBIX YaCTOT
CIIEKTpa B CEKINU A.

a
-20 Hp=0" — f
oo = 150---
m 49 T = 30°.... m
=, 00 .4‘,-'{’ NN =
e -804 f"\J.'\uh‘\!'u' W
o4 f v ¥ e, Sy, [
=100 — ¥ "m....\ﬁ.,.“u
=120
| | | I [
48 49 5 51 52 53 54 5
f, GHz
-20 =0 — 3 -
a0 JB=15°- fo e
eo) } = 30%--- ettt i
= -60 S \_,.__s\
e [ v
o =80 4
-100 — W\
-120 - I ' I |
48 49 5 51 52 53 54 5

f, GHz

PaccMmoTpuM TpaHchoOpMaIyio npoduia BHYTPEHHETO
MArHUTHOTO IO/ B CEKIVAX CTPYKTYPbI IIpU M3MEHEHUN
YIJIOB OpPMEHTALUM ¢ ¥ [} BHELIHETO MaTHUTHOTO MO, JIyis
yIoOCTBa IpefiCTaB/IeH s pe3y/IbTaTOB BBefieM KOOPANHA-
Ty § KaK [/IMHY KPMBOIi, TPOBEEHHOI BIO/Ib IPOJOTbHBIX
oceif CeKLUI1 OT BXOJHOTO K BBIXOHOMY CeYeHMAM CTPYK-
Typbl. Ha puc. 2b npefcraBieHa 3aBMCUMOCTb BHY TPEHHETO
nons H, (§) mpy pasmuyHbIX yIIax OTK/IOHEHNS BHEIIHe-
ro maruuTHOro ot H . Otknonenne H, B mIockocTn xy
IPYBOJNT K YMEHDIIEHNIO BHY TPEHHNX T1071el1 BO BCEX CeK-
LVIAAX CHCTEMBI TIPY COXpaHeHMM BeMIMHbL. OTKIOHEeHNe
H, B TIOCKOCTM XZ IPAKTUYECKU He BIUSAET HA BEMUIMHY
BHYTPEHHETO MarHUTHOTO 107 H, B CEKUMAX CTPYKTYPBL.
Takum 06pasoM, yrpasiieHue BHy TPEHHUMU MarHUTHBIMI
HOJIsL pacCMAaTpPUBAEMOIT CTPYKTYPBI IIPOMCXOAUT Hanbo-
nee 3¢ PeKTUBHO IpY M3MEHEeHNN HallPaB/IeH sl BHELITHETO
MArHUTHOTO IIOJISl B INIOCKOCTH X}

L1 uccnenoBanmsA XapaKTepUCTUK PACIPOCTPAHEHNs
CB B cucTeMe BOTHOBOJIOB 3a/JaBa/IiCh 0OIACTH, BBINIOHA-
Iolye PO/Ib U3MTYYAKOMINX 1 IPYEMHBIX CIIMHOBBIX AaHTEHH.
[ ymenbienus orpaxenuit CB oT rpaHmn1y BOTHOBOLOB
B YMCTIEHHOM MOJEIVMPOBAHNUN OBUIM BBEJIEHBI PETVOHBI
ABL (absorbing boundary layers, puc.1) ¢ yBenmnuuparo-

(2}

3 T T T 3 T T T 3 T T

0 50 100 150 200 O 50 100 150 200
k, 1/em k, 1/em
[§)
5 .|Z51 —_
------------ G =_-=,-_—,_'7;._£-_—'-—'—'_
o
4 44
5, Se
i i i 3 T T T
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
k, 1/em k, 1/em k, 1/em

Puc. 3. Yacmomuoiii kKoaduuenm nepedauu MOUsHOCMU BbIXOOHO20 CUZHANIA NPU OMKIOHEHUY 8HewHez0 nost Ha y2on ¢ (a): 0° (cunuil, cnnowHas), 15°
(kpactviil, nynxkmupnas), 30° (3enenviil, wimpuxnynxmupras) é nnockocmu xy; 3 (b): 0° (cunuil, cnaownas), 15° (senenviil, nynxmupnas), 30° (uonemosuui,
WMPUXNYHKMUPHAs,) 6 naockocmu xz. Pacuem sddexmuenvix sontosvix uucen 6 ceuenuax S,, S, S npu yenax ¢ u p (c).
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WHTErPAJIbHBIX CXEM

IMIMCS B T€OMETPUYECKOIl IIPOrpeccyyt HapaMeTpoM JvC-
cumarym a=10°-1.

Bo BXOAHOIT ceKumy MIKPOBOITHOBOAA A Oblia pacroso-
JKEHa M3/yYaloljasd aHTeHHa IMPUHO 50 MKM U JITMHOIA,
paBHOJI mupinHe BonHOBoyA. B o6mactsax S,, Sy, S, BHITOMHS-
IOLIUX POJ/Ib IPUEMHBIX aHTEHH, ObUIN TIO/Ty4eHbI JUCKPeT-
Hble BpeMEHHbIe pealn3alnuy /i KOMIIOHEHT BBICOKOYA-
CTOTHOII HAMarHNYEeHHOCTY, OPUEHTNPOBAHHBIX NIepIIeH -
KYJ/LIPHO IVIOCKOCTAM BONHOBOf0B. [lo BpeMeHHbIM peasn-
3aLsAM C IIOMOLIBIO IUCKPeTHOro IpeobpasoBanus Oypoe
OBUIM HOTyYeHBI CIIEKTPa/IbHbIE TTIOTHOCTY MOLIHOCTH KO-
Ne6aHNit HAMarHMYEHHOCTY IIPY PA3/IMYHBIX OPYEHTALVIAX
OIHOPOJHOTO BHEIIHETO MATHUTHOTO 10711 H OTHOCHTENb-
HO mccenyemoit crpykrypst: P (f)=20logn| @ (m) |,
rae @ - omeparop AMCKPETHOTro npeobpasoBanmsa Pypbe.

Pacnpoctpanenne CB aHM30TPOIHO 10 CBOEIT IpMpofe
1 06/magaet ycrepcuert, CymecTBEHHO 3aBIUCALIEN OT B3a-
MMHOJ OpYeHTAlM/ HAMAaTrHMYeHHOCTY ¥ BEKTOPa PaBHO-
BEeCHOIT HaMarHM4eHHOCTH [2]. B 6e3rpaHndHOI 1IeHKe
OOCB u IICB nMer0T pa3nnyHblil YJaCTOTHBII AMAIA30H
CYLIECTBOBAHMA, PA3/Ie/IEHHBIN 4aCTOTOMN f0 Hapymenne
TPAHC/LALVIOHHON CMMMETPUY B IOIEepPEeYHO-OTPAaHIIeH-
HOJI1 BOJTHOBEAYIIEl CTPYKTYpe NPUBOAUT K M3MEHEHUIO
BHYTPEHHIX I0JIelt, YTO TI03BOMIAET HabOMo#aTh 3¢ deKTsI
tpancpopmanuy tunos CB. IIpu aTom mnsa CB obpasyet-
Cs1 BOJHOBEAYIINIT KaHa/l C WIMPUHON w.; = w(p/ (p—2)],
—6(1 +227;n ( % ) — mapameTp, OIpefesIoLi
KpyTUsHy npodust KaHana, BuA GyHkuuy ¢ mpu 9ToM
OIIpefe/nAeTCs U3 YNCTIEHHOTO pacdeTa CTaTMYeCKOTo pac-
Ipefe/eHys] BHYTPEHHEr0 MarHUTHOTO IIOJIA.

Ha nomy4eHHOII KapTe AMCIEPCHOHHBIX XapaKTePUCTHK
MOKHO BUJIETb YaCTOTHYI0 00acTb A(f), B KOTOPOI MOTYT
OIHOBPEMEHHO COCYILIeCTBOBATH ABa Tuma BomH - OOCB
u [ICB. Kpusbivmu F u G, (n=1, 2, 3) oTMeueHbI IIMPUHHbIE
MOJbI 111 BOJIH, PAaCIIPOCTPAHAOIINXCA B ceKIMUAX A 1 B
BJIO/Ib OCH ¥ M X COOTBETCTBEHHO.

e p(0) =

Puc. 4. Cxemamuueckoe uzo6pasxcenue uccnedyemoil cmpyxmypol (a). Pacnpedenenue enympentezo maznummozo nons H
30pom 6 06nacmu counenerus d=0, 10, 20, 50, 200 mm (b) 6 yenmpanvHom ceveHul 601H0600a S
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Ha puc. 3a, b moxasaHsl pe3ynbTaThl
pacyeTa YacCTOTHOTO Ko3(duumeHTa
Tepefjady MOLIHOCTY BBIXOHOTO CUTHA-
/a B BBIXOJTHOM CeYeHMN S TPy yTmax ¢
U  COOTBETCTBEHHO. BupiHO, 4TO OTKIIO-
HeHJe BHEIIHETO [0MarHNYyBaOIIero
TOJIA CYIeCTBEHHO B/INsIET Ha MOLIIHOCTD
TeTeKTUPYeMOro CUTHajma mpu ¢=30°,
a B ClIydae OTKJIOHeHMA Ha yron =30°
IeTEKTUPYEMBIi1 CUTHAJI IOYTH He MPO-
xoput cexuyio C. B To e Bpems mpu
¢=15° u p=15° MO)XHO HAaOMIOAATD JINLIb
He6ombume mpoBasbl (<10 1b) Bo Bcem
paccMaTpyBaeMOM AMAIa30He YacTOT.

Ha puc. 3c mokasaH pesynmbrar pacdeTa
3¢ PeKTUBHBIX BOMTHOBBIX YMCENT B [U-
armasoHe yacToT Bo30Oyxpenns OOCB
u IICB, rae (o=x, ¥, z) dasossiit cisur CB,
KOTOPBII TPOUCXOANUT Ha JynHe L Mexay
BXOJ[OM I BBIXOTIOM B CeKIui,  (f) - Ha-
vanmbHas asa ucrounnka CB. BugHo, ato
B ceKIMM A BO30Y)KIaeMblil TUII BOTHBI
(OOCB) mpuBORUT K 3aBUCUMOCTI keﬁ(f ),
KOTOpas Ka4eCTBEHHO COBIIAZIAeT C JIVIC-
HEepPCUOHHON 3aBUCUMOCTBIO I MOJ
OOCB F,, paccuuTaHHBIX J/Is1 BXOJHOM
cexumu (puc. 2c). OgHako s cexunit B
u C BUAIHO, uTO Haber ¢asbl 1 3 peKTus-
HOE BO/THOBOE 4JIC/I0 HAYMHAIOT YBeIIdN-
BaTbCsl C POCTOM YaCTOTBI, YTO COOTBET-
cTByet cry4dato [ICB, mpu aToM yBenmmye-
HIe BeJIMYMHBI YI/Ia HOAMAarHNIMBaHNA
IPUBOJUT K YBeIM4IeHNI0 Habera dasbl.

Ina cospanus T-o6pasHoil CTPyK-
TYpPbl C OPTOTOHA/IBHBIM COYIEHEHNEM
ABYX ceKuuit J . ¥ ], B KaueCTBe Mar-
HUTHBIX MUKPOBOTHOBOROB (puc. 4a)

368.4 1 d [pm]
PR AN 2 .
o B R o
[7) R 200 ..
© 368.0 o o T——0
T 367.8 A : x
S, U
307.0 T T T
b) o] 640 1280 1920 2560
x-coordinate (pm)
368.4
o [pm]
368.2
=
€ 368.0
= 367.8
36:"‘6 T T T
C) o] 320 640 980 1280
z-coordinate (pm)

.6 cmpykmiype ¢ 3a-

v (¢) 6 uenmpanvrom cevenuu 6071106004 S,
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UICTIONb30BaNNCh ToHKNe TieHkn JKUT
[Y,Fe,(FeO,), (111)] Tommunoit 10 mMxm,
mypuHoy w=500 MM ¥ HaMarHu4eH-
HOCThIO Hachimenus 4nM=1750 G.
bespasmepHblil MapaMeTp JUCCUTIALAN
HoJIaraics paBHbIM a=107, a oOMeHHas
xectkocTb A, =3-107 apr/cm. Viccneny-
eMas CTPYKTypa MOXKeT OBITD IPeCTaB-
neHa B Bupie T-o06pasHoll BOMTHOBeAY-
1eli CUCTEeMBI, IPeACTaBA0Ias coboi
[iBe MarHUTHbIE IIOJIOCKU, 0Opasylo-
mye Tpu CIMH-BOMTHOBBIX KaHaja JIn-
Hou J =] =],=1 280 MKM, TIOMeEIleHHbIX
BO BHEIIHEE OTHOPOAHOE MArHUTHOE
none H, = 370 9, HampaB/eHHOE BJOb
ocu y (puc. la).

Pacnpepenenne HaMarHM4eHHOCTU
Hint’ IIOJTy4€HHOE€ U3 pelIeHNs CTaTu-
YeCKOil 3aJauM B CeYeHM) BOJHOBe-
AYLIUX CEKIMI ]1,3 u J,, IPeNcTaBIeHo
Ha puc. 4b, ¢ cooTBeTCTBeHHO. BupHo,
4TO BHYTpE€HHEE IIOJIE I_Iint IIPpAKTUYECKN
COBIaJaeT 1o BenuunHe ¢ H , uto obe-
crieynBaeT 3G peKTUBHOE BO3OyXAeHME
IMOBEPXHOCTHBIX MATHUTOCTATUYIECKUX
BonH (IIMCB) Bo Bcell cTpyKType.

Bein mpoBefeH pacdeT cHeKTpaib-
HOW IJIOTHOCTU MOIIHOCTN BBIXOJHOI'O
CUrHala B 0671acTsaX, 0603HAUYEHHBIX
MMKpononockosbiMu antenHamn (P )
Ha puc. 4. Ilpu mcnonpsopanunm Oy-
pbe-mpeobpa3oBaHisi ObIIN MOCTPOEHDI
CIIEKTpa/ZIbHbl€ MTOTHOCTN MOUIIHOCTU
curnana P(f), P,(f) nnsa mupun BO3-
pyuHoro 3asopa d=0, 10, 50, 200 MM
npu BOS6Y)KI[€HI/II/I CIIMH-BOJIHOBOTO
curHana B nopte P, (puc. 5). lerextu-
poBanme curHana B obmactu mopra P,
nemoHcTpupyer cuextp IIMCB ¢ mpo-
BajmaMM, CBA3AHHBIMM C IIOBOPOTOM
CIIMH-BOIHOBOTO CHUTHaMa B 001acTn
couneHenus cexuun J, (puc. 5a). YMeHb-
IIeH)e BO3AYIIHOTO 3a30pa MeXAy
CeKOMAMMN yBE€NINYMBACT AMIUIMTYLY
leTeKTUPYeMOro Ha nopte P, curnana.
CneKTpaana;{ IIZTIOTHOCTDb MOINHOCTMH,
IIO/1y4€HHaA Ha IIOPTeE P3, COOTBETCTBYET
cnextpy IIMCB. MHOXeCTBeHHBIE pe-
30HAHCHbIE 0COOEHHOCTN P, BOSHUKAIOT
13-32 IIOTEPY MOLIHOCTI IIPK BO36yXIe-
uuu CB curnana B cexuun J,.

MeTopoM MUKpPOBOTHOBOI CIIEKTPO-
CKOIuM ObIIO TIPOBENEHO IKCIEPUMEH-
Ta/lIbHOE MCCIIeOBAaHME CIIVMH-BOJHO-

Ne 2 (118) anpenb—utoHb 2023 T.
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Puc. 5. CnexmpanvHvie NA0OMHOCMU MOUWHOCMU CNUH-B0THOB020 CUZHANA, NOMYHEHHbIE
6 o6nacmu P, (a) u P, (b) 6 sasucumocmu om eenu4urvl 6030yuino2o 3a3opa d.
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Puc. 6. Yacmomuas 3asucumocms mooyns kosdduuyuernmos S 6 cexyusax ], (a) u] , (b).
Pacuem sppexmustvix sonHosvix uucen S, 6 cexyuax ],  (c)uj , (d).

BOTO TpchnopTa B U3TOTOBJIEHHOW CTPYKType HYTeM
VICITOZIb30BAHU A MI/IKpOHOHOCKOBOf/i JIMHUUN nepena‘m. C
MIOMOIIBI0 METOJA JIa3ePHOTO CKpaiibMpoOBaHus U3 IJIEH-
K1 )Ke)'Ie30-I/ITTpI/[€BOI‘O rpaHaTa 6bIH]/I M3TOTOBJICHBI Mar-
HUTHBIE ITOJIOCKY Ha MOI0XKKE U3 Ia/I/INI-TaOINHIEBO-
ro rpanara [(GGG) Gd,Ga,O , (111)] Tommuuori 500 M.
JmHa TOPM3OHTANbHBIX CEKLMI B 9KCIEPUMEHTaTbHOM
uccnenoBanuu cocrasysa J =J,=J,=3 000 mm. Bosbyxe-
Hue CB ocymecTBIAIOCHh C HOMOLIbI0 MUKPOIIONIOCKOBOM
aHTeHHBI TOMVHON 1 MM u mupuHoi 30 Mm. CTpyKTy-
pa IoMellleHa BO BHEITHee CTaTIYeCKOe MarHUTHOE TIOTIE,
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H =370 3, opueHTMpOBaHHOE BIOMb OCK X /1A 3 deKTuB-
Horo Bo36yxpenns [IMCB.

[Ipu aTOM 6BIIO IPOBEIEHO M3MepeHIie MaTPUIBI S-Ta-
paMeTpoB C MOMOIIbI0 BEKTOPHOTO aHA/IN3aTOPa Liemeil.
PesynbraThl M3MepeHVs MPUBENEHBI HA puc. 6, Ije MoKa-
3aH MOJTy/Tb K09 UIMEHTOB S, COOTBETCTBYIONIMX TIPU-
eMy CUTHa/Ia Ha MUKPOIIOIOCKOBBIX IpeoOpa3oBaTessax
P (n=1, 2, 3) mpu Bo3byxpenun CBU-curnana va ogHOM
13 MUKPOIIO/IOCKOB P (m=1, 2, 3). Ha puc. 6a nokaszana
YaCTOTHAsA 3aBUCMMOCTD MOAY/NA KO3(duimenTos S,
(cnmomnas) u S, (WITpUXOBast), COOTBETCTBYIOIME BO3-
OyXxpeHnio curnana B mopre P u P, u meTexTupopanmio
curxaza Ha nopte P, u P coorBeTcTBeHHO. BUsino, 4to npu
reHepaluy CUTHA/A B IOpTe P, 4acTOTHaA 3aBUCUMOCTD
coorerctByeT IIMCB u curnan sbinte Ha 15 nb, yem npu
reHepanyu curHazna Ha P|. Takoe majienne curHana cpssa-
HO C pacIipoCTpaHeHNeM CUTHA/IA [0 CTOPOHE MarHUTHO
IOJIOCKY, K KOTOPOJI MPUCOeANHEHa BEPTUKAIbHAS CEK-
uns J,. Bos6yxpuenne CB-curnana Ha noprax P, u P mpn
neTexuyy Ha moptax P, u P, (puc. 6b) nemoncTpupyer ot-
CYTCTBUE HeB3aVIMHOCTH pacipocrpanenns CB us-3a ogu-
HAKOBOTO 0TOOPa MONHOCTH CEKINelt |, ¥ TO3BONAET HOMy-
9aTh YACTOTHYIO 3aBUCUMOCTDb MOZyNA Koo urmentos S,
(crmomnas) u S, (Tpnxosas) amnantyno 1o -30 ab.

Ha puc. 6¢, d noxasaH pe3ynbTaT pacyeTa BOTHOBBIX YM-
cel B AMamasoHe 4acTor Bo3byxaenus IIMCB, rae daso-
Bblil caBur CB, KOTOPBIIT IPOMCXOANT Ha JiIMHe L MeXAy
BxofoM P u Bbixomom P B cexuun. BunHo, 4T0 B Cek-
uyn J , (crmomHas) Bos6yskmaemsiit Tun Bomubl (IIMCB)
IPUBOAUT K 3aBUCUMOCTH f(k), KOTOpas KauyeCTBEHHO CO-
BIIJIAET C UCIEePCUOHHOI 3aBUCUMOCTRIO At Moz IIMCB,
TIOKA3aHHOJ Ha puc. 6¢ MyHKTUPHOI tuHKeN D, nomyven-
Hoit anamutudeckn [19]. Onnako pna S, (mTpuxopas)
BUJHO, 4T0 Haber ¢asbl 1 3¢ PeKTIBHOE BOTHOBOE YUC/IO
HauuHaoT or/mm4yarbest ot IIMCB, 4ro cBsA3aHo ¢ pacnpo-
CTpaHeHMeM CHUTHA/IA [0 CTOPOHe MarHUTHOI MOMOCKY,
K KOTOPOIf MpUCOeNHEeHa BePTUKaabHasA CeKIus J,. 3a-
BucuMocts k_(f) ana cnyvas S, (crmomnas) u S, (mrpu-
XOBasi) TaK)Ke Ka4eCTBEHHO COBIAJAeT C AUCIEPCHOHHO
xapakTepuctukoit [IMCB (puc. 3d).

3aknroueHne

Takum 06pa3oM, IpK UCIONB30BAHNN METOJOB MUKPO-
MAarHUTHOTO MOJIe/IMPOBaHMs IJIs1 pacyeTa paBHOBECHOTO
pacipefieneH1sl HAMarHMYeHHOCTY Mbl I10Ka3aay BO3-
MOXXHOCTD TpaHchopMaLyy TPOUISA U BeTNYMHBI BHY-
TPEHHEero MarHUTHOTO IIOJISI IPU OPTOTOHAIbHOM COY-
JIEHEHUU MAarHOHHBIX MMKPOBOJTHOBOHOB. C IOMOLIbIO
pacyeTa XapaKTepPUCTUK CIMH-BOTHOBOI'O TPAHCIIOPTA
OBLIO IIPOJIEMOHCTPUPOBAHO, YTO B TPEXMEPHOII CTPYKTY-

@ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX

pe, o6pasoBaHHOII AByMA L-06pasHbiMu
HapLUMaAbHBIMU CEKLMAMY, BO3MOX-
Ha nepefada CB, compoBoxpaomasics
OZHOBpPEMEHHBIM IpeoOpa3oBaHueM
TUIIa BOJHBI M3 OOpaTHON 006BEMHOI
B IIOBEPXHOCTHYIO BBy HapyLIeHMN:
TPAHC/IALMOHHOI CMMMETPUI B BOJTHO-
Beflylell MarHOHHOM cTpykType. Ilpn
3TOM Bapyauys yI7Ia IOAMAarHM4MBaHNs
HOPUBOAUT K TpaHCHOpMALN TPOPUTIS
BHYTPEHHEr0 MarHUTHOTO IO/A BBUIY
aHM30TponuM GOPMBI U B CBA3M C ITUM
K M3MEHEHUIO aMIUINTYAbL 1 (asbl CUT-
Hajla B BBIXOJHON CEKLUNU CTPYKTYPBL
[TocnenHee 00yC/IOBIEHO HapylLIeHUEM
TPAHCIALVOHHON CUMMETPUM U, KaK
C/IefiCTBIE, TPAaHCPOPMALIMY OJHOTO TUIIA
MarHUTOCTaTUYeCKUX BOJIH B JPYTOIL.
ITokasaHo, YTO B TPEXMEPHOIL CTPYKTYpe,
06pa3oBaHHOI BYMS MarHUTHBIMM IIO-
JIOCKaMU, BO3MO>KHa Ilepefiaua CB B Bep-
TUKaJIbHOM HamnpasjeHun npu T-obpas-
HOM COYIEHEHUN, YTO IOATBEPKAAIT
3KCIlepUMeHTaNbHble pesynbrarel. Ilo-
Ka3aHO, YTO IIpY M3MEHEHN] Be/IVYIHbI
BO3/IYLIHOIO 3a30pa MEXAY CIMH-BOJI-
HOBEAYIIMMM CeKLUAMU OKa3bIBAETCS
BO3MOXXHBIM OCYILECTB/IATh POCTPAH-
CTBEHHO-YACTOTHYIO CEJIEKLIUI0 CUTHAIA.
IIpemioskeHHbIE CTPYKTYPBI IIO3BOJLAIOT
OCYILIeCTB/IATb IPOCTPAaHCTBEHHO-YaCTOT-
HYIO Ce/IEKIIMIO CIIMH-BO/THOBBIX CUTHAJIOB,
4TO fle/IaeT MX MCIIONb30BaHNE IepCIeK-
TUBHBIM B KauyeCTBe (PyHKIMOHAIbHBIX
37IeMEHTOB MEKCOeIMHEeHMs1 B MHOTOC/IO -
HBIX CUCTeMax 00paboTku nHpopMarum.
IIpy aTOM Ha OCHOBE IOC/IEOBATE/IHOTO
COYWIeHEHsI MATHOHHBIX BOJTHOBOZIOB KaK
B JIAT€PAJIbHOM, TaK U B BEPTUKATIbHON
IUVIOCKOCTAX MOYXHO YBEeIMYMBATD IIIOT-
HOCTD PaCIONIOKeHNs (PYHKI[VIOHA/TBHBIX
3/1EMEHTOB MAarHOHHOM CETM.
IIpoexTupoBaHMe TONONOIUI Tpex-
MepHbIX MarHOHHBIX CeTell BBIIIOTHEHO
B paMKax npoekTa PODI] Ne18-29-27026,
IpOBeJleHNe YUCTeHHbIX PacyeToB XapakK-
TEPUCTUK CIIMHOBBIX BOJIH, PacCIpOCTpa-
HAIOIXCA B IPOJOIbHO-HEPETY/LIPHBIX
JKUT-MUKpOCTPYKTYpax, BBIIOTHEHO
B paMKax nnpoexta PH® Ne23-79-30027.
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Functional Interconnections Based on Quasi-Dimensional
and Three-Dimensional Magnon Structures in Lateral and
Vertical Topologies*

Abstract

Alexander V. Sadovnikov
Saratov State University

83 Astrakhanskaya Str.,
Saratov, 410012, Russia
sadovnikovav@gmail.com

Aleksandr A. Martyshkin
Saratov State University

83 Astrakhanskaya Str.,
Saratov, 410012, Russia
aamartyshkin@gmail.com

The mechanism of controlling spin-wave signal transmission in three-dimensional magnon structures formed by
orthogonal joining of magnetic strips of iron-yttrium garnet are investigated. It is shown that control of spin wave
propagation is possible by changing the direction of external magnetic field. Changing the value of air gap between
spin-wave sections makes it possible to control the selection of signal propagating in the output sections of the
structure. The use of structures with broken translational symmetry opens up new possibilities for the formation
of multilayered magnon network topologies and the miniaturization of computing devices based on magnonics

principles.

Keywords: spin waves, magnonics, 3D interconnections, micromagnetic modeling.
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Fig. 1. Schematic illustration of the structure.
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Fig. 2. Distribution of the internal magnetic field in sections A, B and C (a). Internal field Hint y(§) when H, angle of deviation from the x-axis in the xy plane
and from the x-axis in the xz plane (b) by $=0°, 15°, 30° and =0°, 15°, 30°. Dispersion characteristics (c) of waveguide sections A and B.
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Fig. 3. Frequency coefficient of the output signal power when the external field is deviation by an angle ¢ (a): 0° (blue, solid), 15° (red, dashed), 30° (green, dashed) in
xy plane; B (b): 0° (blue, solid), 15° (green, dashed), 30° (purple, dashed) in xz plane. Calculation of effective wave numbers in sections S, S,, S .at angles ¢ and  (c).
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Fig. 4. Schematic illustration of the structure (a). Distribution of internal magnetic field Hint in the structure with gap in the junction area
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-10 -10
20 S'li = -20
30 HI . \ V™ -30
- Iy S _
B -40 1 {/.II ¥ 2 -q0
-60 -I' 'i ] |'| ’r' w -60
S N I
-80 T T T T T 1 -80 T T T T T 1
a) 24 24 26 27 28 29 30 D) 24 24 26 27 28 20 3.0
Frequency (GHz) Frequency (GHz)
3.0 —= 3.0
G
2.0 - e 2.9 -
- 2| B -
— e — o
g * Vs g »® S
~ el
7 S/ 2.7 - #
6 - - T et
gzs -/ Sa - g 25 ¥ S~
’ S;;u = i S’.'I =
2.4 T T . T T
c) o 100 200 300 d) o 100 200 300
k (em-1) k (em-1)

Fig. 6. Frequency dependence of the modulus of Snm coefficients in sections ], (a) and ] , (b). Calculation of effective wave numbers Snm in sections

J,;(c)and] ,(d).

No 2 (118) anpens—utonb 2023 1. DOI: 10.22204/2410-4639-2023-118-02-130-140 139



BECTHHK PddH @ OVHAAMEHTAJIbHBIE NPOBJIEMbI MHOTOYPOBHEBbBIX CUCTEM METAJINU3ALUN VIIbTPABOJIbLLMX
WHTErPAJIbHBIX CXEM

References “/VVVVVVVV\’VVVV\’VVV\’VVVV\’VVW

1. V.V. Kruglyak, S.0. Demokritov, D. Grundler 9. M.T. Niemier, G.H. Bernstein, G. Csaba, A. Dingler, X.S. Hu,
J. Phys. D: Appl. Phys., 2010, 43(26), 264001. S. Kurtz, S. Liu, J. Nahas, W. Porod, M. Siddiq, E. Varga
DOI: 10.1088/0022-3727/43/26/260301. J. Phys.: Condens. Matter, 2011, 23(49), 493202.

2. A.G. Gurevich, G.A. Melkov DOI: 10.1088/0953-8984/23/49/493202.
Magnetization Oscillations and Waves, USA, FL, Boca Raton, CRC- 10. E. Beginin, A. Sadovnikov, V. Sakharov, A. Stognij,
Press, 1996, 456 pp. Y. Khivintsev, S. Nikitov

3. A.V.Chumak, V.I. Vasyuchka, A.A. Serga, B. Hillebrands J. Magn. Magn. Mater., 2018, 492(6), 165647.
Nat. Phys., 2015, 11(6), 453. DOI: 10.1038/nphys3347. DOI: 10.1016/j.jmmm.2019.165647.

4.  D. Stancil, A. Prabhakar 11. A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen,
Spin Waves: Theory and Applications, USA, NY, New York, Springer— E. Garcia-Sanchez, B. Waeyenberge
Verlag, 2009, 360 pp. DOI: 10.1007/978-0-387-77865-5. AIP Adbv., 2014, 4(10), 107133. DOI: 10.1063/1.4899186.

5. A.Khitun, M. Bao, K.L. Wang 12.  A.V.Sadovnikov, C.S. Davies, V.V. Kruglyak, D.V. Romanenko,
J. Phys. D: Appl. Phys., 2010, 43(26), 264005. S.V. Grishin, E.N. Beginin, Y.P. Sharaevskii, S.A. Nikitov
DOI: 10.1088/0022-3727/43/26/264005. Phys. Rev. B, 2017, 96, 060401 (R).

6.  A. Ustinov, Y. Fetisov, G. Srinivasan DOI: 10.1103/PhysRevB.96.060401.

Tech. Phys.Lett., 2008, 64, 593. DOI: 10.1109/ULTSYM.2012.0622. 13. A.A.Serga, A.V. Chumak, B. Hillebrands

7. A.V.Sadovnikov, V.A. Gubanov, S.E. Sheshukova, J. Phys. D: Appl. Phys., 2010, 43(26), 264002.
Y.P. Sharaevskii, S.A. Nikitov DOI: 10.1088/0022-3727/43/26/264002.
Phys. Rev. Appl., 2018, 9(5), 051002. 14. R. Damon, J. Eschbach
DOI: 10.1103/PhysRevApplied.9.051002. J. Phys. Chem. Solids, 1961, 19(3-4), 308.

8. A.V.Sadovnikov, A.A. Grachev, S.E. Sheshukova, DOI: 10.1016/0022-3697(61)90041-5.

Y.P. Sharaevskii, A.A. Serdobintsev, D.M. Mitin, S.A. Nikitov 15. T.W. O’Keeffe, R.W. Patterson
Phys. Rev. Lett., 2018, 120(25), 257203. J. Appl. Phys., 1978, 49(9), 4886.
DOI: 10.1103/PhysRevLett.120.257203. DOI: 10.1063/1.325522.

140 DOI: 10.22204/2410-4639-2023-118-02-130-140  Ne 2 (118) anpenb—utoHs 2023 r.



®VHAAMEHTANbHbIE NPOBJIEMbI MHOr0YPOBHEBBIX CUCTEM METANMU3ALMKN VIIbTPABONbLUNX @ BECTHHK PdrebH

WHTETPAJIbHbIX CXEM

NccnenoBaHNe CBOMICTB MATHUTOONTYECKIX IVIEHOK
VI IVIECHOYHBIX HAHOCTPYKTYP /11 MHTETPATbHO-ONTHYECKUX

HEB3aMMHBIX YCTPOJCTB MEKXCOEAVHEHNII BEPXHEro YPOBH:I
YBUC*

E.A. Bunxos, C.C. Cagponos, A.I! Temupsaszes, A.C. Qedopos, A.A. Gedoposa, M.B. Jlozyros

MpuBeaeH 0630p OCHOBHbIX PE3YNLTATOB BbINOMHEHUS npoekTa PO B 06nacTu CUHTE3a, UCCNefoBaHNS U MOENNPOBaHNS
MarHUTOONTUYECKIX NNEHOK U NIEHOYHbIX HAHOCTPYKTYP ANS UHTErpanbHO-0NTUYECKNX HEB3AUMHBIX YCTPOMCTB MEXCOEANHEHWIA
BEPXHEr0 YPOBHS ynbTPabonbLumx uHTerpanbHbix cxem (YBIC). Ha ocHoBaHUN pesynbTatos UCCes0BaHIA HaHO- U MUKOCEKYHAHBIX
NMPOLIECCOB B MArHUTHBIX MNEHKAX — AUHAMUKN CMIMHOB B MOHOZOMEHHON MNEHKE W AUHAMUKIN JOMEHHbIX rpaHiiL, B MHOTOJOMEHHOI
M/EHKE — PACCMOTPEHbI BO3MOXXHOCTY Pa3paboTKy ObICTPOAENCTBYIOLLMX YCTPONCTB ONTUKI-HA-KPUCTANNE, BKNOYAs YCTPOICTBA
TeparepLesoro AuanasoHa 4actor.

Knrouesble cnosa: ynbTpabonbLUne UHTErpanbHbIe CXeMbl, MarHUTOONTUKA, HEB3AUMHbIE YCTPONCTBA, CNH-(OTOHIKA, ONTU-
Ka-Ha-Kpucranne.

*Paboma evimontera npu purarcosoti noodepycke PODI (npoexm Nel8-29-27020).

Beenenue

B ynbpTpabonbuinx NHTErpaIbHBIX CXe-
max (YBVIC) ceTka coenmHeHmit CTaHO-
BUTCS Ype3BBIUAITHO CTIOKHOI M MHOTO-
ypoBHeBoi1 [1] (mecATKM ypoBHeli), YTO
OTPaHUYMBAET POCT TMPOU3BOUTEND-
HOCTU MHOTOSIIEPHBIX MPOIECCOPOB
U Hae)XHOCTh MHTETPATBHBIX CXeM.
[Tpu sTOM OO6IIas ATMHA TPOBOIHUKOB
B MUKPOCXeMe TIpolfeccopa mpubmmka-
eTcs K 100 KM 11 CTAHOBUTCS CYIIeCTBEH-
HBIM WM JTaXKe OCHOBHBIM MCTOYHMKOM
sHepronoTepb u Harpesa YbBJIC. B ka-
YeCcTBe MePCIEeKTUBHOTO CIIOCo6a pelire-
HUS TPO6TeMbl METAITU3AI[UY AKTUBHO
MICCTIeNIyeTCsl BO3MOXKHOCTD IIepexofa
OT META/TMIECKUX K ONTUIECKIUM MEXK-
coefilHeHNAM BepxHero ypoBH:a YBVIC
[2-4], 4To MO3BOMUT MHOTOKPATHO TIO-

PAANOTEXHINKIA 1 SNEKTPOHIKM
M. B.A. KotenbHukosa PAH

M. B.A. KotenbHukosa PAH
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M. B.A. KotenbHukosa PAH

BBICUTbH CKOPOCTH Iepefadull JAHHBIX U MCKIIOYNTH Ie-
peKpecTHbIe IIOMeXM, Hen36eXXHO BO3pacTaiouiue Ipu
CHIDKEHIY TOTIONIOTMYECKIX Pa3MepOB MIUKPOCXeM U CO-
KpallleHN! PAcCTOSHYS MeX/Y MeTalnn4eCKIMI IIPOBO-
JHUKAMIL.

OCHOBHBI€E 3/1eMeHTbI ONTUKNU-HA-KPUCTATITIE Te K€, YTO
¥ B BOTIOKOHHO-ONTUYECKNX MUHMUAX CBSI3N: U3Ty4aTelb,
MOJY/IATOP, ONTUYECKNIT KaHas, GOTONPUEMHIK, 1eMO-
nynarop. I[Ipu aToM pasHOOOpasue BOSHMKAIOLINX TeXHM-
YeCKIX 3a/jad BeCbMa BEMNKO, TaK KaK, B OT/IMNYME OT M3-
BECTHBIX BOTIOKOHHO-ONTNYECKUX CUCTEM, IPK paspaboTke
971eMEHTOB ONTUKM-Ha-KPUCTA/IIE HeOOXOMMMO CO3aBaTh
MIUHUATIOPHBIE YCTPOICTBA, COBMECTHIMbIE C TEXHOIOTMAMMI
YBUC. Pemtenne psaga 3agad Tpebyer GpyH/aMeHTaNbHbIX
TIO/IXO/I0B IO TIOMCKY HOBBIX NMPUHINIIOB QYHKIVIOHIPO-
BaHNsI TaKMX IPHOOPOB 1 paspaboTKe HOBBIX MATEPUAIOB
VIS X peanusauuu. B kauecTBe OCHOBHBIX MaTepyanoB
JULS1 MATHUTOONITHYECKIX 9/1EMEHTOB ONTHUKI-Ha-KPUCTATI-
Jie B IOCTIefiHee BpeMs pacCMaTpUBaiOTCsA (peppuUThI-rpa-
HaTBI [4-6]. OTO 00YCIOB/IEHO PEKOPHBIMY BeIMYMHAMYI

BUJTKOB | CA®OHOB TEMUPA3EB

Esrenuit AnexcanapoBuy . Cepreii CranucnaBoBuy Anexceil Mpuropbesuy
npoceccop, VHCTUTYT paanoTexHinkin ®psauHcKIn dunuan VHeTTyTa
®pstauHekuii onnan MHetutyta 11 3NEKTPOHNKM PafVIOTEXHIAKY 11 3NEKTPOHMKIA

M. B.A. KotenbHukosa PAH

GENI0POB ®EJOPOBA JioryHos

Anppeii Cepreesuy Auna AnToHoBHA Muxaun Bnagumuposuy
VHCTITYT paavoTEXHIKIA VIHCTATYT PaaVIOTEXHIKIA npoceccop,

1 ANEKTPOHNKN 1 ANEKTPOHWKI V]HCTVITyT PaaNOTEXHNKI

11 3NEKTPOHUKM
M. B.A. KotenbHukosa PAH
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BpallleHMs1 II0OCKOCTH mossipusanun ceeta (addexra Pa-
pazies) B peppuTax-rpaHaTax, IerMpOBAHHBIX BUCMYTOM
ym tepueM. JIpyroit MHTepecHbII MOMEHT — BO3MOXKHOCTH
BapMaluy CBOCTB eppuTOB-rpaHaToB Oarogaps 60b-
IO KpUCTA/INYecKolt stueiike (160 aTtoMoB), 4TO mpuU-
BJIEKaeT BHUMaHMe K HM ¥ KaK K OfHOMY 13 MaTepyaioB
CIVH-(OTOHMKI Y MOJIEKY/LIPHON 9/IEKTPOHUKM.

3ajava MOMy4YeHyst MarHUTOOITIYECKOTO MaTepyaia, Co-
OTBETCTBYIOILIETO TPeOOBAHMAM MUKPOINIEKTPOHMKI K 97Ie-
MeHTaM OITHUKM-Ha-KpyCTa/ie (HAHOMETPOBBIE TOJIVHBI
I/ICHOK, COBMECTUMOCTD ¢ KPEMHVEBBIMU TEXHOJIOTUAMIA,
TEPMOCTAOWIBHOCTD U [IP.), CIO>KHA 1 ABJIAETCSA IIpefMe-
TOM aKTMBHOTO IIOVICKA BO MHOTUX MCCIIEf{OBATENbCKUX
neHTpax. [IpoBOAATCS IOUCKOBBIE UCCIE[OBAHNSA METOLOB
CMHTe3a ¥ ONITYIMU3ALINY IIapaMeTPOB IIEHOK [7, 8] u Mar-
HUTOONTNYECKNX HeB3aMIMHBIX YCTPOICTB [4-8], uaeT mo-
VICK HOBBIX IIPVHIUIIOB (YHKIVIOHNPOBAHNUSA YCTPOIICTB
ONTHUKM-HA-KpUCTaIe [9] u myTeil cOrmacoBaHysA MarHN-
TOONTNYECKUX IEMEHTOB C TEXHOMOTUAMY KPEMHUEBOIL
MuKpoanekTponuku [10-13]. Hanbornee mpusiexaTenbHbl
MarHMTOOITIYECKIe IVIEHKM /I pa3pabOTK HeB3aMMHBIX
YCTPOJVICTB OITYUKM-HA-KPUCTAJUIE — ONTUIECKNX M30TIATO-
POB, IMPKYIATOPOB, MHTepPepomeTpoB Maxa — Ianzepa
[4-8, 14]. B onTuke Takme HeB3aMMHBIE YCTPONCTBA, KaK
V30JIATOPBI, AB/IAIOTCA aHAJIOTaMV AMOJA: OHMU IIPOIyCKa-
I0T CBETOBOJI CUTHA/I TOTIbKO B OJHOM HAIIpaB/IeHNUN. JTO
He0OXO/IMMO, HAIIpUMeP, JJLA 3aLUThI MICTOYHIKOB CUTHAJIA
OT 06PATHOTO OTPAKEHNA 1 BBIIIOJTHEHNSA APYTUX PYHKIMIL
B OITUYECKVX LETIsX.

Psijy O/Ty4eHHBIX TPV BBIIIOJIHEHNY IIPOEKTA pe3y/IbTa-
TOB OTHOCKUTCS K BOIIPOCAM YIIpaB/IeHNs HeB3aUMHBIMI
YCTPOVICTBAMY U NOKCKY OITMMA/IbHOTO [MANa3oHa [INH
BOJIH /11 QYHKIMOHMPOBAHMA YCTPOJICTB ONTUKY-HA-KPU-
crajie. B o/mmune oT BOOKOHHO-ONTUYECKIUX JIMHNUI CBA-
31, Ijie AMAIa3oH JUIMH BOMH (~1.55 MKM) ompepensercs
MMHVMMaJIbHBIMM ONTUYECKUMU TOTepPSMU /I obecre-
YeHNA PacIpOCTPaHEHNUA CBETa HAa MHOTVE KIJIOMETPBHI,
B OIITMKe-HAa-KPUCTA//le PACCTOSHIUA U3MEPAIOTC MIIIN-
MeTpaMU U Ha IepPBbIil IVIAH BHICTYNAIOT TPeOOBAHMA MM~
HMATIOPHOCTH, TEPMOCTAOMIBHOCTU U OBICTPO/EIICTBYLS.
B cBA3M ¢ paboTamu 10 TIOMCKY HOBBIX YC/IOBMII U AMaIa-
30HOB PabOTbI YCTPOIICTB ONTUKM-HA-KpUcTayte [14-16]
B IIPOEKTE VMCCIEOBAHbl BO3MOXHOCTY PabOThI TaKUX
YCTpPOJICTB B TeparepIeBoM Auarna3oHe 4actor [14, 17-19].
OH MOXeT OBITb ePCIeKTUBHBIM JI OITHUKY-Ha-KPUCTAII-
Jle, TaK KaK B MacIITabaX MUKPOCXEMBI PaclipOCTpaHeHNe
TepareplLeBbIX CUTHA/IOB BIIOJIHE BO3MOXKHO. YIIpaByseMas
reHepalys TeparepreBblx Kole6aHui B MArHUTHBIX HAHO-
CTPYKTypaX OTKpPBIBAeT IIEePCIIEKTHBDI IIOBBILIEHNUS ObICT-
POZJEiCTBISA YCTPONCTB Ha HECKOIbKO IIOPAJKOB, BIJIOTh
10 pabo4MX 4acToOT B IeCATKY Teparepl]. Takum o6pasom,
TeMaTMKa IPOEeKTa COOTBETCTBYET Hauboee aKTyaTbHbIM
HAIIpaB/IeHNAM PasBUTYA OITHKY-HA-KPUCTAJIIE JLS TIONC-
Ka pelleHys Ipo61eMbl MHOTOYPOBHEBBIX CUCTEM MeETall-
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am3annun YHpra6OIIbH.U/IX MHTETpaIbHbIX
CXEM.

MeTopabI ccTeqOBaHMIT

[Ipy mpaKTHYecKoil peaansaluy OIl-
TUYECKMX MEeXKCOe[MHEeHNII BEPXHEero
ypoBHa YBVIC BaXxHO y4nThIBaTh MHO-
ro(pakTOpHbIe 3aBUCUMOCTY TAPaMeTPOB
MaTepMaJioB 1 CO3[jaBaeMbIX Ha 1X Oase
MHTErpaTbHO-ONTUIECKIX HeB3aMMHbBIX
ycrpoitctB. CIeKTpajnbHble CBOIICTBA
IJIEHOK VICCTIEIOBA/IN C MICTIO/Nb30BAHUEM
CIIEKTPOMETpPa LMPKYIAPHOTO AUXPON3-
Mma JASCO J-1500, fomomHeHHOTO Ipu-
CTaBKOJ /IS PeTUCTPALUY AVMCIEPCUN
OIITMYECKOTO BpallleHusA, KPMOCTATOM
u HarpesareneM (93-500 K). Hamu pas-
paboTaHa MarHMTHAs CUCTeMa K CIIeK-
TPOMETPY, 4TO MO3BOTIMIO 6e3 3aMeHbI
obpasla MCcCIeoBaTh He TOMBKO OITH-
JecKie, HO ¥ MarHMTOOITHYECKMe Ia-
paMeTpbl: MarHUTHBIA LMPKYISAPHBIN
U IMHeHBbI auxpousM, addext Papa-
fiesd ¥ TIeT/IN TUCTepe3uca B yabrpaduo-
JIeTOBOM, BUIUMOM 1 OmvkHeM MHOpa-
KpacHOM puamnaszoHax (170-950 um).
brarogaps HaKOIIEHNMIO CUTHA/IOB U VX
Hocenymoueir 06paboTke 3aperucTpu-
POBaHBI CIEKTPBI IpeleIbHO TOHKMX
MarHUTOONTNYECKNUX IJIEHOK, TOIINHA
KOTOPBIX CPAaBHUMA C NEPUOJOM KpH-
CTa//INYECKOI PEIIeTKN IpaHaTa, ~1 HM.

I[Tpoueccol GopMUpPOBaHKA ¥ YIIPaB-
NeHNA JBIDKEHMEM JOMEHHBIX TPaHMUII
B MAarHUTHBIX IUIEHKAX JCC/IeOBATIN
paspaboTaHHBIM paHee MarHUTOOITIYe-
ckuM MeTozoM [20, 21]. B HeM coBMeCTHO
HpYMeHEHbI METOJIBI IIPOCTPAHCTBEHHOI
¢GuUIbTpanMy BBIXOJHOTO OITUYECKOTO
[IOTOKA U MMITY/IbCHOM IIepeX0OHOI peak-
IV B PeKIMe PearbHOIO BPeMEeHI! C JIC-
nonb3oBaHreM Oypbe-o6pasa JOMEHHOI
CTPYKTYpBI 1 AM(PAKIMOHHBIX MaKCH-
MYMOB BBICOKUX HOPSAJKOB IIPM pery-
CTpaLMyl CUTHAJIOB IlepeMarHN4MBaHIA
(puc. 1). 31O TIO3BOMNIIO HOBBICUTD YYB-
CTBUTENTBHOCTD K IMHAMIYECKOMY CMe-
I[eHNIO JOMEHHbIX TPaHNI] 10 PeKOPAHOI
HPY ONITUYECKIX U3MEPEeHNAX BeI/HbI
5 HM 1 3aperiCTPUPOBATD VX IBOIOLINIO
C BpeMEHHBIM paspenieHneM 1 HC.

[lna mccnenoBaHNMA IOBEPXHOCTH
¥ JOMEHHOJI CTPYKTYPBbI IVIEHOK JICTIONb-
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30Ba/IM ONTHYECKNe IIONAPU3ALNOH-
HbIe 11 AaTOMHO-CIU/IOBbIe CKaHUPYIOLINe
mukpockonsl NT-MDT Solver P47H
u SmartSPM (AIST-NT), gns perucrpa-
MU TIeTe/Ib TUCTepe3uca — BUOpaIMOH-
HBIT MarauToMeTp BM-2K u marauro-
ONTNYECKYIO YCTAaHOBKY Ha 6a3e apdexra
Keppa, mia xonrpona CBY-cBoiicTB -
BEKTOPHBIII aHanu3arop uemneit go 18 I'Ti,
/I YIpaBAeHNA aNIapaTypoil u Mo-
[leMMPOBAHNUA — CIIeNMANTN3MPOBAHHOE
nporpammHoe obecnederne COMSOL
Multiphysics, LabVIEW, MATLAB.

Ha 3ak/mi04nTe/IbHOM 3Talle BBHIIOTHE-
HIA IPOEKTA MCIIO/NTb30BANACh YCTAHOB-
Ka HaKayKV/30HAMpPOBaHUA, paboTaro-
mas B AyanasoHe Temueparyp 6-400 K
C BpeMeHHBIM paspelneHueM 1o 20 dc.
YcranoBka cobpana B VPO um. B.A. Ko-
tenbHUKOBa PAH npu BpInonHeHnn Mera-
TPaHTa, BeAYILINIT YUeHblil — IIpodeccop
Yuusepcutera Pagbayna (Hupepnanpsr)
AN. Kupnmox.

OcHOBHbIE pe3yIbTaThl

Kesasucmamuueckue céoticmea

MAZHUMOONMUYECKUX NTEHOK

U HAHOCMPYKMYP

OrpaboTaHbl METORUKM CHHTE3a U 06-
paboTKM MArHNTOOITIYECKIX BUCMYTCO-
JiepXKAIMX [IEHOK (heppUTOB-IPAHATOB
¥ IVIEHOYHBIX CTPYKTYP MUKDPOHHbIX
¥l HAHOMETPOBBIX TOJILINH /i1 HEB3ANM-
HBIX JCTPOJCTB ONTUKM-HA-KPUCTAIIE
KaK BapuaHTa peleHns mpobmeMbl MHO-
TOYPOBHEBBIX CHUCTEM MeTajlIN3alii
Y/IBTPAOO/BIINX VHTETPANBHBIX CXEM.
OCHOBHOE BHMMaHUE YAETICHO Pa3BUTUIO
MeTOf}a IOHHOTO PACIIBUIEHNS U TIOVICKY
Iy Tell CMHTe3a BUCMYTCOZEPKALIVX IITe-
HOK HAaHOMETPOBBIX TOJIIH C BBICOKH-
MJ MAaTHUTOOITIYIECKVMI [TaAPAMeTPAMI
(puc. 2), BompocaM obecredeHns COBMe-
CTMMOCTH C TEXHO/IOTVSIMY HIOTTYIIPOBO-
JHMKOBOJ MUKPO3TeKTpoHuKI. OTpabo-
TaHbl METOLVKI KOPPEKIINH TAPAMETPOB
IIEHOK B pe3y/IbTaTe MOC/IOMHOTO TPaB-
JIeHVSI IVIEHOK METOZLOM MIOHHO-TTy4€BOTO
PACIBUIEHNSI IYIKOM JOHOB KICTTOPOZa.
[Tokas3aHo, 9TO KOIPLMTUBHAS CUJIA TI/Ie-
HOK B 00/1aCTVM MarHWTHBIX IIOJIE, CO-
OTBETCTBYIOLINX [BJDKEHIIO TOMEHHBIX
TPaHINL, B pe3y/bTaTe I7Iy0OKOro MOC/ION-

Ne 2 (118) anpenb—utonb 2023 T.

Puc. 1. Cxema sxcnepumenma. Vccnedyemoiii 06pasey, - MAzHUMHAS NeHKA ¢ 00-
MEHHOIL CIPYKMypotl Ha npo3pauHotl nodnoxke. Bosoymoarousuii umnynoc nase-
pa ¢ yupxynaproii nonapusavueti (Pump-pulse, \=527 nm) nanpaenen nepneHou-
KyZAPHO nosepxHocmu 06pasua, 6007b 0CU MAZHUMHOL AHUZOMPONULL NIIEHKU.
Jlunetino nonspusosantviii 3oHoupyowuti ny4 nasepa (Probe CW, A=632 nm)
UCNONL306aH OIS PeUCHPAUUU USMEHEHUS COCIOHUA 0OMEHHbIX 2PaHuUl, Oug-
PAKIUUOHHBIM MENOOOM.
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Puc. 2. Cnexmput appexma Papadest 6 nieHxkax deppuma-zpanHama HOMuUHALb-

Hoeo cocmasa Bi Fe O, Tonuwuna nnenox h eapvupyemcs om 10 9o 303 rm.

Yoenvroe spaujerue niockocmu noaspusayuu ceéema oocmueaem 37 2pad/mkm
Ha 0nuHe 8onHbL 400 HM.

HOTO TpaB/ieHNUA 10 90% TOIIMHBI IVIEHOK He ITPEeBBINIAeT
0.6 9, 4TO BaYKHO IIPY UCIONb30BAaHMUM IIIEHOK B YCTPOIi-
cTBax Ha 6a3e JOMEHHBIX IPAHMI] U JPYIUX HAaHOpa3Mep-
HBIX CIIMHOBBIX TEKCTYp [22].

[TpoBepeHbI SKCIIEpYMEHTATIbHBIE MCCTIEOBAHMA M MOJie-
JIMPOBAHMeE CIEKTPATbHBIX CBOJICTB MarHUTOONTUYECKIX
wieHoK (addekra dapazmess, MArHUTHOTO LMPKYIAPHO-
r0 UXpoM3Ma, puc. 3) B yAbTpadoneToBOM, BULUMOM
u 6/KHeM MHPpaKpacHOM fiuanasoHax. O6a ymoMsaHy THIX
¢bnsnyecknx apdexra — MarHUTHBII LUPKY/ISAPHBII FUXPO-
usM 1 9 ekt Papajess — MOTYT OBITH UCIIOB30BAHBI /IS
YIPaB/IeHUA COCTOSAHMEM HaMarHMYeHHOCTH IJICHOK OII-
TUYECKMMI METOJAMI, C IOMOLIIBIO JIA3E€PHBIX NMITY/IbCOB
U, 9YTO BA)XXHO, 0€3 IIPMIOXKEHNA BHEIIHETO MarHNTHOTO
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Puc. 3. Temnepamyprvie 3a6UCUMOCIY MAZHUMHO020 UWUPKYTIAPHO20 OUXPOUIMA
(MCD) u agppexma Papades (FE) 6 okpecmuocmu memnepamypot KomMneHcauuu
MmaznumHozo momenma deppumazrnemura T, =272 K.

nonA. [Ipu 3ToM 3HaHMe CHEKTpanbHBIX 3aBUCHMOCTeEN
MarHuTOONTHYeCKNX 3G HeKTOB MO3BOSIET BHIOPATD OII-
TUMAJIbHYIO IIVHY BOJIHBI CBETA /1A yIIPAaBJIeHN YCTPOil-
ctBamu. IlonmydeHHble pe3ynbTaThl UCIIONIb30BAHBI JJIA
IIOCTPOEHNSA ¥ ONTUMU3ALNY MOAENN OINTUYECKOTO 130-
nATopa Ha 6ase IIEHOK (eppUTOB-TPAHATOB HAHOMETPO-
BBIX TOJIIIVH, TEPMOCTAOMIM3AINN TUTEHOK U T/IEHOYHBIX
HaHOCTPYKTYP, a TaKoKe IPU UCCTIeJOBAaHNM HAaHO- U IN-
KOCEKYHJIHBIX IIPOL[€CCOB, MHAYLVPOBaHHbIX /Ia3ePHBIMU
UMITyJIbCaM/l B MaTHUTHBIX I/IEHKAX — AMHAMMKY CIVHOB
B MOHOJIOMEHHOIJ! II/IeHKe U JUHAMMKY JOMEHHBIX IPaHMUI]
B MHOTOJIOMEHHOIJ1 II/IeHKe.

Jlns matepuanos, MpegHa3HAYEHHBIX K MCIIONb30BAHNIO
B KayeCcTBe OCHOBBI 37IEMEHTOB ONTUYECKNX MEXKCOenU-
HEHMII BEPXHETO YPOBHS YIbTPabO/IbIINX MHTETPATbHbIX
CXeM, B)XHO 00eCreynTh TePMOCTAOUIBHOCTD UX PabOTHI
B CBsI31 €O 3HaunTenbHbIM HarpeBoM Y BVIC B pabouem pe-
xxume. Hampumep, paboTocrocoOHOCTb ONMTUIECKUX U30-
JIATOPOB [ ONTYUKY-HA-KPUCTAJJIE HY>)KHO 00eCIednTh
IpY 3HAYNTETbHOM MI3MEHEHUN TeMIlepaTypbl U OfHOBpe-
MeHHO 6e3 UCITONb30BaHNUs BHENIHNX MCTOYHMKOB Mar-
HUTHBIX TI0JIeA, 9TO JUKTYeT He0OXOAMMOCTD IIPYIMEHEHN A
MarHUTOXKeCTKMX IJICHOK JI/I TAKUX 9/1IeMeHTOB. TepMocTa-
OWIBHOCTD M YCTOMYMBOCTD pabOThI HEB3aMMHBIX MarHu-
TOOITNYECKUX 371EMEHTOB BO MHOTOM OIIpefeNnsieTCs Kop-
LUTUBHOI CUJION MaTepuaa. 3aBUCHMOCTY KOIPLUTUBHOI
CUJIBI IVIEHOK (peppPUTOB-TPAHATOB OT TEMIIEPATYPhl MOXHO

- - - Magnetic hehd
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B 3HAQUNTE/IbHOI CTEIIeHU BapbUPOBATh,
BBOJIS B JOJEKadAPNIECKYI0 TIOpeNIeT-
Ky pefKO3eMe/bHbIe MOHBI C 3aMeTHBIM
MarHMTHBIM MOMEHTOM ¥ M3MEHSA TeM
CaMBIM TeMIIEPaTypy KOMIIEHCALNY Mar-
HJMTHOTO MOMEHTA [OJJpeIIeTOK TPaHaTa.

CocTosiHVIe HAMATHNYEHHOCTH B IIEH-
Kax JI HAHOCTPYKTYPax Ha OCHOBE TaKUX
IJICHOK MOTYT 3HAYUTEIbHO OT/INYAThCH,
HalpyuMep, 13-3a IIOJNeil paccesHus
Ha TpaHUIaX HAHOCTPYKTYp. Vccneno-
BaHBI PABHOBECHOE pacIpefie/ieHne Ha-
MarHW4eHHOCTH U IIPOLIeCCHI IepeMarHu-
4YBaHNA HAHOCTPYKTYP B BUJIE TIOI0COK
(puc. 4). TlokasaHo, 4TO HapyIIeHNe CUM-
METPUM YCTOMYMBBIX COCTOAHMIT HaMar-
HUYEHHOCTY B HAHOIOJIOCKeE IIepeMEeHHOI
IIVPYHBI MOXET OBITh pean30BaHo C I0-
MOII[bIO CTAaTIYECKOTO MaTrHUTHOTO IO/,
IPUIOXXEHHOTO MEePIEeHAUKY/IAPHO JIer-
Kot ocnt peppomarneruka [23].

B nocnepnee Bpems aHTu(eppoMarte-
TUKI IPUBJIEKAIOT OO/IbIIIOe BHUMaHNUeE
KaK MepCIeKTUBHbIe MaTepyabl CIIMH-
TPOHMKY [ 9HEProaddeKTUBHBIX
¥l BBICOKOIIPOM3BOJUITE/TbHBIX YCTPOVICTB
obpaborku nHdpopmanumu. OgHAKO MX
IpeMMYIeCTBa IPUBOAAT ¥ K TEXHO-
JIOTMYeCKUM TPYRHOCTAM B KOHTpOJIE
1 0OHapY>KeHNN aHTU(epPOMATHUTHBIX
COCTOSIHUII M3-3a OTCYTCTBMA YUCTON
HaMarHnyeHHOCTU. DeppuMarHeTnkn
B TOYKe MAarHMTHOJ KOMIICHCALINN Jie-
MOHCTPYPYIOT OTCYTCTBYE OOIIIero Mar-
HUTHOTO MOMEHTA U, COOTBETCTBEHHO,
CTAHOBATCA aHA/JOraMu aHTU(Eppo-
MarHetukos (puc. 5). Ho umenT Bax-
HOe OT/INYNe: CBOMCTBA IIOJpELIeTOK
B eppMMarHeTNKaX He MOTHOCTBIO 9K-
BUBAJICHTHBI JlaKe B KOMIIEHCHPOBaH-
HOM cocrosHun. CrlefoBaTenbHoO, i
JIeTEKTUPOBAHNUSA COCTOSHUSA KOMIICHCH-

HAN -

L= 1800 nm

H=00De H=1000 D=
Magnetic fmkl
ﬁ E [ =180 nm
HzOe H = 1000 Oe

Puc. 4. Jlomervt 8 MaZHUMHDIX HAHOCIPYKIMYPAX: IKChepuMeHm (c71e8a, MAZHUMHO-CUTIOBAS MUKPOCKONIA) U MOOenuposarue (cnpasa).
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POBAHHOTO (peppyMarHeTNKa MOXHO UC-
TI0/Ib30BATh XOPOIIIO N3BECTHDIE METOIBI,
TaKye KaK MarHUToonTn4eckue spdexrst
®apapest u Keppa, aHomanbHbIil 9 dexT
Xomna u fpyrue.

C nomopio appexra Papapes ncce-
JIOBaH IIePeXOfi OT KOJUIMHEapHOI K Ha-
KJIOHHOJI MarHUTHOI (a3e B IBYXIIOJ-
peureToyHOM peppuMarHeryke (IJIeHKe
deppura-rpaHaTa Ha HOJJIOXKKE Tafio-
JIMHUI-TQ/UINEBOTO TpaHaTa) B MarHUT-
HOM I1o71e ¢ MHAyKuueit go 50 Tn, opu-
EHTMPOBAHHOM BJJOJIb HAIIPABJIEHNUS OCK
jerkoro Hamaruuuusanus [24]. Ilpu ne-
pexofie K HaKJIOHHON (hase mepecTpoit-
Ka MarHUTHON CTPYKTYPBI KOHTPOJIM-
pyercsa CnabbIMy B3aMMOJEICTBUAMMU
VI TIOABJIAETCSA BO3MOXKHOCTD peanysa-
MY MHOXKECTBA MAarHUTHBIX (pa3oBbIX
fuarpaMM. B HemocpepcTBeHHON 67y-
30CTY OT TeMIIepaTypbl KOMIIEHCALIVN
Ha0/TI0a/ICS IPeJIIeCTBeHHNK IIepexozia
CJIOXKHOIT CTyIIeH4YaToit popMsl (puc. 6).
C 1OMOIIBIO M3TOTOB/IEHHOTO METOLOM
HPELU3NOHHOTO VIOHHOTO PacIblIeHNsA
obpasia ¢ ImepeMeHHOI TOMIVHO TIPo-
IEeMOHCTPUPOBAHO MHTepdeIiCHOe NPO-
VICXOXIeHMe TpetecTBeHHuKa. Inddy-
31 TaJONIMHNA U3 TIOANOXKKU B IICHKY
00pasyeT TOHKMIT CMEIIaHHBII CTIOJ C IO-
BBILICHHOJ HAMarHM4eHHOCTBI0. DpPek-
TUBHAs TOJILIMHA 9TOTO C/I0S1 YBEINYVBa-
erca 1o 700 um ipu T~T, . 910 OrpoMHas
BE/IMYMHA TI0 CPABHEHUIO C OXXIJJaeMbIM
MarHUTHBIM CJIO€M HAHOMETPOBOIL TOJI-
IMHbl Ha TPaH}Ile pasfielia IIeHKa/
noaokka. JJaHHblil 9 dexT MoxKeT 1o-
BIIMATD Ha paboTy KBa3uaHTudeppomar-
HUTHBIX 37IEMEHTOB CIIVIHTPOHUKM Y OII-
TUKU-Ha-KpucTanne. C Zpyroit CTOpPOHBI,
9 PeKT IMraHTCKOro paclIMpeHns NHAY-
LMPOBAaHHOTO MHTEP(EIICHOTO CTI0A MO-
XeT OBITb UCIIONb30BAH I YIIPaB/ICHNA
IapaMeTpaMy yCTPOICTB CIIMHTPOHUKI.

Hunamuueckue ceoticmea

MAZHUMHDIX NIEHOK U MAZHUMHDIX

mexcmyp

Qepputbl-rpaHaThl, JETMPOBAHHbIE
BUCMYTOM WIN ILlepyeM, OTAMYAITC
PEeKOPAHBIMM MArHUTOONTNYECKUMM
apdexramm. ITOT PaKT — IIABHBII IPH-
TSATaTeNIbHBII MOMEHT IJIs1 pa3paboTKu
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WHTETPAJIbHbIX CXEM

Puc. 5. Msmenenus 6 domeHHOLl cmpykmype deppumazremuxa npu nepexooe uepes
MOUKY KOMNeHCAuUU MazHumHozo momenma. Ilpu memnepamype 75 K nnenxa na-
X0OUMCST 8 MOHOOOMEHHOM COCHOAHUL, 4O YKA3bl6Aem HA NPUOTUNCEHIE memne-
pamypul KoMneHcayuu: HAMazHUYEHHOCMb NIIEHKU YMeHbUaemcs u pasoeneHue

Ha 00MeHbl CAHOBUMCS dHepzemuyecKu HeBbl200HbIM.
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Puc. 6. Ds0m0uus 60cX005u4ell BeMBYU KPUBOT HAMAZHUMUBAHUS (eppuMazHemuKa
C usMeHeHUem memnepantypot. JIns HANAOHOCIU KPUBbLE CMEUAEHDL 110 BEPIMUKATIU.
Mapkepamu omobpaixcena memnepamypras OuHamMuKa Gopmuposanus ocobenHo-
cmetl cmyneH4amoii opm.

Ha X OCHOBE YCTPOJICTB ONTHKM-Ha-KpuUcTajne. bpict-
POZEICTBIE TAKUX YCTPOIICTB ONPeNieNAeTCA NMHAMUKON
CIIMHOBOJI CHCTEMBI MarHeTkKa. B aTom oTHOmeHNN dep-
PUMarHUTHBIE MaTepPHaIbl, K KOTOPBIM IPUHAJIEXAT (pep-
PUTBI CO CTPYKTYPOIT IpaHaTa, MPeACTaB/IAT COO0I yHM-
KaJIbHbIE CHCTEMBI. B HUX IIpocTOTa yIpaB/IeHys CIMHAMUI
C TIOMOII[BI0 Pa3HOOOPA3HBIX BO3MEICTBIIT (MATHUTHBIX
HOJIel, aKyCTUYeCKMX BOJH, /Ia3€PHBIX MIMITY/IbCOB) COYe-
TAeTCA C YCKOPEHMEM BHYTPEHHeEN CIMHOBONM AMHAMMUKI
3a CYeT CIIBHOTO OOMEHHOTO B3aVIMOJIeICTBHA.

I/ TOYHOTO ONMMCAHNUA AMHAMUKI PEIeTKY, IPUBOLA-
el K IBVDKEHMIO JOMEHHBIX TPAHNUI U IIepeMarHi4nBa-
HUIO IUVIEHOK (peppUMArHeTUKOB ¥ aHTU(epPpOMarHeTH-
KOB, B TOM 4JCJI€ C IOMOIIbIO ONTUYECKOTO M3TYIeHNA,
TEOPeTUYECKN MCCAENOBAaHA NIMHAMIKA STIEKTPOHOB IIPO-
BOZIMOCTM B MarHMUTHBIX II€peXOfax M3-3a IPOLECCOB
neperoca [25]. [Tomy4yeHo ypaBHeHMe IMHAMUKI JIBVDKE-
HIMsI MATHUTHOTO MOMEHTA, YCPeAHEHHOTO 110 aHCaMOIII0
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HEPAaBHOBECHBIX CIIVH-MHXEKTUPOBAHHBIX 3JIEKTPOHOB
B peppOMarHUTHOM HepeXofie, IPU HaMuIuy 0OMEeHHOTO
B3aVMOJEIICTBYA, B3aMMOJEIICTBYSA C BHELIHUM 3JIEKTPO-
MarHMTHBIM IIOJIEM ¥ TEPMOCTATOM, C Y4€TOM IIPOCTPaH-
CTBEHHOJI HEOJHOPOSHOCTHU pacIpefe/ieHnsa HOCUTEEeN
3apsapa. IlokasaHo, 4To B Ipolleccax IOIIOWEHN U U3-
JTy4eHUA 3NEKTPOMAarHUTHOTO U3TY4YE€HNUA aHU3OTPONNA
MarHUTHOJ Cpefibl UTPaeT CyLeCTBEHHYI0 porb. Ha ocHoBe
Pe3y/IbTaTOB peIleHN A YPABHEHWI JHAMUKI IBYDKEHMA
MarHMTHOTO MOMEHTA IIPOBEJieHa OLleHKA BEPOATHOCTY I1e-
PEXOMI0B SNEKTPOHOB C IIEPEBOPOTOM CIIMHA IIPY CIIMHOBOM
VIHDKEKIIVM, a M3 PeIleHA YpaBHEHNA /11 HepaBHOBECHO
CIIMHOBOJI NONIAPU3aLMI B MarHUTHBIX IIepexofax pac-
CYMTAHBI YaCTOTBI M3Ty4eHVI WIN IIOIIONIeHNs POTOHOB
C 9Hepruell, COOTBETCTBYIOMeil dHepruu 3¢ deKTUBHOro
0OMEeHHOT0 pacleIIeHNs CIIMHOBBIX OA30H.

JloMeHHasA rpaHuIia pasfensgeT OGHOPONHO HAMarHN4€eH-
Hble 00/1aCTU MaTepyaa — JOMEHBI, U OT CKOPOCTI JJOMEH-
HBIX TPaHUI] 3aBUCUT OBICTPOJIEIICTBIE YCTPOIICTB Ha 6ase
MarHUTHBIX IJIEHOK. MeXaHM3Mbl yIIpaB/IeHNA JOMEHHBIMI
TPaHMLAMH U B [JeJIOM JVHAMMKOJ HAMarHMYeHHOCTH MO-
YT ObITb Peaii30BaHbI C IIOMOLIBIO AKYCTIUYECKOI BOTTHBI
[26], MMITyIbCOB MATHUTHOTO NOJIA [27], PeMTOCEKYHIHBIX
Jla3epHBIX MMIYIbCOB [28]. B mepBoM crydae mokasaHo,
4TO IIPY JOCTATOYHO OOJIBIINX AMIUIUTY/AX aKyCTIYeCKO
CIOBWTOBOJI BOTTHBI CKOPOCTD BBIHY>KI€HHOTO JIBVKEHMA [0~
MEHHOJI TPaHMIIBI MOXKET JOCTUTATh 3HAYMTE/IbHON JIO/N
CKOpOCTH 3BYKa. ITO IPOUCXOAUT U3-3a OIIPeJie/leHHbIX yC-
JIOBUII PE30HAHCA, 3aBUCAIMX OT YaCTOThI aKyCTUYECKON
BOJIHBI, YIJIa €€ MafIeHNd M aMIUIUTYJ, CABUTOBOTO CMelle-
HYIA, YTO IPYBOJUT K IMTOTHOMY OTPa>KeHMIO BOTTHBI M MaK-
cuMmsanuy BosgueiicTByA. HalimeHbl yclmoBusa BO3SHMK-
HOBEHM: CU/IPHOJ HEJIMHENHOCTY IIPY B3aMMOMEICTBUN
YIIPYro¥i ¥ MaTHUTHOM TIOfCUCTEM, YTO MPOSABAETCA OT-
pULIATeIbHBIM HaK/IOHOM IIMKA PE30HAHCHOTO OTPayKEHNA
U $-00pa3HOI 3aBUCHMOCTHIO0 CKOPOCTH JOMEHHOIT TPaH-
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Puc. 7. 3asucumocmu cKopocmu V. u n00BUKHOCTIU (1 OOMEHHBIX 2PaHUL

8 OKpecmHocmu movex CNUHO0B01 TA U MaZHUMHO TM KomneHcauuu.
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bl OT AaMIUIUTYABI CIBUTOBOTO CMellle-
HISL.

[Ipn ynpapieHuy TOMeHHBIMY IPaHN-
I[aMM C TOMOIIbI0 VIMITY/IbCOB MaTHUTHO-
TO HOJIST 0COOBINT MHTepeC MPefCTaBIsIeT
[MAIa30H TeMIIepaTyp BOKPYT TOYEK
MarHUTHOM U CIIMHOBOI KOMIIEHCAI[UH,
TOYHO YPaBHOBEIINMBAOMINIT KAK MaTHNT-
HBII1, TaK ¥ YITIOBOJl MOMEHTBI CUCTEMBI
U TIPUBOJSAIINIT K MHTEPECHBIM usIde-
cknM addexTam, KOTOpble MOTYT OBITH
JVICTIIOTIb30BAHbI B IIPAKTUYECKUX YCTPOIL-
cTBaX. B TOuke MarHUTHOI KOMIIEHCALINN
00128 HaMarHMYeHHOCTh CTaHOBUTCS
paBHoIt Hymo (cM. puc. 3 u 5), a B TOUKe
CIIMHOBOJ KOMITEHCAIIMY TYPOMarHuTHOE
OTHOIIIEHNE CTPEMUTCS K OeCKOHEYHO-
crin. ITockombKy IMHAMIYeCKIe CBOJICTBA
MarHeTyKa IIpONOPLMOHATbHBI TYPOMar-
HJMTHOMY OTHOIIEHNIO, TO B TOUKE CIIMHO-
BOJI KOMITEHCAL[IM [TPOLIECChI M3MEHEHI
HAMaTrHMYEHHOCTN Pe3KO YCKOPAITCA.
Hamu uccnemoBaHa guHaMMUKa JTOMEH-
HOJI TpaHMIbI B IJIeHKe deppura-rpa-
HaTa ¥ B OKPECTHOCTYU TOYKU KOMIIEH-
calyy HaMarHWYeHHOCTHU, U B OKpecT-
HOCTM TOYKU CIIMHOBON KOMIIEHCAI[UI
[27]. DKcrepuMeHTaNnbHO IIPOJIEMOH-
CTpMpOBaHa pasHMIIA Ha JiBa NOPsAIKA
B IOABVDKHOCTH M CKOPOCTH LOMEHHOI
TPAHMIIBI B OKPECTHOCTAX 3THX [IBYX TO-
4ek KommneHcauym (puc. 7). Db dexT yBe-
JINYEHNsT CKOPOCT JTOMEHHON IPaHUIIbI
10 CKOPOCTH, CPaBHUMOIL CO CKOPOCTDIO
3BYKa B IVIEHKe (peppuTa-TpaHaTa, MOXKeT
OBITH MCIIOB30BAH [I/Is1 MHOTOKPATHOTO
HOBBIIIEHNS OBICTPOEICTBIS 9TTEMEHTOB
OIITMKM-HA-KPUCTAJLIE.

YcnoBust pabOThI ONTUKM-HA-KPUCTATT-
Jie 3HAYUTETbHO OT/IMYAIOTCS OT YCTIOBUI
paboTHI 971eMEHTOB BOTIOKOHHO-OIITIYe-
CKUX JIMHUI CBA3K. TpafiuIViOHHbIN /1A
BOJIOKOHHO OITHUKM AMANa30H [JINH
BOJIH He SIBJIAETCS OTPaHMYMBAIONIIIM
bakTOpOoM, BeieTcsl MOMCK BO3MOXKHO-
cTeit pabOTBl ONTMKM-HA-KPUCTAJIIE
B IPYIUX [Mana3oHax 4acToT. IIpose-
IEeHbl MOMCKOBBIE MCCIENOBAHUS BO3-
MOXKHOCTell paboTbl MaTepuajaoB s
OINITUKU-HA-KPUCTAJIIE B TeparepleBoM
muamasone yactot [29, 30]. Ins mHaHore-
TEPOCTPYKTYPbI «CKOLICHHBIII aHTHU(ep-
pPOMarHeTUK/IIaTMHA» TEOPETUYECKN
[MOKa3aHa BO3MOYXHOCTb HeIMHEHBIX

No 2 (118) anpenb—uionb 2023 T.
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KBasnaHTI(HeppOMATHUTHBIX KOJIEOAHMIT
CIIHOBOJT CUCTEMBI B T€PArepIieBOM Jiya-
T1a30He 107 /IeVICTBIIEM VIMITY/IbCOB 97IeK-
TPOMATHUTHOTO OIS DKCIIEPUMEHTAITb-
HO C TIOMOII[bI0 MATHUTOOITIIECKOTO 3-
¢exra Dapasies uccnefoBaHa reHepaIV
KOTE€PEHTHBIX KOlebaHmil CIIMHOB C 4Ya-
croroit o 350 I'Ti1 B pepprrax-rpanarax.
[l Bo36yxaeHns auTreppOMarHUTHO
CBSI3aHHBIX CIIMHOB UCIIOIb30BA/ICA TN~
KOCEKYH/IHBIIl MMIIY/IbC MAarHUTHOTO
nofs. [IMHaMuKa CIIMHOB COOTBETCTBYET
0OMeHHOIT Mofie, BO30y)X/IaeMoli 3eeMa-
HOBCKIM B3aMMOJIENICTBIEM Teparepiie-
BOTO MarHUTHOTO HOJISI CO CIIMHAMIA

3akiIroueHne

[Tony4yeHHbIe B pe3y/bTaTe BHINOIHE-
HMA IPOEKTA Pe3y/IbTaThl CIOCOOCTBYIOT
ITy0O0KOMY IIOHMMAHNUI0 (PU3VKM MarHu-
TOOINITUYECKIX SIBICHWII ¥ AMHAMITYECKIX
IPOLIECCOB B IVICHKAX U TeTepOCTPYyK-
Typax ¢ ¢eppu- u aHTU(EPPOMATHUT-
HBIM YIOPSALOYEHNEM, YTO BaKHO Kak
U1 ONTUMM3AINMY MarHUTOONTUYECKIX
YCTPOJICTB U IOUCKA CIIOCOOOB yIIpaBie-
HVS VMY, TaK U JIA pasBUTUSA puande-

JInuteparypa

1. [I.I. Ipomos, A.JI. Mouanos, A.Jl. Cynumun, B.J1. Illessxos, 10.

WHTETPAJIbHbIX CXEM

CKIX OCHOB T€XHOJIOTMI CO3JJaHNS HeB3aMMHBIX d7IeMeH-
TOB (POTOHMKM [/ ONITUYECKIX MEXCOENHEHWIT BEPXHETO
YPOBH:, COBMECTMMBIX C TEXHOJIOTMAMM Y/IbTPaOOIbIINX
VHTETPA/IbHBIX CXEM.

B coorserctBum ¢ npasunamu POOV moprorosne-
HBl MHTEPHeT-pecypchl 110 TeMaTMKe MpoekTa: «Mar-
HUTOOITHYECKME MUKPO- U HAHOCTPYKTYpPHI JIA OII-
TuKu-Ha-Kpuctamne» (http://www.cplire.ru/rus/lab191/
magnetofotonics.html), HayuHo-nmonynsApHas my6amKa-
1y Ha caiite PAH «CrimHTpoHMKa MOXKeT CHU3UTD SHep-
rornoTpebneHne KOMIbIOTepoB B Thicsium pas» (http://
www.ras.ru/news/shownews.aspx?id=a8ft54fb-7d25-442
e-a118-0b0795418012#content), mpuralieHHas JeKII
Ha Illkonme-cemuuape «Bomubl-2022» «CHuMHOBBIE TeK-
CTYpBI B CIIVIH-BOJIHOBOII 37IeKTPOHNUKE I HAHOMArHOHM-
ke» (https://www.youtube.com/watch?v=vYWGnaK1G-
zY &list=PLSvOjFhJkKxIBfsjTLbLX1CAm_rdeQRnT &in-
dex=13).

ABrops! 6naropapusl kowieram us VIIITM PAH, 1O®
uMm. A.M. IIpoxoposa PAH, M®TH, Caposckoro OTU
HIVAY MUOY, MUPIA, MO, CT'Y um. H.I. Yepusi-
mesckoro, MI'Y um. H.II. Orapesa, HIILI HAH benapycu
TI0 MaTepuanoBefeHno, Yausepcurera Pagbdayna (Hupep-
nauppl), Yausepcuteta JIwmna (Ppannys), Hlanxaiickoro
nncturyta Kepamuku (KHP), Koponesckoro nncturyra
texuonoruit (IIIBeryst), COBMECTHO C KOTOPBIMU IPOBeie-
HbI VICC/IEIOBAHNA 10 TEMATUKe ITPOEKTa.
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The review of the RFBR project results in the field of synthesis, research and modeling of magneto-optical films

and film nanostructures for on-chip monolithic integration of non-reciprocal photonic devices is given. Based on
the results of studies of nano- and picosecond processes in magnetic films — the dynamics of spins in a monodo-
main film and the dynamics of domain walls in a multi-domain film, the possibilities of developing high-speed
optics-on-chip devices, including devices of the terahertz frequency range, are considered.
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Fig. 1. The sketch of the experiment. The test sample is a magnetic film with a domain structure on a transparent substrate. The circularly polarized
laser pump-pulse (A=527 nm) is directed perpendicular to the sample surface, along the light axis of the film. A linearly polarized probe laser beam
(A=632 nm) was used to register changes in the state of domain walls by the diffraction method.
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Fig. 2. Faraday effect spectra of the ferrite-garnet films with nominal composition of Bi Fe O, The film thickness h varies from 10 to 303 nm.
The rotation of the light plane polarization reaches 37 degrees/um at a wavelength of 400 nm.
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Fig. 3. Temperature dependences of magnetic circular dichroism (MCD) and the Faraday effect (FE) in the vicinity of the magnetic compensation
temperature of the ferrimagnet T, =272 K.
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Fig. 4. Domains in magnetic nanostructures: experiment (left, magnetic force microscopy) and simulation (right).

Fig. 5. Changes in the ferrimagnet domain structure during the transition through the magnetic-moment compensation point. At a temperature

of 75 K, the film is in a monodomain state, which indicates an approaching of the compensation temperature: the magnetization of the film decreases,
and the separation into domains becomes energetically disadvantageous.
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Fig. 6. The evolution of the rising branch of the ferrimagnet magnetization curve with temperature. For clarity, the curves are shifted vertically.
The markers show the temperature dynamics of the stepped-shape features formation.
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Fig. 7. Dependences of the v, velocity and the p, domain-wall mobility in the vicinity of the spin T, and magnetic T, compensation

points.
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