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Pue. 3. Tlerm nepemaramameanns obpasznos wienkn Fe, Nii Co, . B1ons Hanpasienns ocn jerkoro Hamarammeanns (OJIH) npr
yrie o = 35° (a, b, ¢) 1 KpHBbIe HAMATHIYHBAHNSA BO/Ib HANPaBJieHNs ocl Tpyaaoro Hamaramaneannsa (OTH) npn yrime o = 125°
(d, e, f), norydennnie B cucreme BH-P17892-MI:
a, d — 00pa3IBl IWIEHKH HOCIIE OCAKICHESA; b, e — 00pa3IBl IWIEHKH IOCIIE TepBoro omxura upu 1, = 400 °C;
¢, /'~ 00OpasIHl IIEHKH II0¢/Ie BToporo onxura upa 7, = 600 °C

Fig. 3. Loops of magnetization reversal of the samples of Fe, Ni, Co,. film along the direction of the axis of easy
magnetization (AEM) at angle o = 35° (a, b, ¢) and the curves of magnetization along the direction of the axis of hard
magnetization (AHM) at angle oo = 125° (d, e, f), obtained in BH-PI7892-MI system:

a, d — samples of the film after the deposition; b, e - samples of the film afier the first annealing at T, = 400 °C;

¢, f— samples of the film afier the second annealing at T, = 600 °C

Prc. 4. Onrnueckas cxeMa CHEKTPaILHOIO (a3oBoro
wmncoMerpa Auto SE:
oopazen — wienka Fe Ni, ,Co, ; n — HOpMah K
MOBEPXHOCTH IWICHEH; 3 = 70° — yroJ1 majieHust CBETOBO-
'O IyYKa Ha HOBEPXHOCTD IICHKH,
1 — KamOpOBOYHBIE KoJIeca; 2 — ONTHYCCKHE OIOKH;

3 — YO ¢pumstp; 4 — cBETOMHON A OCBEIMCHAA 00pa3Ia;
5 — II3C kamepa (kamMepa Ha OCHOBE IPHOOPA CO CBS3AH-
HEIM 3apAfoM); 6 — 3aTBOP; 7 — BEIOOP MIE/IH;

8 — aBTOMATH3HPOBAHHAA ANEPTYpa; 9 — CIEKTPOMETD;
10 —roxy6oii ceeTonmon;, // — rajoreHoBas JIaMIa

.  Fig 4. Optical circuit of Auto SE spectral phase
Ny ellipsometer: sample - Fe, Ni, Co,. film;
n — normal to the surface of the film;
B = 70° — angle of incidence of the light beam on the
surface of the film; 1 — calibration wheels;
2 — optical units; 3 — UV filter; 4 — white LED for
sample illumination; 5 — CCD(charge coupled device)
camera; 6 — shutter; 7 — slit selection;
8 — automated pinhole; 9 — spectrometer;
10 — blue LED; 11 — halogen lamp

Ob6pazerg
Sample
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HMuctutyT HaHOTexHOJ0ruii Mukposaekrpouuku PAH (MHM3 PAH), Mocksa

METOAUKA TNMOATOTOBKHN OAMHOYHbLIX HAHOTPYBOK
AAAl UCCAEAOBAHUSA UX DAEKTPUYHECKUX XAPAKTEPUCTUK

Ilocmynuna é pedaxyuro 12.04.2018

IIpedcmaenena paspabomanuas memoouKa no020MoBKU U UCCAe008aHUS INEKMPUHECKUX XAPAKMEPUCMUK 00UHOUHbIX Yene-
POOHbBIX HAHOMPYOOK 8 PAMKAX eOUHO20 MEXHOA02U1ecK020 npouecca. TIokazano, Ymo 603MONCHO Onpedensims INeKmpu4ecKue xXa-
DPaKmepucmuKu 00UHOUHbIX HAHOMPYOOK C 8bICOKOL MOYHOCMbIO U docmosepHocmbio. [Ipedcmasnennas Memoouka no3gonsem co-
Kpamumb 8pemMsi UCCAe008aHUU U NOGbICUMb UX Ka4ecmeo u 00cmoseprocmy. Mmeemcs 603MONCHOCMb UCCACO08AHUS 83AUMO-
delicmeusi bICOKOYACMOMHbBIX CUSHAN08 C 00UHOYHBIMU HAHOMPYOKAMU.

Karoueevie caoea: nanompybka, nekmpuyeckue XapaKmepucmuku, no020moska obpasya, eOuHbslii npoyecc, ucciedosatue

00UHOUHOU HaHOMPYOKU

Bsenenune

HM3MmepeHue saeKTpUYECKUX MapaMeTpoB 3JIEMEH-
TOB HAHOBJIEKTPOHUKU SIBJISIETCS OJHUM M3 BaKHBIX
9TAIlOB KOHTPOJISI KadyecTBa B Texmpoueccax [1]. s
KOHTPOJISI KauyecTBa HCIOJb3YIOTCS CIIeIIUAIN3UPO-
BaHHBIC M3MEPUTEIbHBIE CUCTEMBI, BXOIAIINE B CO-
CTaB 30HIOBbIX CTAaHUMIA. YTJIEpOAHbIE HAHOTPYOKHU
(YHT) upes3BbluaiiHO MpUBIEKATEIbHbI JJIsI COBpE-
MEHHBIX BbICOKMX TEXHOJOIMi Ojaromapsi CBOUM Me-
XaHUYECKUM U BJIEKTPOHHBIM CBOMCTBAM, MUHMATIOP-
HBIM pa3zMepaM U MHEPTHOCTH yIjiepoaa. Y HUKaJabHbIe
cporictBa YHT moponnian orpoMHEBIN KCCIeI0BaTEb-
CKUI MHTEpeC K 9TUM O0BEKTaM, KaK C TOUYKHU 3PEHMUS
¢yHIaMeHTaJbHOI (PU3UMKU TaK U C TOYKU 3PEHUS
BO3MOXXHBIX TpaKTUYeCKMX TpuioxeHuii. CyiecT-
BYIOT pa3jd4YHble CIIOCOOBI mHTerpupoBanus YHT B
KOHCTPYKLMIO MUKPOBaKyyMHBIX MpuOOpoB. OgHaKO
IJ1s1 obecrieyeHus] HaaexXHOro (YHKUMOHUPOBAHUS
MOJOOHBIX YCTPONCTB HEOOXOAUMO UMETh MaKCUMAaJlb-
Hyl0 UHGOpMaIKI0O 00 HMCIOJb3YEMbIX B HUX HAHO-
TpyOKax U MX mapameTpax.

B naHHoOIi cTaThe onucaHa YHUKaJIbHasI TEXHOJIOTHSI
MOATOTOBKY OJAMHOYHBIX HAHOTPYOOK ISl CClieoBa-

HUSI UX BJIEKTPUUECKUX XapaKTePUCTUK C UCTOIb30Ba-
HUEM CBEPXIPELIM3NOHHOTO 000PYIOBaHNS, aHAJIOTY -
Horo 1o xapaktepuctukaM npuoopy FEI Helios 650.

I[TpyHUMIIMATBHO, METOAMKA IMPOBEACHUST MCCIe-
JIOBAaHUM C UCMOJb30BAHMEM OJVMHOYHOU YIIIEPOIHOMN
HAHOTPYOKU AEIUTCS Ha CJIEAYIOIIME OCHOBHbBIE 3TAMbI.

1. IToaroroBKa OCHACTKUA M M3MEPUTEIBHOTO 000-
PYIOBaHMSI.

2. Ilouck moaxongdiero mo mapaMmerpam odpasla.

3. WsBneueHue BbIOpAaHHOro obpas3la — OJMHOY-
HOIl HaHOTPYOKM WJIM My4YKa HaHOTPYOOK.

4. HacTtpoiika paboueil KoH(puUrypaiuu.

5. TIpoBeneHue 3AEKTPUUECKUX U3MEPEHUIA.

[ns mpoBeneHUsT 3JEKTPUUECKUX HCCleI0BaHUI
00BEKTOB, CXOXMX MO TapamMeTpaM C OAMHOYHBIMU
HaHOTpyOKaMM, He0OXoauMo c(hOpMUPOBAThH STUYSHKY C
TpyOKoii. OCHOBHBIMU 3TalaMM TMOJATOTOBKU STYEHKU
SIBJISIIOTCS CJIEAYIOLLIME.

1. Pa3mellieHre MCXOMHOTO MaTepuaia Ha Crelu-
aJbHOM JepKaTesie.

2. YcTaHOBKa Jepxaressi B KaMepy 3JeKTPOHHOTO
MUKPOCKOIA WIN CIIEUUAITBHON BaKyYyMHOM KaMeEpBhI.

3. MoHTaxX M HacTpoiKa MaHUITYJIITOPOB CO CIIe-
LMaIbHBIMUA 30HIAMMU.
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Puc. 1. BHemHuii B 1en03UTa B 3JIEKTPOHHOM MHKDPOCKOIE
Fig. 1. Appearance of the deposit in an electron microscope

4. Otkauka paboueil KaMepbl 10 HEOOXOAMMOTO
YPOBHSI BaKyyMa.

5. BusyajabHbId OCMOTP U ITOMCK IOIXOMSIIEro Mo
rnmapamMeTpaMm o0bEeKTa UCCIeI0BaHUIA.

6. M3BiaedyeHne BHIOPAaHHOTO OOBEKTA MCCIIEI0BA-
HUI.

7. Ilo3uuoHnpoBaHWe 30HIOB U (OPMUPOBAHUE
SYEHKU I UCCIIENOBAHMUM.

B pabGouyio BakyyMHYyIO0 KaMepy MUKPOCKOIA WU
30HIOBOM CTAHLMM 3arpyxKaroTcsl HEOOXOAMMEIE IJist
paboThl MaTepuaibl — WCTOYHUK OJAMHOUHBIX HAHO-
TpyOOK. B KauecTBe MCXOAHOTO MaTepuajga MOTYT Bbl-
CTyIIaTh CJIACAYIOIINE UCTOYHUKU:

e Jneno3ut (puc. 1) — Harap, oOpasywouiudiics Ha
3JIEKTPOAaX, BHIITOJHEHHBIX U3 YIJIepoJa B IIpoLec-
ce TJIEIoLero pa3psiia;

e VyIJIEpOAHBbIE HAHOTPYOKM B BMIE IIOpPOIIKA WA
pacTBopa;

e MAacCCHUB yIJIEPOJHBIX HAHOTPYOOK, CUHTE3UPOBaH-
HBIX Ha KPEMHUEBOW MOMIOXKE.

B pabote B KauecTBe MCTOYHMKA OIMHOYHBIX Ha-
HOTPYOOK MCHOJIb30BaIM YaCTUYKM TaK Ha3bIBAEMOTO
JIero3uTa. DTOT MaTepuaj MoJyvyaeTcss BO BpeMsl Tie-
IOLIETO AYTOBOTO pa3psiia MeXIy ABYMS SJIEKTPOAAMU.
Hcnonp3yeMble 371€KTPOAbI TOJKHBI OBITH BBIITOJHE-
HbI U3 yriaepona. Bo BpeMsi TopeHusl Tyryu 3J1eKTPOAbI
pa3pyllIaloTcss U Ha UX IMOBEPXHOCTU (opMUpyeTcs
TBEPIBIN CJIOK Harapa — AEMO3UT. DIEKTPOIbI I&MOH-
TUPYIOT U MEXaHWYECKMM CII0OCOOOM Harap yaajsioT ¢
MOBEPXHOCTHU. B mpoliecce ymaaeHUsl OH pacnagaeTcs
Ha MHOXECTBO MEJIKMX KYCKOB pa3MepOM OKOJIO 1 MM.
Ha nmoBepXHOCTM 3THX KYCKOB BO BCEX HAIIPABIECHUSIX
TOpYaT MpsiMble HAHOTPYOKMU.

Kycku pemno3ura 3akpervissioT Ha CIleIMaJibHOM
JIEpKaTese ¢ MOMOILBIO MPOBOASILEH KIIEHKOU JIEHThI
JIJISI BO3MOXXHOCTH 3a3eMJieHusl. Kpome Toro, ractud-
HOCTb JICHTBI MO3BOJISIET MUHUMM3UPOBATh MOCJIEACT-
BUSI MEXaHMYECKOI'0 KOHTAaKTa 30HOB, JeTajeii BaKy-
YMHOM KaMephl M APYTUX OOBEKTOB B paboyeil 30HeE.
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Hepxarenb ¢ AEMO3MTOM YCTaHABJIMBAIOT B KaMepe
MMKpPOCKOIa WJIM BaKyyMHOH Kamepe Ha pabouuii
CTOJI, KOTOPbIiA 00ecTneYrBaeT MATh CTeNeHel CBOOO-
Ibl. Jlajee BBIMOTHSETCS MOHTaX KOHCOJIWM MaHWITy-
JISITOPOB.

ITocne MoHTaxa aepxkaTesisi U KOHCOJIM MOAKI0Ya-
IOT 3JIEKTPUYECKUE JIMHUM JUIS1 MONAYU 3JIEKTpUYEC-
KMX CUTHAJIOB K M3MepUTeIbHOU syelike. /st BBoma
CUTHAJIOB ObLJ1 U3rOTOBJIEH CIEUUATIbHbBIN BaKYYMHBbIN
(hnaHew ¢ 37eKTPUYECKUMU pa3beMaMM, COBMECTU-
MbIMU C BBICOKMM BaKyyMoM. {19 mpoBeaeHus uccie-
JIOBaHUI HEOOXOAMM JOCTATOUYHO BBICOKUI YPOBEHbD
BaKyyMa — HE XyXe 10~* IMTa. Bo BpeM:I BbIXOJa Ha pa-
0ouMii pexXrM OCYIIECTBIISIETCS MPOTPEB TUIJISI Ta30-
BOI0 MHXXEKTOpa OpPraHUYEeCKUX COEAVHEHUM IiaTu-
Hbl, KOTOPBI BINOCJEACTBAU OYAET MCMHOJIb30BaH IJIs1
(huxcaumnu ucciaenyeMbix 00bEKTOB Ha UTJIaX WU 30H-
JlaX MaHUITYJISITOPOB.

IIpoliecc moucka MoaXoAsilero o0bekTa Uccaeno-
BaHMs 3aKJII0YAeTCsl B BU3YaJbHOM OCMOTpPE KYCKOB
JIEM03UTa 1 MOJ00pE YAOBIETBOPSIOIIETO ONPENEICH-
HbIM TpeOOBaHMSIM MaTepuajla, a MUMEHHO: JJIMHBI,
TOJIIMHBI, YUCTOTHl 0OBbEKTA, BOBMOXHOCTU U3BJIEeYE-
HUSI €T0 U3 TOJIIU JAeMOo3UTa.

Bce 3Tu TpeboBaHUST HEMOCPEACTBEHHO BAUSIOT Ha
XapaKTepUCTUKKU uccieayeMoro oobekra. ITockonbKy
HAHOTPYOKU MOTYT OBITh PACITOJIOXEHbI B TOJIIIE Ma-
Tepuaja, TO He BCeraa yaaeTcs BblOpaTh OOBEKT, IOJI-
HOCTBIO YIOBJIETBOPSIOIIUN MPEeAbSIBICHHBIM TPeOO-
BaHMSAM. B maHHOM ciyyae ObLT BbhIOpaH Hauboiiee
NOAXOMSAIIUN OOBEKT.

Hanee x YHT mocTerneHHO TOABOAMTCS KOHYMK
WUTJIbl WKW 30HIA, 3aKPEIJIEHHOIO Ha MaHUITYJISITOpe
BILIOTh 10 KacaHusl. K 3ToMy MOMEHTY UHXEKTOp Op-
TaHWYECKUX COEAMHEHUN TIJIaTUHBI YK€ HarpeT 10 pa-
Ooueii TemnepaTypbl U MOXeT ObITb BBEIEH B aKTHUB-
HYIO 30HY KaMepbl MUKpockona. YToObl MCKIIOUUTH
KOJie0aHWs MaHUITYJISITOPOB BO BPEMS ABUXKEHUS WH-
JKEeKTopa, He00XO0AMMO HEKOTOpOe BpeMsl ISl UX CTa-
owmwmmzanuu. Ilociie oKoOHYaHMS MEePEeXOMHbIX IPOLEC-
COB BHYTPU Kamepbl MUKPOCKOIA MOXHO OCYIIECT-
BUTb KacaHW€ HAHOTPYOKM WIJIOW WJIM 30HIOM [JIsI
MOCJIEeIYIOLIEero OCaXAeHUS TUIAaTUHBI B MECTE UX KOH-
TakTa. B KauecTBe akTBaTOpa UCMHOJIb3YIOT 3JEKTPOH-
HBIA JIy4d MAKPOCKOTA.

ITocne ocaxaeHusl MIATUHBI, U3BJIEUEHUS] UHXKEK-
TOpa U3 aKTUBHOM 30HBI U CTAOUIM3ALIMU YPOBHS Ba-
KyyMa MOXHO MEXaHWYECKM M3BJEKaTb TPYyOKy WH3
ucxogHoro mMarepuajia. Ha MUHUMalbHON CKOPOCTU
MaHUNYJIATOP ABUXETCS B MPOTUBOIOJOXHYIO CTOPO-
HY, U TpyOKa MemJIeHHO M3BJEKaeTCs M3 TOJIUM Ma-
tepuana (puc. 2). Korga Tpybka rapaHTUPOBaHHO 13-
BJIeYeHa, JepxXaTedb C MCXOAHbIM MaTepuajoM you-
paeTcsd Ha 0e30MacHOE PacCTOSIHWME WIM MOJHOCTBIO
BBIBOAUTCS U3 aKTUBHOM 00JIaCTU KaMepbl MUKPOCKO-
na. JIas mpoBepKU COOCHOCTU CBOOOMHOI UIJION BbI-
MOJIHSETCS KacaHUue HaHOTpYOKU. [1pu aTOM 00€ Uribl




MIpeaBapUTEIbHO 3a3eMJISIOT. JIJIsI M3MEpeHMsT DJIeKT-
PUYECKHUX XapaKTEePUCTUK BTOpas UIja Wiv 30HA MO.I-
BOJIMTCS K CBOOOIHOMY KOHITYy TPYOKM Ha PacCTOSTHUE
okosio 500 HMm. Takum obpaszom, opMHUpyeTCS U3Me-
puTebHas sueiika ¢ OMMHOYHO HAHOTPYOKOI, HaIpu -
MEp, IJ19 U3YYECHUSI HU3KOBOJIBTHOM MOJIEBOM SMUCCUU.

M3mepeHre sMHUCCHOHHBIX XapakTepuctTuk YHT
IIPOBOAUTCS I10 cxeMme (puc. 3) U BBIIOJHSIETCS B aB-
TOMaTUYECKOM PEXMME MPOrpaMMOi Il UBMEPEHUs
BOJIbT-aMIIepHBIX XapakTepuctuk (BAX), koropas ym-
paBJIsieT MPOrpaMMUpPYEMbIM UCTOYHUKOM-U3MEpUTE-
nem Keithley 2634B. B mporpamme BbiGMpaeTcs pe-
JKMM 3allauyd HalpsDKEHUs, B JaHHOM pexXuMe Mmpuodop
OyaeT paboTaTh UCTOYHUKOM HaMPSKEHUS U OCYIIECT-
BJIATh Pa3BepTKy HAMpsKeHMUST Ha oOpasiie U KOHTPO-
JINPOBaTh TOK uepe3 obpasell. s BBIMOIHEHUS] TH-
MUYHBIX U3MepeHuit BAX BBOISIT HEOOXOIUMBIN 11a-
Ma30H W 1Iar pa3BepTKM (Harpumep, MaKCUMaJIbHOE
HanpsikeHue 100 B u mar 50 mB), ycraHaBiInBawoT Or-
paHuuYeHus 1o Toky (Hampumep, 300 HA), o JOCTU-
JKEHUIO KOTOPOTO MPOLECC Pa3BEePTKUM MOMEHTAIbHO
OCTaHOBMTCS U HaIpsDKeHUE pa3BepTKU MOMIET Ha3al
B HOJIb. Bu3yanbHbIii KOHTPOJIb U OIpeAeaeHUe 3a30-
POB MeXIy aHOJOM M KAaTOAOM BBITOJIHSIOT IO U300-
paxeHusM POM.

DnexTpruuecku, odpasibl (3MUCCUOHHbBIE CTPYK-
TYpbl) MPUCOCIMHSIOT K UCTOUYHUKY-U3MEPUTEIO 10
cienyouiei cxeme: aHoq (+) oopasua — K HI BeiBomy
HUCTOYHMKA, a KaTon (—) K LO BbIBOAY MCTOUHUKA U
3eMJie, UTO COOTBETCTBYET PeKOMEHIAIMSIM 1O TOJ-
KJTIOYEHUIO JaHHOTO Mprbopa K pa3TuYHbIM TECTOBBIM
o0bekTaM. JIjis yMeHbIIEHUs] YPOBHS BIMSIHUS LIIYMOB
U Pa3IUYHBIX 3JEKTPOMAarHUTHBIX HABOMOK IJISI CO-
€IMHEHUI K CUTHAJIbHBIM KOHTaKTaM 30HIOBBIX Ma-
HUITYJIATOPOB MCIIOIB30BAIM TPUAKCHAIbHBIE Kabean
C HU3KMM YpOBHEM Iiryma. J1ist obecrieyeHus1 yCTaHOB-
JIEHUSI KOPPEKTHOTO SMUCCUOHHOTO 3a30pa U MpoBep-
KA KOHTaKTHOIO COIPOTUBICHUS
CTPYKTYPbl MeXAy aHOAOM-MaHMU-

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
4

Puc. 2. U3BieyeHHas U3 TOJIH MATEPHAIA OJUHOYHAS HAHOTPYOKA
Fig. 2. Single nanotube extracted from the thickness of a material
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Puc. 3. DieKkTpuyeckasi cxeMa U3MEPHTEILHOIO CTEHIA
Fig. 3. Electric circuit of the measuring stand

IMyJISITOPOM M HAHOTPYOKOM (sI4eii-
KOIi) CHauajla JOCTUraeTcsl KOHTaKT
aHOJI-MaHUIYJSITOPOM C KOHUYMKOM
YHT, nociie 4ero BbIMOJHSIIOTCS U3-
MepeHusi BAX. OObIYHO MpU CUIIb-
HOI cTerneHu mpuxkuma (KacaHuM)
BAX ummeer omuueckmii xapaxkTep,
a Tpu ocnabjieHUU MEHseTcs Ha
TYHHEJbHBIN XapakTep. Jlanee B pe-
KMME HaHOTepeMEIleHUs T0 Of-
HOI KOOPAMHATHOM OCU (COOCHOI C
YHT) aHoa-MaHUIYyASITOp OTBO-
IUJICSI, TeM caMbIM 00pa3ys pabo-
YKt 3a30p JJ1s1 UBMEPEHUSI IMUCCU -

oHHBIX BAX. G
Puc. 4. DmuccnoHHas CTPYKTYpa U3 OJHOI yriepoaHoii HanoTpyOku u ee BAX. Paccrosnue
aHox — aMuTTEp 1 MKM

Fig. 4. Emission structure from a carbon nanotube and its VAC. The anode — emitter distance

MamepenHass BAX asMuccuoHHO-
ro TOKa OIHOTO M3 WCCIEAyeMBbIX

SMUTTEPOB Ha oauHoyHoil YHT is 1 um
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npuBeaeHa Ha puc. 4 B KoopauHatax Ig/ = f(V) u ne-
pecTpoeHa B KoopauHaTtax In(// V2) = f(1/V) 3akoHa
®aynepa—Hopareiima, onychIBaIOIIETO TOK aBTORJIEK-
TPOHHOM 3MMCCUU U3 MeTajljla B BaKyyM. DTa Xapak-
TEPUCTHUKA U3MEPEHA NIPU PACCTOSTHUM aHOI — SMUT-
Tep okojio 1 MmkMm. I1pu TakoM 3a30pe TOPOroBoe IoJjie
Hayajia SMMCCUM cocTaBiisieT He 6osee 50 B, a mis mo-
JIy4YeHHUSI SMUCCHUOHHOrO ToKa [ ~ 0,3 MKA Heobxoau-
MO IIPWIOXUTh aHOJHoe Hamnpstkenue V' = 80 B. Kak
BUIHO U3 rpaduka, BAX noutu npsimojrHeiiHa B KO-
opauHaTtax Paynepa — Hopareiima, 9To yKa3piBaeT Ha
aBTORJIEKTPOHHBIN MEXaHU3M 3MUCCMOHHOTO TOKa.

3akmouenue

PaszpaboranHasi MeToaMKa MO3BOJISIET UCCIIEI0BATh
9JIEKTPUYECKME XapaKTepPUCTUKU OAMHOYHBIX HaHO-
TpyOoOK [2] wiu ux myykoB [3] B paMKax €IMHOTO Tpo-
1ecca. MeToauka rmo3BoJisieT COKpaTUTh BpeMsI Uccie-
JIOBaHUI, YBEJIUUYUTh UX TOYHOCTb U JOCTOBEPHOCTD.
IToMuMo MccnenoBaHMiT CTaTUUECKUX XapaKTePUCTUK
Ha c)OPMHUPOBAHHBIX MO JAHHON METOIMKE SMUCCH-
OHHBIX SYeliKaX aKTUBHO HCCIEAYIOTCS MeXaHU3MBbI
BO3MIEMCTBUSI BBICOKOYACTOTHBIX 3JIEKTPOMArHUTHBIX
noJieit ¢ YHT a1 n3yyeHus MeEXaHU4YeCKMX pe30HaH-
CHBIX SIBJIEHMI UM BO3MOXHOCTU JE€TEKTUPOBAHMUS BbI-
COKOYaCTOTHBIX MUH(OPMALIMOHHBIX CUTHAJIOB B PEXU-
M€ aBTO3JICKTPOHHOI 3Muccuu [4, 5].

Paboma evinoanena npu noodepicke PAHO u 6 pam-
Kxax npoepammsr PHHU eocydapcmeennbix axademuli Ha-
VK Ha 2013—2020 2006t no nanpasaenuro 40 "Inemenm-
Has 6a3a MUKPOINEKMPOHUKU, HAHOINCKMPOHUKU U
KBAHMOBbIX KOMNLIOMEPO8, MAmepuansl 04s MUKpo- u
HAHOINEKMPOHUKU, HAHO- U MUKPOCUCIMEMHAs MEXHUKA,
meepoomenvHas IMeKmpoHuKa".
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The paper presents a technique developed for preparation and investigation of the electric characteristics of the single carbon
nanotubes within a single technological process. It demonstrates that it is possible to determine the electric characteristics of the
single nanotubes with high accuracy and reliability. The presented method allows us to shorten the time for research and increase
its quality and reliability. It provides an opportunity to study the interaction between the high-frequency signals and the single
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Introduction

Measurement of the electric parameters of the ele-
ments of nanoelectronics is one of the important stages
of the quality control in the technological processes [1].
The quality control is ensured by special measuring sys-
tems, which are a part of the probe stations. The carbon
nanotubes (CNT) are extremely attractive to modern
high technologies due to their mechanical and elec-
tronic properties, tiny sizes and inertness of the carbon.
The unique properties of CNT generated a huge re-
search interest to these objects, both from the point of
view of the fundamental physics, and from the point of
view of the possible practical applications. There are
various ways for integration of CNT in the designs of
the microvacuum devices. However, in order to ensure
a reliable functioning of such devices it is necessary to
have the maximum of information about the used na-
notubes and their parameters.

The given article describes the unique technology
for preparation of single nanotubes for research of the
electric characteristics with the use of the superpreci-
sion equipment, similar by its characteristics to FEI
Helios 650 device.

Essentially, the technique for carrying out the re-
search with the use of a single CNT has the following
basic stages.

1. Preparation of equipment and measuring equip-
ment.

2. Search for a sample of suitable parameters.

3. Extraction of the selected sample — a single na-
notube or a bunch of nanotubes.

4. Adjustment of the working configuration.

5. Carrying out of the electric measurements.

For carrying out of the electric research of the ob-
jects similar by their parameters to the single nanotubes,
it is necessary to form a cell with a tube. The basic stag-
es of preparation of a cell are the following.

1. Placing of the initial material on a special holder.

2. Installation of the holder in the chamber of an
electron microscope or special vacuum chamber.

3. Installation and adjustment of the manipulators
with special probes.

4. Pumping out from the working chamber down to
the necessary level of vacuum.

5. Visual survey and search for an object of research
suitable by parameters.

6. Extraction of the selected object of research.

7. Positioning of the probes and formation of a cell
for the research.

The materials necessary for the work — the source
of the single nanotubes, are loaded into the working
vacuum chamber of a microscope or a probe station.
The following sources can serve as the initial material:
e Deposit (fig. 1) — the carbon deposit formed on the

electrodes, made from carbon in the course of the

decaying discharge;

e CNT in the form of a powder or a solution,;
e Mass of CNT, synthesized on a silicon substrate.

In the work the particles of the so-called deposit
were used as the source of the single nanotubes. This
material is a result of the decaying arc discharge be-
tween two electrodes. The used electrodes should be
made from carbon. During burning of the arch the elec-
trodes collapse and a solid layer of a carbon deposit —
the deposit is formed on their surface. The electrodes
are dismantled and the deposit is removed mechanical-
ly from the surface. In the course of the removal it
breaks up to numerous small pieces with the size of
about 1 mm. On the surface of these pieces straight na-
notubes stick out in all the directions.

Deposit pieces are fixed on a special holder by
means of a conducting sticky tape for a possibility of
grounding. Besides, the plasticity of the tape allows us
to minimize the consequences of the mechanical con-
tact of the probes, parts of the vacuum chamber and
other objects in the working zone.

The holder with the deposit is fixed in the chamber
of the microscope or in the vacuum chamber on a desk-
top, which ensures five degrees of freedom. Then, the
console of the manipulators is installed.

After installation of the holder and the console the
electric circuits are connected for sending of electric
signals to the measuring cell. For input of signals a spe-
cial vacuum flange is manufactured with the electric
sockets compatible with high vacuum. The research
requires a rather high level of vacuum — not less than
107% Pa. During transition to the operating conditions
the crucible of the gas injector of the organic com-
pounds of platinum is warmed up, which will subse-
quently be used for fixing of the investigated objects on
the needles or probes of the manipulators.

The process of search for a suitable object of re-
search consists in a visual survey of the pieces of the de-
posit and selection of a material meeting certain re-
quirements, namely: length, thickness, cleanliness of an
object, possibility of its extraction from the thickness of
the deposit.

All these requirements influence directly the char-
acteristics of the investigated object. Since the nano-
tubes can be located in the thickness of a material, it is
not always possible to select an object completely meet-
ing the presented requirements. In this case the most
suitable object was chosen.

Then, the tip of a needle or a probe fixed on the ma-
nipulator is gradually brought to CNT, up to a contact.
By this moment the injector of the organic compounds
of platinum is already warmed up to the working tem-
perature and can be introduced into the active zone of
the microscope chamber. In order to eliminate fluctua-
tions of the manipulators during the movement of the in-
jector a certain time is necessary for their stabilization.
After termination of the transient processes in the micro-
scope chamber it is possible to carry out a contact with
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a nanotube by a needle or a probe for the subsequent sed-
imentation of platinum in the place of the contact. The
electron beam of a microscope is used as the activator.

After sedimentation of platinum, extraction of the
injector from the active zone and stabilization of the
level of vacuum, it is possible to extract the tube me-
chanically out of the initial material. At the minimal
speed the manipulator is moved to the opposite side,
and the tube is extracted slowly from the thickness of
the material (fig. 2). When the tube is taken out for
sure, the holder with the initial material is moved to a
secure distance or removed completely from the active
area of the microscope chamber. The coaxiality is
checked by a free needle, which contacts the nanotube.
At that, both needles are preliminary earthed. For
measurement of the electric characteristics the second
needle or probe is brought to the free end of the tube
at the distance of about 500 nm. Thus, the measuring
cell with a single nanotube is formed, for example, for
studying of the low-voltage field emission.

Measurement of the emission characteristics of
CNT is done according to the circuit (fig. 3) and in an
automatic mode by the program for measurement of
the volt-ampere characteristics (VAC), which controls
Keithley 2634B programmed source-meter instrument.
Within the program the mode for setting of voltage is
selected, and in the given mode the device will work as
a source of voltage and carry out voltage scan on the
sample and control the current through the sample. For
implementation of the typical measurements of VAC
the necessary range and scan step (for example, the max-
imal voltage of 100 V and a step of 50 mV), the restric-
tions are set on the current (for example, 300 nA), upon
achievement of which the scan process will instantly stop
and the voltage scan will go back to a zero. The visual
control and determination of the gaps between the anode
and the cathode is carried out by SEM images.

The samples (emission structures) are electrically
connected to the source-meter according to the follow-
ing circuit: the anode (+) of the sample — to HI of the
source outlet, and the cathode (—) to LO of the source
input and earth, which corresponds to the recommenda-
tions concerning connection of the given device to var-
ious test objects. In order to reduce the level of the noises
and various electromagnetic influences, the triaxial ca-
bles with low noise level were used for connections to the
signal contacts of the probe manipulators. In order to en-
sure a correct emission gap and to check the contact re-
sistance of the structure between the anode-manipulator
and the nanotube (cell), at first a contact is established
between the anode-manipulator and CNT tip, then VAC
measurements are carried out. Usually, at a strong degree
of pressing (contact), VAC has an ohmic character, and
in case of its easing it changes for the tunnel character.
Then, in the mode of a nanodisplacement along one co-
ordinate axis (coaxial with CNT), the anode-manipula-
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tor is taken away, thereby forming a working gap for
measurement of the emission VAC.

The measured VAC of the emission current of one
of the investigated emitters on a single CNT is present-
ed in fig. 4, in co-ordinates of Ig/ = f( V') and is recon-
structed in co-ordinates of In(// V2) = f(1/V) of the
Fowler—Nordheim law describing the current of the
autoelectronic emission from a metal into vacuum. This
characteristic is measured at the anode — emitter dis-
tance of about 1 um. At such a gap the threshold field
of the beginning of emission is not more than 50 V, while
for reception of the emission current of /~ 0.3 mcA it is
necessary to apply the anode voltage of V=80 V. As is
visible from the schedule, VAC is almost rectilinear in
the Fowler — Nordheim co-ordinates, which points to
the autoelectron mechanism of the emission current.

Conclusion

The developed technique allows us to investigate the
electric characteristics of the single nanotubes [2] or
their bunches [3] within the framework of a uniform
process. The technique allows us to reduce the time for
the research and increase its accuracy and reliability.
Besides the research of the static characteristics on the
emission cells formed by the given technique, the mech-
anisms of influence of the high-frequency electromag-
netic fields from CNT are actively investigated for stud-
ying of the mechanical resonant phenomena and possi-
bility of detection of high-frequency information signals
in the mode of the autoelectronic emission [4, 5].

The work was done with support of FANO and within
the framework of FNI program of the state academies of sci-
ences for 2013—2020 in the direction 40 "Element base of
the microelectronics, nanoelectronics and quantum comput-
ers, materials for the micro- and nanoelectronics, nano-
and microsystem technologies, solid-state electronics”.
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HauunoHanbHbI MccaenoBaTeabckuit yHuBepcuter "MHUDT", Mocksa

AHAAU3 OEPPOMATHUTHLIX MAEHOK C NMOMOUWBbIO CUCTEMBI
NMCCAEAOBAHNA MATHUTOOITTHUYHECKOTO DO®EKTA KEPPA

N CTNMEKTPAABHOT O SAAUTTICOMETPA

Ilocmynuna 6 pedaxyuro 26.03.2018

[Iposedensr uccaedosanus obpasya geppomaenumnoi naenku Fe ;gNiz4Co 16 moauwunoii 30 nm nocae ee ocancoenus u 06yx
PA3MACHUMUBAIOWUX NOAYHACOBBIX B8AKYYMHBIX omucueoe npu memnepamypax 400 u 600 °C. Xapakmepucmuku nieHku, 6 mom
yucae KO3pUUmMUGHAas Cuia U nojie AGHU30Mponul, a maKice Ux UsmeHenus nocie Omucueo8 Onpedesitu ¢ HOMOUbIO CUCMeMbl
uccaedoganus maeHumoonmuueckoeo dgpgexma Keppa u chekmpanvhoeo snauncomempa. Ilokasano, ymo cueHans chekmpans-
Hoeo aaauncomempa I, peazupyem na cmpykmypy naenxu Fe ;yNiz,Co 4, usmenaouyroca npu 6axyymuom omacuee. Ipuvem u3-
Mmenenue cuenana I Ha daunax 6oan A, pasnoix 450 u 650 um, npaxmuuecku 6 0ea pasa 6oavute, 4em Ha OAUHAX 60AH A, PABHbIX

550 u 750 um.

Karouegvie caoea: heppomacnumnas naenxa Fe ;yNiz Co j¢, K03pyumuenas cuia, none aHU30mponuu, CUucmema uccae0o8anus
MaesHumoonmu4eckozo aghgexma Keppa, cnekmpanvHblii 314uncomemp

BBenenne

Marnuroontnueckuii adpext Keppa 3akimouaercst
BO BpAIlIEHNH IIJIOCKOCTH TOJISIPM3AlliM CBETa, OTpa-
JKEHHOI0 OT HaMarHM4eHHoro (eppoMarHeTuka. B 3a-
BUCUMOCTM OT B3aMMHOTO PacIOJOXEHUs BEKTOpa
HaMarHu4eHHOcTH M, miaocKocTu dheppOMarHMTHO-
ro 3epkaja (MoBEPXHOCTU (PepPOMAarHUTHON TJIEHKM)
U TUIOCKOCTM MOJISIpU3ALlMU CBETA MOXET OCYILECT-
BJISITHCSI MOJISIPHOE, MEPUIMOHATBHOE U 9KBATOPUATb-
HOe HaMarHWYMBaHWE oOpaslia M, COOTBETCTBEHHO,
Ha0JII0aThCs TOJSPHBINA, MEPUAMOHAIBHBINA U 3KBa-
TopuasibHbI 3dexThl Keppa (puc. 1) [1].

DKCnepuMeHT

B nHacrosieir pabote mcciegoBanu odpasell dep-
pomarHutHo# mieHku Fe,3NizyCo,¢ Tomuunnoii 30 HM.
Ilnenka ocaxaanach Ha MOIJIOXKY, IPEICTABISIONIYIO
CcO0O0M TJIACTMHY MOHOKPUCTAIMYECKOTO KPEeMHUS
KOb-12(100) nuamerpom 150 MM co closiMu TepMU-
yeckoro okcuaa (SiO,) tonmuHoit 0,6 MKM 1 BBICO-
KOTEeMIIEpaTypHOro HUTpuaa KpeMHus (SizNy) Toin-
muHo# 0,13 MKM, Ha yCTaHOBKE MarHeTPOHHOTO pac-

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 20, Ne 9, 2018

nboiieHus PHASE 11 J komnanuu AJA International
Inc. (CIIA) B noamarunyusarowmem nosue Hy = 40 5.

Bbuin ucnosib30BaHbl ClEAYIOLIME OIepalMOHHbIE
rmapaMeTphl IIpoIlecca OCaXKIEeHUS: TeMIIepaTypa Iom-
aoxku T, = 270 °C; octaToYHOE [IaBJIE€HHUE ra30B B
Kamepe p, = 1073 I1a; MomHOCTH, MMomaBaeMas Ha
MarHetpoH W, = 160 Br; paGouee naBieHMe aproHa
p = 0,5 Ila.

O6pasen nnenku Fe(Ni;4Co;q uccnenosanu cpa-
3y IoCJjie MOJYYeHMS U MOCJIe IBYX MOJIYy4acOBbIX pa3-
MaTrHUYMBAIOIINX BaKyyMHBIX OTKHWTOB TIPU TeMIIE-
parypax 77 = 400 °C u T, = 600 °C Ha cucteme mis
JIOKQJIbHOTO UCCJIEA0BAHMSI MATHUTOONITUYECKOTO -
(exkra Keppa BH-PI7892-MI npousBoacTBa KoMmna-
Huu NEOARC Corp. (SIrioHUS) ¥ ¢ TIOMOIIBIO CHEK-
TpajbHoro auurncomerpa Auto SE komnanuu Horiba
Jobin Yvon (nonwus).

B orcyrcTBUE BHElLIHErO MarHUTHOrO noJjsg H Bek-
TOp CIIOHTaHHOW HamMarHmdyeHHocTH M deppomar-
HUTHOM TIJIEHKW HaIlpaBJIieH MO OCH JIETKOro Hamar-
HuuuBaHus (OJIH), coBmagamoliero ¢ HarmpaBieHUEM
noamaruuuusarowmero nonast Hy. IlepnenaukynsapHo
OJIH B muiockocTu ¢heppOMarHUTHOM TJIEHKU JIEKUT
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Puc. 1. B3aumHoe pacnoJjioxeHue BEKTOpa HaMariu4eHHocTd M, miockocTa ¢eppoMarHuTHOro 3epkaia (IoBepxHocTH (peppoOMArHUTHOM IIEH-
KH) ¥ IVIOCKOCTH NOJisApu3anuu (maJieHus) CBeTa B CJiyyae noJisipHoro (a), MmepuauoHaabHoro (b) u skBatopuaisHoro (c) adpdexros Keppa (k —
BEKTOP PacHpOCTPaHEeHHsl CBETOBOI BOJHbI). CHcTeMa KOOPAMHAT BHIOMPAETCS TaK, YTO OCh Z BCEraa HaNMpaBjieHA BAOJb BEKTOPA HAMATHH-

YeHHOCTH o0pa3ua M

Fig. 1. The mutual arrangement of the magnetization vector M, the plane of the ferromagnetic mirror (the surface of the ferromagnetic film) and the
plane of polarization (incidence) of light in the case of polar (a), meridional (b) and equatorial (c) effects of Kerr (k — propagation vector of the
light wave). The coordinate system is selected so that Z axis is always directed along the magnetization vector of sample M

och TpyaHoro HamarHnuyuBanus (OTH). ITpu npuio-
SKeHUW BHEITHEro MarHuTHoro 1ot H BekTop Hamar-
HuYeHHOCTU M moBopauMBaeTcs, MpuoIxKasach K Ha-
MpaBJIEHUIO MOJISI C BO3PACTAHWEM €ro 3HAYeHMUs, T. €.
cymectByeT 3aBucumoctb M = f(H) [2].

st uccnenyemMbix oOpas3lioB B BUJE TOHKUX (ep-
POMAarHUTHBIX TUIEHOK XapaKTepeH MepUIMOHATbHBIN
apdexT Keppa, cocTrosiiuii B mOBOPOTE IJIOCKOCTH
nojsipusanuy Ha yroi Keppa, o6o3HayaeMblii Kak 0
(manee Theta k Ha rpacdukax puc. 3, CM. BTOPYIO CTO-
POHY OOJIOXKKHW), Y MOSIBJIEHUU BJUTUIITUYHOCTU OTpa-
JKEHHOT'O CBeTa NMpY HaMarHUYMBaHUU TIJIEHKM.

Puc. 2. Cxema cucTeMbl ISl JIOKAJBHOTO UCCJIEA0BAHNS MATHUTOOM -
Tyeckoro 3¢pgexra Keppa BH-PI17892-MI: / — nasep; 2 — cobu-
patolas mH3a; 3 — nossipusarop; 4 — MOAYJISITOP; 5 — MOJTYBOJ-
HOBas IUIACTMHKA; 6 — 3JIeKTPOMAarHut; 7 — obOpasel deppomMar-
HUTHOI TuleHKW; § — aHanumsarop; 9 — doronerekrop; 10 —
CUHXPOHHBIN AeTekTop; I/ — KoMmmbloTep; /2 — OJO0K IMUTaHUsS
3JIEKTPOMAarHuTa

Fig. 2. Circuit of BH-PI7892- M1 system for a local study of the magneto-
optical effect of Kerr: 1 — laser; 2 — converging lens; 3 — polarizer;
4 — modulator; 5 — half—wave plate; 6 — electromagnet; 7 —
ferromagnetic film sample; 8§ — analyzer; 9 — photodetector; 10 —
synchronous detector; 11 — computer; 12 — power supply unit for the
electromagnet
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Kospuurusnyio cuny H,. n nosne anuszorponuu H,,
Moay4YeHHOro obpasna heppoMarHUTHON TUIEHKW W3-
MEpSIM B CHUCTEME JUISI JIOKAJIBHOTO WCCIICIOBAHUS
marHutoonTtudeckoro a¢gdexra Keppa BH-PI17892-MI
npousBoacTsa KomrnaHnuu NEOARC Corp. (AnoHust),
CXeMa M3MepeHUsT KOTOpPOl MpencTaBieHa Ha puc. 2.

MoHoXpoMaTUYEeCKUI IMYyYOK CBeTa, M3Iy4aeMblid
JlazepoM [ ¢ nauHOM BoJIHBI A = 408 HM, hopmupye-
MBIl ONTUYECKUMU dlIeMeHTaMu 2, 4 u 5, mpoxons
yepe3 MoJsipu3aTop 3, mpuodpeTaeT TUHEHHYIO T0-
Jisipu3anuio. JIMHeHHO MoJIpU30BaHHbIN My4YoK CBeTa
JMaMeTpOM OKOJIO 3 MKM HarpapjsieTcsl Ha obpasel|
beppoMarHUTHOM TUICHKHW 7 TPAKTUYECKU TIepIIeH-
JUKYJISIPHO €€ MOBEPXHOCTU (Yyroa MHajeHMsl Mydyka
cBeTa 3, OTCYMUTHLIBAEMBIN OT HOPMAaJIK K TTIOBEPXHOCTH
TUIeHKH, 0J130K K 0°, T. €. B =~ 0°).

ITocne oTpaxkeHUsT OT MOBEPXHOCTU (peppOMarHuT-
HO# TUIeHKW 7, HaXOHOSIIelcsd BO BHEIITHEM MAarHWT-
HoM moJie (S — N), co3gaBaeMOM 2JIEKTPOMAarHuToOM 6
¢ OJOKOM TNuTaHusl [2, monsipusalusl CBeTa CTaHO-
BUTCSI SJUTUTITUYECKOM. 3aTeM ITydoK CBeTa IajgaeT Ha
aHaiM3aTop &, B KauyecTBE KOTOPOro MCMOJb3YyeTCs
npu3Ma Bomtactona (Wollaston), pasgensioinasi cBeT
Ha JBa ITyyKa OPTOrOHaJIbHOMN MoJisIpu3aivu. Beien-
IIYMe W3 MPU3MEI IBa ITyYKa IMomnagaoT Ha (DOTOAUOILI
(oronerektopa 9 ¢ mpusmoit I'mana — TomricoHa
(Glan — Thompson prism), rae ONTUYECKHUE CUTHAIbI
MPEBPAIIAIOTCS B BJIEKTPUYECKNE CUTHAJIBI, Pa3HOCTD
KOTOPBIX MOIYJIMPYETCS U AETEKTUPYETCS CUHXPOH-
HBIM JeTeKTOopoM [0 M TIoCcTymaeT IJjIsT 00pabOTKA B
KoMIbloTep [/, yrpaBisiiolIUil TakxkKe pabOTON BCei
cucteMsbl [3].

IIpn sTOoM cornacHo pabGote [4] yrom moBopoTa
Keppa 6, (Theta k Ha rpadukax puc. 3, cM. BTOPYIO
CTOPOHY OOJIOXXKHM) MPOIOPLMOHAJICH HaMarHWYeH-
HocTu M (eppoOMarHUTHOM IIJIEHKHU, ITO3TOMY KpU-
Bble HAaMarHWYMBaHUS U TMETAM TepeMarHUYMBaHUS




(eppoMarHuTHBIX ieHOK B cucteMe BH-PI7892-MI1
nmoJiyyarorcst He Kak 3aBucumocty M = f(H), a kak
3aBucumoctu Theta k = f(H) (puc. 3, cM. BTOpyIO CTO-
poHy 00y10XKM). IIpy mosyyeHUn KpUBBIX HaMarHu-
YUBaHUS W TIETIA TIepeMarHMYMBaHUs (DeppOMarHuT-
HBIX TUIeHOK cuctemMa BH-PI17892-MI oGecrnieunBaer
TOYHOCTb BpallleHUsI 00pa310B IO YIJIy o. B TOPU30H-
TaJIbHOM TJIOCKOCTU Ha YpoBHE 1°.

ITonyyeHHbIE HA OCAKAEHHBIX U OTOXKEHHBIX 00-
pasuax reHok Fe (Ni;4Coq u3 rpadukos Ha puc. 3
(CM. BTOPYIO CTOPOHY OOJIOXKM) 3HAYEHMS KOIPLM-
tuBHOM cuiibl H, 1 nons anusorponuu H, npuBeneHsl
B Tabi. 1.

Te >xe 00pa3iibl OCaXAECHHbBIX U OTOXKEHHbIX TIJIe-
HOK Fe|yNi;;Co,¢ uccrenoBaim Ha CIEKTPaJIbHOM
sunurncoMmeTpe Auto SE, nMmeronieM avarnazoH IJIMH
BoJH A = 440...850 HM, UKCUPOBAHHBII Yroj Taje-
Hus B = 70° ¢ UCMOJb30BaHUEM pa3Mepa 00JacTU 13-
Mepenusa 500 % 500 mxwm [5]. OnTryeckas cxema -
JIMTICOMETpPA MoKa3aHa Ha puc. 4 (CM. BTOPYIO CTOPOHY
00JIOXKKM).

B niputbope Auto SE MCTOUHMKOM HU3Iy4eHUS SIB-
JIsieTCsl TaJIoTeHHasl JaMIa MOIIHOCThbIo 5 BT u romy-
0oii cBeTOAMOI. ABTOMAaTUYECKMIA 3aTBOP UCIIOIb3YyeT-
Csl U151 BBISIBJICHMS U TToJaBaeHusI lnyma. [1nedo usmy-
yareJsisi COCTOMT U3 UCTOUHMKA CBETa, MoJjsipu3aTopa u
MOZYJISITOpa Ha XUAKUX KpUCTaiax, 00beAMHEHHbBIX
B ONTUYECKUI OJIOK.

Ha uccnenyemblit o6pa3zel NJIeHKU TMagaeT JUHek -
HO (IUIOCKO) IOJISIpU30BaHHAs BOJIHA CBETa, KOTOpasi
MocJie OTPaXKEeHUSI CTAHOBUTCSI B OOIIEM ciydyae BJ-
JIMITUYECKU TIosipu3oBaHHOM. [locie oTpakeHus ot
o0pasiua Jy4 UaeT Yepes3 KUIKOKPUCTALIMYECKU MO-
IyJIATOP M TOJIsIpu3arop. B 3aBepllleHUN BBIXOASALINIA
CBET aHaJM3UpyeTcs Ha crnekTtpoMeTpe. M3mepeHue
BoinosiHsieTcsd Ha I13C-nerekTope (IeTeKkrope Ha oc-
HOBe NMpUOOpa C 3apsiI0BOIA CBI3bIO) B AMANA30HE IJTUH
BoJIH 440...850 HM.

B ocHoOBe 2/IMIICOMETPUYECKUX UCCIEA0BAaHUM Jie-
JKWUT OIlpejieJieHUe OTHOIIEHUSI KOMIUIEKCHBIX KOd3¢h-
(GULIMEHTOB OTpaXXKeHUS Rp/ R, U1 IBYX THIIOB IOJISA-
pU3aLMU CBETOBOM BOJHBI: B TUIOCKOCTH TafAeHUs (p)
U TIepHEHIUKYISIPHO K Hel (§5). DTO OTHOIIIEHUE MpPU-
HSTO BBIpaXkaTb 4epe3 BJUIMIICOMETPUYECKUE Tapa-
MeTpbl ¥ U A, KOTOpbIE XapaKTepU3YylOT OTHOCUTEb-
HO€ M3MEHEHUE aMIUTUTY IS p- U S-TIOJISIpU3aliiii 1
caBur ¢a3 Mexnay HuMu [6]:

tgWexp(iA) = Rp/RS. (D)

HeiicTBUTENBbHO (PUBMYECKUIM CMBICI SJLIMIICOMET-
pUYECKUX TTapaMeTpOB, MHOTIA Ha3blBAEMBIX TOJISIPH-
3alIMOHHBIMU TTapaMeTpaMHM, MPOCTOi: tg¥ moKa3biBa-
€T OTHOLIEGHWE aMILIUTYI KO3(G(GUIMEHTOB OTpaxke-
HUS JJIS1 p- U S-BOJIH, a TapaMeTp A paBeH Pa3HOCTU
MexXny ¢a30BBIMM CKauyKaMU 3THUX BOJIH TIPH OTpa-
KEHUM.

KomiiekcHble K03(OUIIMEHTHI OTPaXKEHUs 3aBU-
CAT OT ONTUYECKUX CBOMCTB MccienyeMoii peppomar-
HUTHOM TUIEHKH, a TaKKe OT YyIJIa TafeHMs cBeTa B U
€ro JUIMHBI BOJHBI A. Ecau 4yuciao mapaMeTpoB, Noa-
JIeXXaIINX OIpeleIeHNIO, OOJbIe IBYX, TO MOXHO
MPOBECTH U3MEPEHUSI TIPY CKAHUPOBAHUM JUITMHBI BOJI-
HBI CBETA IO CIEKTPY (CIIEKTpaIbHAST 3JUTUTICOMETPHS )
M, TEM CaMbIM, YBEJIUYUTD YHCJIO YPaBHEHUI.

DIITUIICOMETPUYECKUI IKCTIEPUMEHT Mperoara-
€T TIOCJIeNOBATEIbHOE BEHITIOTHEHNE CIIEAYIOINX IIa-
ros [6]:

— TIpOBelIeHNE HEOOXOMUMOTO YMCJIa M3MEpPEeHUM
(ompeneneHue JeBoit yacTu ypaBHeHuil Buaa (1));

— BBIOOp ameKBAaTHOM ONMTUYECKON MOIEIH, OIH-
ChIBalOIIIe} OTpaxKarollre CBOMCTBA UCCIEeNyeMOro 00-
pasua (MoaeaupoBaHue MpaBoii yacTu ypaBHeHus (1));

— YUCJICHHOE pellIeHNe CUCTEeMbI YpaBHEHUI 1 OTT-
peneseHrue UCKOMBIX MapaMeTpPOB MOACIIH;

— WHTEPIIPETAIs TOJTyYeHHBIX YACITOBBIX PE3YITb-
TaTOB Ha SI3bIKe (PU3NIECKUX XapaKTePUCTUK MCCIIEIY-
€MOro o0ObeKTa.

ChnexTpaibHblii aysMIicomerp Auto SE He usme-
psIeT HampsIMYIO 3JUIMIICOMETpUYECKHE mapaMeTpbl ¥
U A, OHU OTIPEIEIISIIOTCS B pe3yIbTaTe aHaIM3a CIIeK-
Tpa, U3MEPEHHOTO Ha IETEKTOpE, IIPU Pa3IMIHBIX 10~
JIOXKEHUAX XUIKUX KPUCTAIIOB. 3aTO 3JUTUIICOMETP
OMpeJieIAeT CBA3aHHBIE C HUMM XapaKTEePUCTUKU [
nl,[5]:

I, = sin2V¥ - sinA; 2)
I. = sin2V¥ - cosA. 3)
Ta6auua 1

Table 1

Pe3yabTaThl M3MEPeHHII MATHUTHBIX MAPAMETPOB 00pa3ua MIEHKH
Fe(Ni;4Coy¢ ¢ MOMOMBIO CHCTEMBI AJIS JOKAJILHOrO HCCIEA0BAHAS
Marnutoontuueckoro 3pdexra Keppa BH-P17892-MI
c¢cA =408 am npu g = 0°
Results of measurements of the magnetic parameters of the sample
of FeyNi»,Co 4 film by means of BH-PI7892-MI system

for the local research of the magneto-optical Kerr effect
with 2 = 408 nm at g = 0°

Yron opueHTaunu obpasma
TUICHKU F310N174C016
B TOPU3OHTAJIbHOM TUIOCKOCTH | B FOPU3OHTAJIBHOM MJIOCKOCTU
o = 35° (1o HaIpaBJIEHUIO o = 125° (mo HampaBJIEHHUIO
OCHM JIETKOTO HAaMarHM4YMBaHUsI | OCU TPYAHOTO HAMarHUYMBAHUSI
(OJIH)) (OTH))
Angle of orientation of the sample Angle of orientation
of Fe;yNi-4Co ;4 film in the of Fe;yNi74,Co 4 in the
horizontal plane . = 35° horizontal plane a. = 125°
(in the direction of the axis (in the direction of the axis
of easy magnetization (AEM)) of hard magnetization (AHM))

Yron opueHTaunm obpasna
IUICHKU FeloNl74C016

Kospuurusnas cuna H,, O
Coercive force H,, Oe

Mone anuszorponuu H,,, O
Field of anisotropy H,, Oe

2,9 25,9
5,7 17,3
4,6 6,4
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Tabauia 2
Table 2

Pe3ynbTaThl M3MepeHUii MATHUTHBIX NapaMeTpos o0pasua nienkn Fe;oNi;4,Co;q ¢ nomompio cnexkTpaabHoro aumncomerpa Auto SE

mpu =70"°

Results of measurements of the magnetic parameters of the sample of Fe ;yNi-,Co s film by means of Auto SE spectral ellipsometer at p = 70 °

VYron opueHTaunm obpasia IIeHKA
Fe(yNi;4Co¢ B TOpU30OHTaIbHOI
IJIOCKOCTH o = 35° (110 HanpaB/IeHUIO
ocu jerkoro HamarHnuuBanusi (OJIH))
Angle of orientation of the sample
of FegNi-4,Co ;4 film in the horizontal
plane oo = 35° (in the direction of the axis
of easy magnetization (AEM))

Vron opueHTaunu odpasiia IJIeHKHN
Fe (Niz4Co;¢ B TOPU30HTANILHOM
TIOCKOCTH o = 125° (110 HampaBIeHUIO
ocu TpynHoro HamarunuuBanusi (OTH))
Angle of orientation of the sample
of Fe ;yNi74Co is film in the horizontal
plane o = 125 (in the direction of the axis
of hard magnetization (AHM))

JliMHa BOJHBL A, HM 450 550 650 750 450 550 650 750
Wavelength \, nm

CurHan no orxura Iy 0,882 0,705 0,616 0,562 0,880 0,702 0,614 0,559
Signal before annealing 1 ;

Curnan nocsie nepsoro otxura npu I, 7; =400 °C| 0,816 0,672 0,555 0,525 0,821 0,676 0,564 0,531
Signal after the first annealing at I, T; = 400 °C

CurHzan nocne Broporo otxura npu Iz 7, = 600 °C| 0,781 0,658 0,527 0,504 0,782 0,657 0,524 0,506
Signal after the second annealing at I3 T, = 600 °C

PasHocTb curHanos |z — I 0,101 0,048 0,089 0,057 0,099 0,045 0,091 0,053
Difference of signals |I;; — I |

Pasnocts curHanos |z — Iy 0,066 0,033 0,061 0,037 0,060 0,026 0,050 0,029
Difference of signals |I 3 — I,

I1pu 5TOM 3HaYeHMs XapaKTEPUCTUKU [ COCTABIA-
10T MEPBUYHBIA HAOOP AaHHBIX, OMNpenesIoleil na-
pameTpsl o6pasua miaeHku FeqoNizyCoye, u aBisrorca
KJTI0YEBBIMU 3JIEMEHTAMHU CIIEKTpa, MCIOJb3YeMOIO
JUJISI MOJIEJIMPOBAHUSI.

O6pasen ienku FeoNiz4Co Ha cTONMKE CrieK-
TpajibHOTO ayuncoMerpa Auto SE Bpaiiianu B ropu-
30HTAJILHOM TUIOCKOCTH BPYYHYIO, MO 3TOM NMpUYUHE
TOYHOCTh BBICTABJICHUS yIjia o cocTaBisiia +5°. JlaH-
Hble Ha OCaXICHHBIX U OTOXCKEHHBIX 00Opaslax Iie-
HOK Fe(Ni;yCo¢ cHumamu npu yrnax o = 35° u
o = 125° Ha derpIpex mmHax BosH A: 450, 550, 650 u
750 am. g xaxxgoro oopasia, yria M JJIMHBI BOJTHBI
3HAYE€HMsI XapaKTEPUCTUKU [ CHUMAJIX 110 3 pa3a, 4To-
OBl yyecTb BO3MOXHbIE (hJIyKTyalldU, BbI3BAaHHbIE arl-
rnapaTHbIMU OILLIMOKaMM, a 3aTeM YCPEOHSIU WU 3aHO-
CUIM B Tabul. 2.

XOTs clienyeT OTMETUTh, UTO HauOOJblliMe Bapua-
UMM XapaKTEPUCTUKKU [; HEOTOXXKEHHOro obpasua
mienku Fe(Nis Co g Habmoganu npu yraax o = 90°
uo = 270°.

3akmoueHue

Ha ocHoBaHMM TpPOBeACHHBIX 3KCIECPUMEHTOB
MOHO C/IEJIaTh CJIEAYIOLINE BBIBOBI:

1. O6pasen mienku Fe;3Niz4Co ¢ He pasmarnu-
TUJICS TIOCJIE TIEPBOTO BaKyyMHOTO OTKWTA IPU TEM-
nepatype 77 = 400 °C B Treuenue 30 MUH, TaK Kak IeT-
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JI TIepeMarHMYBaHUsI OTHOCUTEILHO OCH JIETKOTO Ha-
MaranuuBaHus (OJIH) ox yriiom o = 35° (cM. puc. 3,
MO3ULIMM a U b) MpaKTMYECKH HE M3MEHWIUCH. DTO
CBUIIETEILCTBYET O TOM, YTO Touka Kropu mist uccie-
nyeMoit tteHKH yexut Beiire 400 °C.

2. ITociie BTOporo BaKyyMHOI'O OTXHWTa IpU TeMIIe-
parype 7, = 600 °C B TeueHue 30 MuH obpasel| MJ1eH-
ku Fe (NizyCo ¢ pasMarHuTUiICA, YTO ONPENETIIETCS
MO MCYE3HOBEHUIO OCHU TPYIHOIO HaMarHWYMBaHUS
(OTH) niox yriaom o = 125° (cM. puc. 3, TO3uULIus e, CM.
BTOPYIO CTOPOHY 00JIOXKM). B mpoliecce ocThiBaHUS
o0Opasia nosie 3eMJIM HaBeJIO aHU30TPOIUIO MO, YIJIOM
o~ 70°, yTO ObLIO 3aPUKCUPOBAHO IKCTIEPUMEHTAIIb-
Ho. JIJ1s1 TOro YTOOKI MoJie aHU30TPONUU HE HABOIU-
JIOCh, TUTACTUHY HYXXHO BpallaTh B IPOIIECCE OCTHI-
BaHUS.

3. Curnan cnexTpajabHOro sjuMIcomerpa I pea-
rupyer Ha cTpyktypy ruieHku Fe,oNiz4Co;¢, n3mens-
Iolllylocs B Tpoliecce BakyymMHoro otrxura. I[lpuuem
U3MEHeHUe curHana /; Ha JirHax BosiH A = 450 HM 1
A = 650 HM MpaKTUYECKN B ABa pa3a OOJbIIIE, YeM Ha
JiavHax BoJaH A = 550 HMm u A = 750 HM (cM. Tabm. 2).

4. TlpobaemMa TapMpOBKM CHUTHajla CHEKTPaJIbHOIO
sumncomerpa I g n3MepeHus 3HaYE€HUI KO3pLH-
tuBHOM cuiel H, v mons anusorponuu H, deppomar-
HUTHBIX TIJIEHOK HYXIAETCS B IOIOJTHUTEIBHBIX MC-
CJIeIOBaHUSIX.
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A sample of Fe ;yNi-,Co s ferromagnetic film of 30 nm thickness was investigated after its deposition and two demagnetizing half-
hour vacuum annealings at the temperatures of 400 °C and 600 °C. The magnetic parameters of the film, namely, the coercive force
and the anisotropy field, as well as their changes after the annealings, were determined using a system for studying of the magneto-
optical effect of the Kerr and a spectral ellipsometer. A sample of the Fe ;yNi-4,Co ;s film was not demagnetized after the first vacuum
annealing at the temperature of T; = 400 °C during 30 minutes, since the magnetic loop relative to the axis of easy magnetization
(AEM) at angle o = 35° did not change. This means that the Curie point for the studied film lies above 400 °C. It is shown that
the signal of the spectral ellipsometer reacts to the change of the magnetic parameters of the Fe;)Ni7,Co 4 film changing during a
vacuum annealing. Moreover, the response range at the wavelengths of A = 450 nm and A = 650 nm is almost twice as large, than
at the wavelengths of 2 = 550 nm and A = 750 nm. The problem of calibration of the signal of the spectral ellipsometer I for meas-
uring of the values of the coercive force H,. and the anisotropy field H, of the ferromagnetic films needs additional research.
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Introduction

The magneto-optical effect of Kerr consists in rota-
tion of the plane of polarization of the light reflected
from a magnetized ferromagnetic. Depending on the
relative positioning of the vector of magnetization of M,
the plane of a ferromagnetic mirror (the surface of the
ferromagnetic film) and the plane of polarization of
light, a polar, meridional and equatorial magnetization
of the sample can be carried out, and, accordingly, the
polar, meridional and equatorial effects of Kerr can be
observed (fig. 1) [1].

Experiment

We investigated a sample of a ferromagnetic film
of Fe yNi;4Co¢ with thickness of 30 nm. The film
was deposited on a substrate, which was a wafer of
KDB-12 (100) monocrystal silicon with diameter of
150 mm with layers of thermal oxide (SiO,) of 0.6 pm
thickness and high-temperature silicon nitride (SizNy)
with thickness of 0.13 um. Process deposition of a
film was implemented on magnetron sputtering tool
PHASE I1J, AJA International Inc. (USA) under mag-
netic bias field near substrate of Hy = 40 Oe.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 9, 2018 525



The following operational parameters were used:
temperature of the substrate — 7, = 270 °C; residual
pressure of gases in the chamber — p,= 1077 Pa; power
submitted to the magnetron — W, = 160 W; working
pressure of argon — p = 0.5 Pa.

A sample of Fe(Ni;4Co,q4 film was investigated af-
ter its deposition and two half-hour demagnetizing
vacuum annealings at 7] = 400 °C and 7, = 600 °C
on BH-PI17892-MI system manufactured by NEOARC
Corp. (Japan), for the local research of the magneto-
optical Kerr effect and by means of Auto SE spectral el-
lipsometer from Horiba Jobin Yvon (Japan).

In absence of the external magnetic field H, the vec-
tor of the spontaneous magnetization of M of the fer-
romagnetic film is directed along the axis of easy mag-
netization (AEM), coinciding with the direction of the
magnetic bias field Hy. In the plane of the ferromag-
netic film, perpendicularly to AEM, there is the axis of
hard magnetization (AHM). When the external mag-
netic field H is applied, the vector of magnetization M
turns, coming nearer to the direction of the field with
an increase of its value, i.e. there is a dependence
M = f(H) [2].

For the investigated samples in the form of thin fer-
romagnetic films the meridional Kerr effect is charac-
teristic. It consists in a turn of the plane of polarization
by Kerr angle, designated as 6, and occurrence of el-
lipticity of the reflected light during the film magneti-
zation.

The coercive force H, and the field of anisotropy H,,
of the received sample of the ferromagnetic film was
measured in BH-PI7892-MI system manufactured by
NEOARC Corp. (Japan) for the local research of the
magneto-optical Kerr effect. The measurement circuit
this system is shown on fig. 2.

A monochromatic beam of light radiated by laser /
with the wavelength A = 408 nm, formed by optical el-
ements 2, 4and 5, passing through polarizer 3, acquires
a linear polarization. The linearly polarized beam of
light with diameter of about 3 um is directed to the
sample of the ferromagnetic film 7 practically perpen-
dicularly to its surface (the incidence angle of the beam
of light B, counted from a normal to the film surface,
is close to 0°, i.e. B = 0°).

After reflection from the surface of the ferromagnetic
film 7, which is in the external magnetic field (S — N),
created by the electromagnet 6 with a power unit 72,
the light polarization becomes elliptic. Then, the beam
of light falls on the analyzer &, the role of which is
played by the Wollaston prism, which divides light into
two beams of orthogonal polarization. The two beams
coming from the prism get to the photodiodes of the
photodetector 9 with Glan — Thompson prism, where
the optical signals turn into the electric signals, the dif-
ference of which is modulated and detected by the syn-
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chronous detector /0and arrives for processing in com-
puter /1, which controls operation of all the system [3].

At that, according to [4], Kerr angle of turn 6,
(Theta k on diagrams of fig. 3, see the 2" side of cover)
is proportional to magnetization M of the ferromag-
netic film, therefore, the curves of the magnetization
and the loops of the magnetic reversal of the ferro-
magnetic films in BH-PI7892-MI system turn out not
as M = f(H) dependences, but as dependences of The-
ta k = f(H) (fig. 3, see the 21 gide of cover). During
reception of the curves of magnetization and the
loops of magnetic reversal of the ferromagnetic films,
BH-PI17892-MI system ensures accuracy of rotation of
the samples by angle a in the horizontal plane at the
level of 1°.

The values of the coercive force H, and field of an-
isotropy H,,, received on the deposited and annealed
samples of Fe,yNi;4Co¢ films from diagrams in fig. 3
(see the 21 gide cover) are presented in table 1.

The same samples of the deposited and annealed
films of Fe(Ni;4Co,q were investigated on Auto SE
spectral ellipsometer with the range of the wave-
lengths A (440 — 850) nm, fixed incidence angle g = 70°
with the use of the size of the area of measurement
(500 x 500) um [3]. The optical circuit of the ellip-
someter is shown in fig. 4, see the 2" gide of cover.

In Auto SE device the source of radiation is a hal-
ogen lamp with power of 5 W and a blue light-emitting
diode. For detection and suppression of noise an auto-
matic shutter is used. The radiator shoulder consists of
a light source, a polarizer and a modulator on the liquid
crystals integrated in the optical unit.

A polarized wave of light falls linearly (plainly) on
the investigated sample of a film, which after its reflec-
tion becomes elliptically polarized. After the reflection
from the sample the beam goes through the liquid crys-
tal modulator and the polarizer. In the end, the outgo-
ing light is analyzed in the spectrometer. Measurement
is carried out on a CCD detector (the detector based on
a charge-coupled device) within the range of the wave-
lengths of 440...850 nm.

The ellipsometric research is based on determina-
tion of the relation of the complex reflection coeffi-
cients Rp/Rs for two types of polarization of a light
wave: in the plane of incidence (p) and in the one which
is perpendicular to it (s). This relation is usually ex-
pressed through the ellipsometric parameters ¥ and A,
which characterize the relative variation of the ampli-
tudes for p- and s-polarizations and the phase shift be-
tween them [6]:

tgWexp(iA) = RP/RS. (1)

Indeed, the physical meaning of the ellipsometric
parameters, which are sometimes called polarizing pa-
rameters, is simple: tg¥ shows the relation of the am-




plitudes of the reflection coefficients for p- and s-waves,
while the parameter A is equal to the difference between
the phase jumps of these waves during the reflection.

The complex reflection coefficients depend on the
optical properties of the investigated ferromagnetic
film, and also on the incident angle of light B and its
wavelength A. If the number of the parameters, which
are subject to determination, is more than two, it is pos-
sible to make measurements during scanning of the
light wavelength by the spectrum (spectral ellipsome-
try) and thus increase the number of the equations.

The ellipsometric experiment envisages a consecu-
tive implementation of the following steps [6]:

— carrying out of the necessary number of measure-
ments (determination of the left part of the equations of
the kind (1));

— selection of an adequate optical model describing
the reflecting properties of the investigated sample
(modeling of the right part of the equation (1));

— a numerical solution to the system of the equa-
tions and determination of the required model param-
eters;

— interpretation of the received numerical results in
the language of the physical characteristics of the in-
vestigated object.

Auto SE spectral ellipsometer does not measure di-
rectly the ellipsometric parameters of ¥ and A, they are
determined as a result of an analysis of the spectrum,
measured by the detector at different positions of the
liquid crystals. However, the ellipsometer determines
the characteristics of /;and /. [5] connected with them:

I, = sin2V¥ - sinA, )
1, = sin2¥ - cosA. 3)

At that, the values of characteristic /; are the initial
set of the data, which determine the parameters of the
sample of Fe,;Ni;4Co;¢ film and are the key elements
of the spectrum used for modeling.

The sample of Fe;yNi;4Co ¢ film was rotated in a
horizontal plane manually on a little table of Auto SE
spectral ellipsometer, for this reason the accuracy of
setting of angle a. was =5°. The data on the deposited
and annealed samples of Fe(Ni;4Co,4 films were re-
corded at angles oo = 35° and a = 125° on the wave-
lengths of A: 450, 550, 650 and 750 nm. For each sam-
ple, angle and wavelength the values of characteristic /g
were taken 3 times in order to consider the possible
fluctuations caused by the hardware errors, and then
they were averaged and brought into table 2.

Although it is necessary to point out, that the great-
est variations of characteristic /; of the unannealed
sample of Fe,Ni;4Co,¢ film was observed the at angles
a = 90° and a = 270°.

Conclusion

On the basis of the experiments it is possible to draw
the following conclusions:

1. The sample of Fe(,Ni;4Co¢ film was not demag-
netized after the first vacuum annealing at 7 = 400 °C
during 30 min., because the loops of the magnetic re-
versal practically did not change in relation to the axis
of easy magnetization (AEM) at angle o = 35° (fig. 3,
positions a and b, see the 2™ gide of cover). This tes-
tifies to the fact that the Curie point for the investigated
film is above 400 °C.

2. After the second vacuum annealing at 7, = 600 °C
during 30 min. the sample of Fe yNi;4Co,q film be-
came demagnetized, which was defined by the disap-
pearance of the axis of hard magnetization (AHM) at
angle o = 125° (fig. 3, position e, see the 2" ide of
cover). In the course of cooling of the sample, the field
of the Earth induced anisotropy at angle a ~ 70°, which
was recorded experimentally. In order to avoid the field
anisotropy, the plate should be rotated in the course of
cooling.

3. The signal of the spectral ellipsometer /; reacts
to the structure of Fe,yNis4Co ¢ film, which changes
in the course of the vacuum annealing. At that, the
change of signal /; on the wavelengths of 1 = 450 nm
and A = 650 nm is practically twice is more than on the
wavelengths of A = 550 nm and A = 750 nm (see the
table).

4. The problem of calibration of the signal of spec-
tral ellipsometer /; for measurement of the values of the
coercive force H . and fields of anisotropy H,, of the fer-
romagnetic films requires an additional research.

The work was performed on the equipment of MIET
Core facilities center "Microsystem technique and the bas-
es of electronic components”, supported by the Ministry of
Education and Science of the Russian Federation (state
contract No. 14.594.21.0012, unique identifier of the
project RFMEFI59417X0012).
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Hccenedosana npobaema A0KAALHO20 UOHHO-CIUMYAUPOBAHHORO PACHbIAEHUS NOGEPXHOCMU NOAUKPUCMANIUMECKOU MedU 6bi-
COKO9Hepeemu4ecKumu uoHamu earius. Jlana oyenka eausHur ghgexma KaHaAupogaHus Ha KOIGOuUyUeHm pacnviieHus noiu-
Kpucmanauueckou medu. Onpedesena 3a8UCUMOCHb WEPOX0BAMOCIU NOGEPXHOCMU NOAUKDUCMAANUYECKOU MeOU, NOAYYEHHOU 6
pe3yavmame A0KAAbHO20 UOHHO-CIUMYAUPOBAHHOO0 PACNbLACHUS ee NOBEPXHOCMU 8 OMCYMCMBUU NPEKypcopa, ¢ NPUMeHeHUeM na-
pos 600bt (H,0), xnopa (Cly) u eexcaxapbonungonsghpama (W(CO)s), om moka u 3nepeuu nyuka uonos. Iloxazano, ymo mu-
HUMGAbHAS WEPOX08amOoCs N0O8epXHOCmuU noayuaemcs npu ucnoasvzoeanuu H,0 é kavecmee npexypcopa, a MaKcumaibHas uie-
poxosamocms — npu ucnoavzoeanuu Cl,y. Yemanoeneno umo npu yeeauuenuy moxa u snepeuil ny4Ka UOHOE ulepoxoeamocms no-

6EepPpXHOCMU yeeauvueaencs.

Karoueevie cao6a: snympucxemnoe pedakmuposanue, 10KAAbHOE UOHHO-CIMUMYAUPOBAHHOE PACNbLICHUE, NOAUKPUCMAIUYeC-
Kas medb, HAHOCMPYKMYPUPOBAHUE, (YOKYCUPOBAHHBLI UOHHDBLIL NYHOK, S(heKm KaHaiuposanus

BBenenune

TexHosorust GOKyCMPOBAHHOTO MOHHOTO MyyKa
HaXOIMT NMPUMEHEHHE B pa3IMYHBIX OTPACIISIX HAYKU U
texHuku [1—2]. OmHako Hambojee BOCTpeOOBAaHHON
OHa ocTaeTcsl B 00J1aCTU aHajM3a OTKa30B U JTMarHoc-
TUKU TTOJYTIPOBOJHUKOBBIX CTPYKTYP M 2JIEMEHTOB Ha-
HOBJIEKTpOHUKH [3].

HanexHocTh M BBHICOKOE KayecTBO PabOThl BHIBO-
JNUMOTO Ha PBIHOK M3AEJIUSI MUKPOSJIEKTPOHUKMU Tpe-
OyeT ocoboro BHUMaHMS K BOIPOCAM IMAarHOCTUKHU U
OTJIAIKM KPUCTaJlJIa Ha 3Talle TECTOBOTO MPOU3BOACT-
Ba [4]. B nepBbix npotorurnax MMC 3HauuTeabHas
4yacTh OLIMOOK B JAU3aiiHE TOTOJOTUM COAECPXKUTCS B
TpacCUpOBKe MEXYPOBHEBBIX coeaHeHuit [5]. BHece-
HUE JIIOObIX U3MEHEHU B Tormosioruio rorosoii MUMC
MpearojaraeT MPOU3BOJICTBO HOBBIX JIMTOTpacuyec-
KHX MacokK, 4TO BJIeYeT 3a COOOM MOIMOJHUTEIbHBIC
(puHaHCcoBbIe 3aTpathl [6]. UcKI0UNTH TOTPEGHOCTH B
HOBBIX JIMTOTpahUUeCKUX MacKax MO3BOJISIET TEXHOJIO-
I'Usl BHyTpUCXeMHOro penaktupoaHuss UMC, ogHoi
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13 COCTaBJISIIONICH KOTOPOU SIBJISIETCS METOJ JIOKab-
HOTO MOHHO-CTHUMYJIMPOBAaHHOTO pacmhbuieHus [7, 8].
Meron mo3BOJIsSIET BHOCUTD JIOKAJIbHBIE M3MEHEHUS B
afiekTpuueckyto cxemy MMC 6e3 HapylieHUs ee pa-
6oTtocriocodHocTH [9—11]. OcOGEHHOCThIO COBPEMEH -
Hbeix UMC sgBnsercs ¢hbopMUpOBaHUE MEXYPOBHEBOM
MeTaTU3alM U3 TIoJMKpUCTa/InYeckoin meau [12].
Ananu3 paboThl [13] mokasbiBaeT, 4TO IpPU B3aUMO-
JIEWCTBUY MyYKa BHICOKOSHEPTETUICCKUX MOHOB Tall-
JIASI C TIOBEPXHOCTBIO TTOIMKPUCTAUTMYECKON MEIH BO3-
HUKaeT 3(pdexT KaHaaupoBaHus. DPEPEKT KaHAIMPO-
BaHWS OKa3bIBACT CYIIECTBEHHOE BIMSHIE Ha TIPOIIeCC
JIOKQJIbHOTO MOHHO-Jy4eBOTO pacrblieHus Meau. Ilo
Mepe TOTO KaK MOHHBIN IMTyJOK CTAHOBHUTCS TaJaroIM
B HaIlpaBJIeHUW KaHAJIWPOBaHUSA KO3(PPUIMEHT pac-
neuieHnss ymeHblnaercs [14]. CiemoBaTeabHO, CKO-
POCTB PacIBUICHUS 3¢peH MOJUKPUCTAIUTMISCKON Me-
W C pa3IMYHOM KpHUCTa/uiorpanuecKoil opueHTau-
eif OymeT OTIMYAThCS, YTO TIPUBEIET K 0Opa30BaHUIO
HEIPOTHO3UPYEMOTO penbeda oOpadaThIBaeMO I10-
BepxHOCTU (puc. 1).




Puc. 1. N300pakenue nonepeyHoro ceveHus
Fig. 1. Cross-section image

B paGore [15] moka3zaHo, 4TO TIpU MOHHO-TYYEBOM
pacnbuieHUM amopdHOi Menun 3(PdeKT KaHaIupoBa-
HUSI HE TIPOSIBIISIETCSl U, KaK CJEeICTBUE, pacliblUieHHe
MPOXOIUT C OAMHAKOBOIN CKOPOCTHIO IO BCeil 0bpada-
ThIBa€MOI TMOBEPXHOCTU. B CBOI0O ouepenb Mcciaeno-
BaHWUS, MIpeICcTaBlIeHHEIe B paboTe [16], TOKa3bIBaIOT,
YTO U3MEHEHHWE KPUCTAJIMUYECKONW pelIeTKU MPUIo-
BEPXHOCTHBIX CJIOEB TMOJUMKPUCTALINYECKON Meau
TaKXe CIIoCOOCTBYET BbIpaBHMBAHWIO CKOPOCTU TPaB-
JIeHUsI 1o Bceil objacTu cKaHUupoBaHus. OQHUM U3
croco0oB amMopdu3aluy NPUIIOBEPXHOCTHHIX CJIOEB
MOJMKPUCTAUIMYECKONH MEAM B MPOILIECCE JOKaIbHOTIO
MOHHO-JTy4eBOTO PACIbUICHUS SIBISETCS TIPUMEHEHNE
ra3oB-IPEKYPCOPOB, KOTOPbIC MTPU B3aUMOJEUCTBUU C
TMOBEPXHOCTBIO M3MEHSIOT €€ CTPYKTYPY M CBOMCTBA.
l'az-npexypcop nopaercst B Kamepy ABYJIYYEBOUl cUC-
TeMBI B 00J1aCTh, B KOTOPOIl ITPOUCXOIUT MOHHAsI OOM-
OapaupoBKa MOBEPXHOCTU.

Takum oOpa3oM, 1IeJbl0 JaHHOU PabOTHI SIBISETCS
aQHAJIU3 BIUSIHUS TUIA ra3a-MpeKypcopa Ha pe3yabTar
JIOKQJIbHOTO MOHHO-TY4€BOTO PaCIbUICHUS TTOJMKPHUC-
TaJJIMYECKOU MeIU BBICOKORHEPTeTUYECKMU MOHAMU
rajius.

BDKcnepuMeHT

B kxauectBe oOpasua mjs1 ucclienoBaHUIT BBIOpaH
YYaCTOK CUCTEMBl METaJUIM3allMid Ha OCHOBE ITOJIM-
KPUCTAJUIMUECKOM MEAW B MHTETPAIbHON MUKPOCXE-
Me, BBIITOJTHEHHOM MO TEXHOJOTUYECKOMY IPOIECCy
90 HM.

Meton NOKaJIbHOTO MOHHO-CTUMYJIMPOBAHHOTO
pacmbUICHUST peajn30BaH C MCITOIb30BaHUEM IBYITY-
yeBoii cucteMbl FEI Qanta 3D ¢ raqnveBBIM KUIKO-
METAJJINYeCKMM MOHHBIM MCTOYHMKOM. B KauecTBe
ra30B-TIPEKYPCOPOB B MpoIecce SKCIIEpUMeHTa OBbIITH

ucnonb3oBanbl napel Boasl (H,0), xmop (Cly) n me-
TaJUIOOPraHUYEeCKUIl ra3 — rekcakapOoOHUIBOIbGpaM
(W(CO)yg).

B xone skcrniepuMeHTa Ha y4acTKe CUCTeMbl MeTall-
JIU3aLMU METOIOM JIOKAITbHOTO MOHHO-TY4eBOTO pac-
MBbUICHUST ObUTM C(OPMUPOBAaHBI 64 TPSIMOYTOJIBHBIX
VIIyOJIEHUS CO CIeAYIOINMU TeOMETPUYECKUMU pa3-
mepaMu: ryouHa — 1 MKM, pauHa — 10 MKM, IIUpu-
Ha — 10 MKM.

B npoiiecce skcriepyMeHTa U3MEHSUIM TUM ToAa-
BaeMOT0 K ITOBEPXHOCTH OOpa3lia Tra3a-TpeKypcopa
(H,0, Cl,, W(CO)g,), 3HEpruio nepBUYHbIX MOHOB raji-
s (Uyy) (mpu BappupoBaHuM B auanasone 5...30 kB)
U TOK IIEPBUYHOIO IyYyKa MOHOB rayuus (1,,,) (npu
BapbrMpoBaHUM B nuamna3oHe 24...2500 nA). Takxke 3k-
CIIEPUMEHT ObLT MPOBEACH MPU OOMOAPAUPOBKE yyac-
TKa TIOBEPXHOCTU 0€3 BBEICHMS TIPEKYPCOPOB.

st xapakTepuCTUKM pe3ysibTaTa mnpoliecca MOH-
HO-JIy9eBOTO TPaBJIEHUS MOJUKPUCTAJUTMICCKON MeIH
HCIOJIb30BaHO cpenHee apuMeTUUeCKOe OTKIOHEHUE
npouia nosepxHoctu (R,), onpenensemoe 1no Gop-
myne [17]

R:

a

i, 1)
1

1M =

S I—

1

e y; — abCOMOTHOE 3HaYE€HUE OTKIIOHEHNUS NIPODUIIS
OT CpelHe JIMHUM m B Mpeaenax 0a30BoOil JUIMHBI.

M3mepeHue 11epoXoBaTOCTU TOBEPXHOCTH BbI-
MOJHEHO C MPUMEHEHUEM JIa3epHOro MpoduaomMerpa
Keyence ¢ paspeniarollieil CIIOCOOHOCTbIO IO TJTyOMHE
0,5 um [18].

AHajM3 pe3yibTaToB KCHEPUMEHTA

B pesynbrare NpoBEeNEeHHBIX MCCIENOBAaHMMI ycCTa-
HOBJICHBI 3aBUCUMOCTU 3HAYeHUsI CpeIHEero apudme-
TUYECKOTO OTKJIOHEHUS MPOUIIST IMOBEPXHOCTH, TIO-
JIy4aeMOI'0 IIpY TPaBJIEHUU MeIu, OT YCKOPSIIOIIETO
HaIpsoKeHWS W TOKa IydYKa MOHOB, a TaKXe OT THUIa
HCIIOJIb3yeMOTo TIpeKypcopa (puc. 2).

CTOUT OTMETUTh, YTO TPHM 3HAYUTEIBHBIX TOKaX
IMy4yKa MPaKTUYECKN BO BCEX IKCIEPUMEHTAaX YPOBEHb
IIIEPOXOBATOCTU TTOBEPXHOCTHM YBEJIMYMBAJICS B He-
CKOJIbKO pa3. Kak M3BecTHO, Ipolecc MIOHHO-CTUMY-
JIMPOBAHHOTO TPAaBJICHMUS COCTOUT M3 XUMHUYECKOU pe-
aKIUU IIPeKypcopa ¢ 00pa3lioM U HEMOCPEICTBEHHO
WOHHOTO pactbuieHus. Ecam TOK MOHHOTO MyYKa co-
crapysier nopsiaka 1072 A, IpoLecc HOHHOTO PacIibl-
JICHUSI CTAaHOBUTCS TIpeoOIagalolInM, a XUMHUUYECKast
peakiusl NpakKTUIeCK He BJIMSET Ha TPaBJICHHE MU-
mweHu. CrenoBaTefbHO, 3¢hdeKTa KaHaJIMpOBaHUS
n30exXaTh HEBO3MOXHO. Takke OYeBUAHO, UTO YCKO-
psTiolliee HAIIpsDKeHNE HEeCYIIeCTBEHHO BIMSIET Ha 3Ha-
YeHHE IIePOXOBAaTOCTU, UYTO OOYCJIOBJICHO HE3HAUM-
TeJTbHBIM TOBBIIIEHNEM KO3(hGUIIMEHTa pacIbIICHUS
Marepuaya Ipy YBeIUYCHUN SHEPTUM MOHOB.
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Puc. 2. 3apucumocts R, OT ycKOpsIomero HanpsuKeHHs W TOKA NMyYKa HOHOB: d — IPU OTCYTCTBUM IpeKypcopa; b — ¢ mpekypcopom H,O;

¢ — c nipexypcopoM W(CO)¢; d — ¢ mpexypcopom Cl,

Fig. 2. Dependence of R, on the accelerating voltage and current of the beam of ions: a — in absence of the precursor; b — with the precursor of

H,0; ¢ — with the precursor of W(CO)g; d — with the precursor of Cl,

Takke aHaIM3 TMOJyYEeHHBIX Pe3yIbTaTOB 3KCIEPH-
MEHTa MO3BOJISIET ONPEaeTUTE MUHIMAJILHYIO CTeTICHD
1LIEPOXOBATOCTH MOBEPXHOCTH, MOJyUEHHYIO B pe3yJib-
TaTe MOHHO-JIy4eBOTO PaCMbLICHUS MOJUKPUCTALIU-

Hopmanusosannas sennunna Ry
normalized value R,
=
(%3

H.0 W(CO)s Ga*® Clz

laz-mpexypcop
Gas-precursor

Puc. 3. 3aBucHMOCTh MMHAMAJILHOTO 3HAYEHHSA R, IOBEPXHOCTH IIO-
JIMKPUCTAJLIMYECKOH MeIM OT THNA BHIOPAHHOIO ra3a mpexkypcopa

Fig. 3. Dependence of the minimal value of R, of the surface of the
polycrystalline copper on the type of the selected gas-precursor
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YeCKOI MeIIy TIpY BBEACHUM ITPEKYPCOPOB Pa3TUYHOTO
tuna (puc. 3).

MakcumaabHBIN YpOBEHb LIEPOXOBATOCTU MMOBEPX-
HOCTH TIPOSIBWICS TIPU HMOHHO-CTUMYJIMPOBAHHOM
TPaBJIEHUU MeNU ¢ 106aBaeHuneM npekypcopa Cl,. Wc-
cJemoBaHNEe MOHHO-JIYYeBOTO TPaBJICHUS MEIW B CO-
BOKYIHOCTH ¢ npuMeHeHuem Cl, oOycioBieHo aHa-
JIM30M IIOJIOXHUTEIbHBIX PE3YJIbTATOB CXOXEM MO CBOEH
npuponae padotsl [19] B 06sacTu mia3sMoXuMHUueCcKoro
TpaBiaeHMs Meau. OMHAKO B JaHHOM CJIy4yae IOJIOXKU-
TEJIbHBIX Pe3yJbTaTOB JOOUThCS He ynajaoch. Ckopee
BCEro, 5TO CBS3aHO C TeM, UTO B pabote [19] moaoxu-
TeJIbHbIE Pe3yJbTaThl ObLIM MOJyYeHBI MPU BBICOKMX
temneparypax (=200 °C). B Takux ycJIOBUSIX IPOXYKTHI
peaKkiy CTAaHOBSITCS JICTYYMMU U JIETKO YAAISIIOTCS OT
MOBEPXHOCTHU BaKyyMHOMI cucteMoii. Kpome toro, yc-
TaHOBJIEHO, YTO B pe3yJibTaTe MOHHOTO TPaBJICHUS Me-
¥ MOHHBIM Iy4koM ¢ pobasieHuem Cl, Ha moBepx-
HOCTU 00pa3yloTCsl HexkeslaTeIbHble MPOAYKThl peak-
LMW, VMEIOIIMe HMU3KOE YISIbHOE COIPOTUBIICHUE,
YTO MOXET CTaTh IPUYUHON BOZBHUKHOBEHUSI Mapa3nT-
HBIX 3JIEKTPUYECKUX CBSI3€I B CUCTEME MEXYPOBHEBOM
Metasumsanuu MMC.




B pesynbrate ucciemoBaHUil YCTaHOBJIEHO, 4YTO
MpU TpaBIEHUU TMOJUKPUCTAIINUECKONH MeIHOM
rtacTuHbl voHamu Ga' cTerneHb 1epoxoBaToCTH He-
3HAUYUTEJIbHO MEHBbIIIE, YeM MPU TPABJICHUU C J00OaB-
aenuem npekypcopa Cl,. Kak u npeanosaranocs, 310
BbI3BaHO 3((PeKTOM KaHaJMPOBaHUSI MOHOB B HEO-
HOPOJHOM KpucTaaaorpapuueckoi CTpyKType Me-
HOM MOIJIOXKH.

OTHOCUTEJIbHO HU3Kasl CTeIeHb 11epPOXOBAaTOCTU
MOBEPXHOCTH Meau (1o cpaBHeHuio ¢ Ga™t u Cl,) no-
JlydeHa TIpU TpaBJICHUHU MeAu uepe3 cHopMupoBaH-
HbIl TOoHKM (mopsiaka 10 HM) cioit Boabgpama. Oco-
OEHHOCTb TAaKOI'O MOAXOAa 3aKJII0YaeTCsl B HEOO0XOoau-
MOCTU HallblJIEHUSI HOBOTO CJI0$1 U3 BoJib(hpama Iociie
KaX oM uTepauuu TpaBaeHus: meau. CHUXKeHUE 3Ha-
YEHUSI 1IEPOXOBATOCTH ITOBEPXHOCTU OOYCIOBIECHO
TeM, UTO OcaXIaeMble MOJIEKYJIbl BOJbpaMa UMILIAH-
TUPYIOTCS B IPUIMIOBEPXHOCTHBIE CJIOU MEIU. DTO MPU-
BOJIUT K M3MEHEHUIO OPUEHTAIUM PELIETKU B IIPU-
MOBEPXHOCTHBIX CJIOSIX, Aejasl ee 0ojiee OMHOPOIHOM,
TEM CaMbIM BBIPABHMBAsI CKOPOCTU TPABJIEHUS OTIAEIIb-
HBIX 3epeH [16]. K HegocTaTKy TaKoTro Ioaxoaa MOXXHO
OTHECTH CYILIECTBEHHOE YBEJINYEHNE BpeMEHU TpaBJie-
HUS TI0 CPaBHEHUIO C TpaBJieHUEM MeIU C MpUMEHe-
HUEM BOJIbI.

HMcnonb3oBaHue BO/bI B KAUeCTBE MTPEKypcopa Mo3-
BOJIWJIO TIOJTYYUTh MUHUMAJIbHYIO IIIEPOXOBATOCTh IO-
BepxHOoCTU. [IpnunMHOI 3TOrO SIBAsIETCS TOT (paKT, YTO
B IIpoliecce O0Jy4YeHUsl MapoB BOAbI MyYKOM HOHOB
OHa pasjensieTcsd Ha BOAOPOA M Kucjiaopona. B cBoro
oyepeab, KUCIOPOI OKHUCISET MNPUITOBEPXHOCTHBIN
clioil MegHoi mullieHU. CrenoBaTeIbHO, MOHBI, Y4acT-
BYIOLI[ME€ B Mpoliecce TpaBjleHUs, OyAyT B3auMOJei-
CTBOBaTbh C OKCUJIOM MeIU, B KOTOPOM 3(PpdeKT KaHa-
JIMpOBaHM BeIpaXkeH 3HaunTeabHO Hike [20]. K Tomy
XKe, BOJa MMEeT BBICOKMI KO3(M(PULMEHT mpuinIia-
HUSI K TIOBEPXHOCTU, a TaKXe IO3BOJISIET MOBBICUTH
CEJIEKTUBHOCTb TPaBJICHUS MEAW OTHOCUTEJIbHO H-
3JIEKTPUKOB.

3akioueHune

ITpoBeneHHbIE B JaHHOI paboTe UCCIeA0OBAHUS TT03-
BOJISIIOT CAENAaTh psifl BEIBOIOB. Bo-nepBbIX, BCaeACTBIE
MOJIMKPUCTAJTMYECKOM CTPYKTYPhl MEIU, UCITOJIb3Ye-
MOIf B MexXypoBHeBoit MeTayum3anuu MMC, Bo3Hu-
KaeT 3((heKT KaHAJIMPOBAHMSI, CIIOCOOCTBYIOIIUIA He-
pPaBHOMEPHOMY IPOTEKAHUIO IMpolecca UOHHO-TyYe-
BOro TpapyieHUsI. Bo-BTOpBIX, YyCTaHOBJEHO, UTO TpU
CTUMYJHUPOBAHHOM MOHHO-JIyUeBOM TPaBJICHUU MEIU
C HCIOJBL30BAaHUEM BOIBI cpeAHee apudMeTUUecKoe
OTKJIOHEHHE TMpoGUIsl TIOBEPXHOCTU B 8 pa3 HIKe,
YeM MpH pacrbUieHnr Menn noHamu Ga™'. Takxe mmo-
KazaHo, YTO MpH TPaBJIeHUU MeIU Yepe3 TOHKUI CIIoi
rekcakapOoHMIIa BOJb()paMa MOXKHO JOOUTHCS CHIKE-

HUS BIMSIHUSA 3(PdeKkTa KaHaIMpOBaHUS Ha IIPOLECC
WOHHO-JTy4YeBOil 0OpabOTKM MeAMu, OJHAKO CTeNeHb
1IEPOXOBATOCTH TTOBEPXHOCTU MEIM TOJIBKO B 2 pasa
HUXE IO CPAaBHEHMIO C TpaBJieHMeM 0e3 100aBIeHUS
TIPEKYPCOPOB.
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The article is devoted to the problem of the local ion-stimulated sputtering of the surface of the polycrystalline copper by high-
energy gallium ions, and influence of the effect channeling on the sputtering coefficient of the polycrystalline copper. The surface
roughness of the polycrystalline copper obtained as a result of the local ion-stimulated sputtering of its surface in absence of a pre-
cursor, using water vapor (H,0), chlorine (Cl;) and tungsten hexacarbonyl (W(CO)), as well as current and energy ion beam,

was determined.

The authors demonstrated that the minimal surface roughness was obtained when H,0 was used as a precursor, and the maximal
roughness was obtained with the use of Cl,. It was discovered that the current and energy of the ion beam increase, when the surface

roughness increases.
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Introduction

The technology of the focused ion beam finds its
applications in various branches of science and tech-
nologies [1—2]. However, it is most required in the
field of analysis of failures and diagnostics of the
semi-conductor structures and elements of nanoelec-
tronics [3].

Reliability and high quality of operation of a micro-
electronic product demands a special attention to the
questions of diagnostics and crystal debugging at the
stage of a testing manufacture [4]. In the first prototypes
of IC a considerable part of errors in the design of the
topology were in tracing of the interlayer connections
[5]. Introduction of any changes into the topology of a
ready IC envisages manufacture of new lithographic
masks, which involves additional financial costs [6].
The requirement for new lithographic masks can be
eliminated due to the technology of the circuit edit of
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IC, one of the components of which is the method of
the local ion-stimulated sputtering [7, 8]. The method
allows us to introduce local changes into the electric
circuit of IC without infringement of its workability
[9—11]. A specific feature of the modern IC is forma-
tion of an inter-layer metallization from the polycrys-
talline copper [12]. An analysis [13] shows that the
process of interaction of a beam of high-energy ions of
gallium with the surface of the polycrystalline copper
generates the channeling effect. The channeling effect
has an essential impact on the process of the local ion-
beam sputtering of copper. As the ion beam becomes
falling in the direction of the channeling, the sputtering
factor decreases [14]. Hence, the speed of sputtering of
the grains of the polycrystalline copper of various crys-
tallographic orientations will differ, which will lead to
formation of an unpredicted relief of the processed sur-
face (fig. 1).




In [15] it is demonstrated, that during the ion-beam
sputtering of the amorphous copper the channeling ef-
fect does not reveal itself, and, as a consequence, the
sputtering goes on with an identical speed on all the
processed surface. In its turn the research presented in
[16] shows that the variation of the crystal lattice of the
near-surface layers of the polycrystalline copper also
promotes the leveling of the speed of etching in all the
area of scanning. One of the ways of amorphization of
the near-surface layers of the polycrystalline copper in
the course of a local ion-beam sputtering is application
of the gases-precursors, which during interaction with
the surface change its structure and properties. A gas-
precursor is supplied into the chamber of a two-beam
system to the area, in which an ion bombardment of the
surface takes place.

Thus, the purpose of the given work is an analysis of
the influence of the type of the gas-precursor on the re-
sult of a local ion-beam sputtering of the polycrystalline
copper by high-energy ions of gallium.

Experiment

As a testing site for the research, a site of the system
for metallization on the basis of the polycrystalline cop-
per in the integrated microcircuit made by 90 nm tech-
nological process, was selected.

The method of the local ion-stimulated sputtering
was realized by means of FEI Qanta 3D two-beam sys-
tem with a gallium liquid-metal ion source. As the gas-
es-precursors during the experiment the vapors of water
(H,0), clorine (Cl,) and organometallic gas — hex-
acarbonyl of tungsten (W(CO)¢) were used.

During the experiment on the site of the system of
metallization by the method of the local ion-beam
sputtering 64 rectangular pits were formed with the
following sizes: depth — 1 um, length — 10 pm, width
10 um.

In the course of the experiment the following pa-
rameters were changed: the type of the gas-precursor
supplied to the surface of the sample (H,O, Cl,,
W(CO)g,), the energy of the primary ions of gallium
(Uyy) (within the range of 5...30 kV) and the current of
the primary beam of ions of gallium (/p,,,,) (within the
range of 24...2500 pA). Besides, the experiment was
done under bombardment of the site of the surface
without introduction of the precursors.

For characterizing of the result of the ion-beam
etching of the polycrystalline copper, the arithmetic
mean deviation of the surface profile was used (R)),
found by the following formula [17]:

2 vl (M

where y; — absolute value of the profile deviation from
the average line m within the limits of the base length.

Measurement of the surface roughness was done
with application of Keyence laser profilometer with the
depth resolution of 0.5 nm [18].

Analysis of the results of the experiment

As a result of the research, the dependences of the
value of the average arithmetic deviation of the surface
profile, received during the copper etching, on the ac-
celerating voltage and the current of the beam of ions,
and also on the type of the used precursor, were dis-
covered (fig. 2).

It is necessary to point out, that at considerable
currents of the beam, the level of roughness of the sur-
face increased practically several times in all the ex-
periments. As is known, the process of the ion-stim-
ulated etchings consists of a chemical reaction of the
precursor with the sample and directly of the ion sput-
tering. If the current of the ion beam is about 1077 A,
the process of the ion sputtering becomes prevailing,
and the chemical reaction practically does not influ-
ence the target etching. Hence, the channeling effect
cannot be avoided. Also, it is obvious, that the accel-
erating voltage influences insignificantly the value of
roughness which is due to a slight increase of the sput-
tering coefficient of a material during an increase of
the energy of the ions.

Also, the analysis of the received results of the ex-
periment allows us to define the minimal degree of the
surface roughness received as a result of the ion-beam
sputtering of the polycrystalline copper during intro-
duction of the precursors of various types (fig. 3).

The maximal level of roughness of the surface re-
vealed itself during the ion-stimulated etching of cop-
per with addition of Cl, precursor. The research of the
ion-beam etching of copper in combination with ap-
plication of Cl, was encouraged by the analysis of the
positive results of a similar by its nature work [19] in the
area of the plasma-chemical copper etching. However,
in this case it was not possible to achieve any positive
results. Most likely, this was due to the fact that in [19]
the positive results were received at high temperatures
(=200 °C). In such conditions the reaction products be-
come volatile and are removed easily from the surface
by the vacuum system. Besides, it was discovered that
as a result of ion etching of copper by an ion beam with
addition of ClI, certain undesirable reaction products
were formed with a low specific resistance, which could
cause parasitic electric bonds in the system of the in-
terlayer metallization of IC.

As a result of the research it was established, that
during etching of the polycrystalline copper plate by
Ga' ions the degree of roughness was insignificantly
less than during etching with addition of Cl, precursor.
Just as it was expected, this was caused by the effect of
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channeling of the ions in a non-uniform crystallograph-
ic structure of a copper substrate.

A rather low degree of roughness of the copper sur-
face (in comparison with Ga™ and Cl,) was received
during etching of copper through the formed thin layer
of tungsten (about 10 nm). A specific feature of such
an approach consists in the necessity of deposition of
a new layer of tungsten after each iteration of etching
of copper. The decrease of the value of the surface
roughness was caused by the fact that the deposited
molecules of tungsten were implanted in the near-sur-
face copper layers. This led to a variation of the lattice
orientation in the near-surface layers, making its more
homogeneous, and thus, leveling the speeds of etching
of separate grains [16]. A drawback of such approach
in comparison with etching of copper with application
of water is an essential increase of the time for etching.

Use of water as a precursor allowed us to receive the
minimal roughness of the surface. The reason for this
was the fact, that in the course of an irradiation of the
vapors of water it was decomposed into hydrogen and
oxygen. In its turn, the oxygen oxidized the near-sur-
face layer of the copper target. Hence, the ions partic-
ipating in the process of etching would interact with the
copper oxide, in which the channeling effect is ex-
pressed considerably less [20]. Besides, water has a high
coefficient of sticking to a surface, and also allows us to
raise the selectivity of etching of copper in relation to
the dielectrics.

Conclusion

The research carried out in the given work allows us
to make a number of conclusions. Firstly, owing to the
polycrystalline structure of the copper used in the in-
terlayer metallization of IC, the channelizing effect ap-
pears, promoting a non-uniform course of the process
of the ion-beam etching. Secondly, it was established,
that in case of the stimulated ion-beam etching of cop-
per with the use of water an average arithmetic devia-
tion of the surface profile would be 8 times lower, than
in case of sputtering of copper by Ga' ions. It was also
demonstrated, that the copper etching through a thin
layer of hexacarbonyl of tungsten can promote a de-
crease of the influence of the channelizing effect on the
process of the ion-beam processing of copper, however,
the degree of roughness of the copper surface would on-
ly be 2 times lower in comparison with the etching
without addition of the precursors.
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MCCAEAOBAHUE CTEHOK BEPTUKAAbHBIX KPEMHMEBbBLIX CTPYKTYP,
COOPMHUPOBAHHbBIX METOAAMU TAYBOKOTO BOSCH-TPABAEHUA
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Paccmompenwvt ocobernocmu npouecca Bosch-mpaénenus. [lpusedensi pe3yaomamol uccaedo8anuil nogepxHocmei, cgopmu-
POBAHHBIX Memodom Bosch-mpaenenusn KpemHueabix MUKpocmpyKkmyp, 00 u nocie Xumu4eckou noaupogku. OueHKa noay4eHHbix
npogunocpamm mpaesaeHvix NOGEPXHOCMell nokasvieaem ymenvuleHue napamempog uiepoxosamocmu (Ra, Rz) 6 cpednem na

20...24 % nocne obpabomku 6 noaupyrwem mpasumesne.

Karoueevie caosea: MOMC-cmpykmypa, Bosch-npouecc, o6semHas mMukpoobpabomka, uepoxoeamocms, XUMu4eckas noau-

Dpo8Ka

BBenenne

IlIupoxoe Mcoab30BaHUe KPEMHUS KaK KOHCTPYK-
LIMOHHOTO MaTepuaJja Ipy CO3AaHUM JaTYMKOB pa3iny-
HOTO Ha3HAYEeHUS CBSI3BIBAIOT C TOSIBJICHWEM CTaTbU
K. ITeTepcena "KpeMHMi1 KaK MeEXaHNMYECKUIA MaTepU -
an", ormyoamkoBaHHOM B 1982 1. [1]. BTO crmocobcTBO-
BaJI0 Pa3BUTUIO HOBOTO HAIpaBleHUs B TEXHOJOTUU
CO3[aHMsl JaTYMKOB, IOJyYMBIIEro Ha3BaHue MOMC-
TEXHOJIOTUM WJIM TEXHOJOTMM KPEMHMEBO MUKPO-
MEXaHUKU — CO3JaHHe YYBCTBUTEJbHBIX 3JIEMEHTOB
JTaTYNKOB Ha OCHOBE OOBEMHOII M ITOBEPXHOCTHOM
MUKpooOpadboTkn KpeMHud [2, 3]. OHa ocHOBaHa Ha
CTAaHIAPTHBIX TEXHOJIOTUUYECKUX OTECPAIUsIX, TIPUME-
HSIEMBIX TPU M3TOTOBJIEHWM WHTErpajibHbIX MUKPO-
cxeM (UMC) — okucinenun, nuddys3um IIpuMecH,
¢oronmurorpacdum u T. a. Hapsny ¢ aTum B nocienHee
BpeMsl MPpOrpecc B Pa3BUTUM TEXHOJOTUM MUKpOMexa-
HUMKM CBS3BIBAIOT C YCOBEPILIEHCTBOBAHUEM TEXHOJIOTUIA
"cyxoro" TpaBJieHUSI KPEMHUS C TOJYUYEHUEM CTPYK-
Typ C BBICOKMM AacCIIeKTHBIM OTHOIIICHUEM, IIPEKIe
BCEro 5TO TEXHOJIOTMM TUIAa3MEHHOIO TpaBJIeHUs: pe-
aKTUBHOTO MOHHO-TU1a3MeHHoro TpaBieHus (PUIIT),
Bosch-nipouiecca u ap. [4, 5]. Yka3zaHHbIe MpoLECCHI
MO3BOJISIIOT TIPOBOAUTH TPaBJIeHUE KpeMHMST Ha 0O0JIb-
1€ TJIyOMHBI C COXpaHEHHWEM BEPTUKAIbHOTO IPO-
¢unst TpaBaeHus1, GOPMUPOBATH TOIMOJOIUIO PUCYHKA
MIPOU3BOJILHON (DOPMBI, YEM OTIIMYAIOTCS OT MPOLIeC-
COB aHU3OTPOITHOIO TpaBJieHUsl, Iae (hOpMUpYEeMbIe
CTEHKM CTPYKTYp 3amaloTcs KpUCTAUIOrpadrIecKoi
CTPYKTypoli KpeMHUs. OIHAKO B OTJIMUME OT MpoIleC-
COB aHU3OTPOMHOIrO TPaBJEHUSI, XapaKTEePU3YIOLIXCS
BO3MOXHOCTBIO (POPMUPOBAHUSI CTEHOK KPEMHUEBBIX
CTPYKTYp C aTOMapHO TIAAKUMU TTOBEPXHOCTSIMH [0, 7],
MeTONaMU IIJIa3MEHHOTO TpaBJeHMST (DOPMUPYIOTCS
CTPYKTYpbl C 0OoJjiee TPyObIMM OOKOBBIMU CTEHKAMM.
DTOT acIeKT BaXKeH IJIsI MUKPOMeXaHUYeCKUX IMpruodo-
pPOB, TaK KaK MOXET BbI3bIBaTh MOIMOJHUTEIbHbBIE MO-

TE€pU DHEPTUHU B YYBCTBUTEJbHBIX JIEMEHTAaX 1aTYNKOB
npu ux PyHKuroHupoBaHuu [8]. Takum obpaszom, 3a-
Jlaya COBEPUICHCTBOBAHUSI MPOLIECCOB IJIA3MEHHOTO
TpaBJIeHMS MPU (POPMUPOBAHUU KPEMHUEBBIX CTPYK-
Typ SIBJISIETCSI aKTyaJlbHOM NJisl CO3JaHUsI COBEPILEeH-
HBIX MUKPOMEXaHUUECKUX MPHOOPOB.

TeopeTnueckas 4acTb

Hdns ¢opMUpOBaHUSI YYBCTBUTEIbHBIX 3JIEMEHTOB
MUKpPOMEXaHUWYECKUX JaTYUKOB HeoOXodaruma paszpa-
0OTKa CIHeUUaNbHbIX TEXHOJOTMYECKUX MPOLECCOB.
ITpu 3TOM TEXHOJOTMYECKHE MPOLIECCHI TOXKHbBI 00eC-
MeYnBaTh:

— BBICOKYIO YIIPaBJISIEMYIO CKOPOCTb TPABJICHMUS;

— BO3MOXHOCTb YIpaBJeHus TpoduieM Tpasie-
HUS;

— BBICOKYIO CEJIEKTUBHOCTH 0OpabaThIBa€MbIX Ma-
TEPUAJIOB;

— KayeCTBeHHYI0 MOPGhOJIOTUI0 (POPMUPYEMBIX TT1O-
BEPXHOCTEH M OTCYTCTBUE HAPYILUCHMIA, BBI3bIBA€MBIX
TPaBJICHUEM;

— U3rOTOBJIEHWE MUKPOCTPYKTYP C BBICOKHMM ac-
MEKTHHIM OTHOLIEHUEM U OOJIBILION TTyOMHOI.

Ha TexHosornyeckuii rpoiiecc miazMeHHOro TpaB-
JICHUSI BIMSIIOT CleAylolllMe mapaMeTpbl: JaBlieHUE B
paboueit kamepe; yactota BU-moss1; MOLIHOCTD; CKO-
pOCTh MOTOKA TEXHOJOTMYECKUX Ta30B; TeMmIiepaTypa
npoiecca; reoMeTpusi peaktopa U ap. KomOuHupys
MEPEYMCIEHHBIE BbIlIE MapaMeTPbl, MOXHO JOOUTHLCS
BBICOKOU CEJIEKTUBHOCTU 00pabaThiBa€MbIX MaTepua-
JIOB, BBICOKOW CKOPOCTU TpaBJE€HUS KPEMHUS, MaKCH-
MaJIbHO TIpUOJU3UTL MPOMUIb TpaBIeHUS] K BEPTU-
KaJlbHOMY [9].

B Hacrosiiee Bpemst npu (popmupoBanuu MOMC-
CTPYKTYP OJHMM M3 pacCIpOCTPaHEHHBIX METOIO0B
(hopMUpoOBaHUS BBICOKOACTIEKTHBIX CTPYKTYD SIBJISIET-
cs1 Bosch-niponiecc — npoliecc TpaBaeHUs ¢ EPEMEH-
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Puc. 1. MukponeposHocTH ("cKaionsl") HA DOKOBBIX CTEHKAX (op-
MHUpYEMbIX KpeMHHEBBIX CTPYKTYp: / — Macka; 2 — "ckamion"; 3 —
KpeMHHUeBasl TUlacTUHa

Fig. 1. Microroughnesses (scallops) on the lateral walls of the formed
silicon structures: 1 — mask; 2 — scallops; 3 — silicon plate

HOI MOmy/IsuMel rasza. B maHHOM mpoliecce mpume-
HsAeTCs oO0beanHeHHad miasma ¢ropa (SFe) u drop-
yraepona (Cy4Fg). ITocnenHsas ciyXuT a1 naccuBaLuu
OOKOBBIX CTEHOK U ITOBBILLIEHUS CEJIEKTUBHOCTHU TPaB-
JICHUSI.
®opmupoBaHre TPOoGUIIS TPaBICHUS YIIPOIIEHHO
MOHO M300pa3uTh CACAYIOLIMMU CTaaUSIMU:
e pacueruieHne SFg B BBICOKOIIJIOTHOM TU1a3Me ¢ 00-
pa3oBaHUEM CBOOOIHBIX paavKalioB (propa:

SFg + e— — SF, + FF®) + 2¢7;

e 00pa3oBaHUEe OKTOMPTOPLMKIOOYTAaHA M IaccUBa-
LUST UM TTOBEPXHOCTH OOKOBBIX CTEHOK:

CyFg + ¢~ > C.F, + C,F, + F' + 2¢”

C.F, - (CF,

o TpasieHue nonumepa (CF,),) panukanamu ¢ropa
¢ oOpa3oBaHUEM JIETY4ero COeaUMHEeHUs CxFy:

nCF, + F* - C,F, (ras);

e TpaBJieHUE KPEMHUs paaukanamu Topa ¢ ynaie-
HueM sietyyero SiFy:

Si + 4F" — SiF, (ras).

ITonHbIN UK TIpoliecca MOBTOPSIETCSI MHOTO pas,
obecreuyuBasi TpaBjleHWEe KpeMHHUS Ha riyouHy. Kak
ObLTIO OTMEYEHO BBIIIE, METOAAM ILJIa3MEHHOI'0 TPaB-
JIEHUSI CBOMCTBEHHO (POPMUPOBAHUE CTPYKTYP € Oojiee
rpyobiMu 00KOBBIMU cTeHKaMu. Hemoctatkom Bosch-
Mpolecca sIBJsieTCsl BhIpaXkKeHHasl 111epoX0BaTOCTb 00-
KOBBIX cTeHOK ("ckatonsl”, scallop), obpa3yoluasicst
B BUJE PaKOBMH IIOCJI€ KaXIOro Iluara TpaBJeHMUS
(puc. 1).

Bomnpocs! ynyuinenusi Bosch-npoliecca TpaBieHUs
SIBJISTIOTCSI KJTIOU€BBIMU MPU (DOPMUPOBAHUU KPEMHU-
€BBIX MUKDPOCTPYKTYP C BBICOKUM aCIE€KTHBIM OTHO-
eHueM. BorpocaM coBepIIeHCTBOBAHMSI TEXHOJIOTUU
1 3aBUCHMOCTH TIOJIy4aeMbIX Pe3yJIbTaTOB OT IPUME-
HSIEMBIX TEXHOJOTMYECKUX DPEXUMOB MOCBSILEH PsIa
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pabot. Hampumep, paccMaTpuBajioch KayecTBO (op-
MMPYEMBIX BEPTUKATbHBIX OOKOBBIX CTEHOK B 3aBUCU-
MOCTU OT acrekTHoro otHoiueHus [10], TexHomorus
opmupoBaHMsT OOKOBBIX BEPTUKATbHBIX CTEHOK, CBO-
OOIHBIX OT MUKPOHEPOBHOCTEU, TyTeM YIpaBICHMUS
TaKMMHU MapamMeTpaMu TEeXHOJIOIMYEeCKOro IIpolecca,
Kak MouiHocth BU-uctouHuka, pacxosa razoB, Bpemsi
raccuBalluy, BpeMs TpaBJICHUs, NTaBI€HUE B peaKTope
[11, 12], BmugHuUe "cKaooB" Ha ITapaMeTphbl (op-
MUpPYeMBIX ycTpoucTB [13]. s moaydyeHus: JOCTO-
BEPHBIX MPAKTUYECKUX PE3YJIbTATOB IMPOBOJUTCS MO-
JIeJIMpOBaHKE TIa3MOXUMUYEeCKUX TpolueccoB [14, 15].
OTMmeyaeTcsl, YTO BO3MOXHBIMU MPUUYMHAMU MUKPO-
HEpOBHOCTE! B BHUE "CKAaJJIOMOB" MOTYT OBITH ITOI-
TpaBbl MoJ Macky [12, 16].

Takum ob6pa3oM, cyllecTByeT HeOOXOAUMOCTb TMO-
KcKa 3(ppeKTUBHBIX BAPUAHTOB YMEHBILIEHUS 1IIEPOX0-
BaTOCTU MTOBEPXHOCTU OOKOBBIX CTEHOK MUKPOCTPYK-
TYp, MOJYYEHHBIX METOAAMHM TJIA3MEHHOTO TPABJICHMUS.

H3roropiieHHe M HUCCIEI0BAHME MUKPOCTPYKTYP

s W3roToBJIEHWST MUKPOCTPYKTYP MCIOJIb30-
BJIM TIJIACTMHBI MOHOKPHUCTAUTMYECKOTO KPEMHMS
KIb-0,03 tommunoii 380 + 10 Mxm. ITnacTuHbl mpo-
XOJIWUJIM CTaHAAPTHYIO XMMMUYECKYI0 00pabOTKy Tuma
RCA nng ynaneHus! ¢ MX MOBEPXHOCTU OPraHUYECKUX
M HEOpraHWYEeCKUX 3arpsi3HeHUil, MOHOB METAJJIOB U
ip. [1peaBapuTeIbHO TIACTUHBI YTOHSIIU C HeTUTaHap-
HOI cTOpOHBI A0 TomuuHbl 140 + 10 MKM MeTomom
AHM30TPOITHOTO TPaBJICHMUSI B PacTBOpPEe THUIPOKCHIA
kanuss KOH, ucnonb3yst pexXuMbl, aHATOTMYHbIE IPU-
BelleHHbIM B paborax [17, 18].

Hanee miacTUHbI OKUCISUIM B 1M HY3MOHHOM cuc-
teme tumna CIHO s co3naHusl Ha UX MOBEPXHOCTH 3a-
LIUTHOTO cJ1os1 okcuna kpemHus. [lociae aToro Ha 3a-
LIUTHOM CJIO€ AUOKCHIa KPEMHUSI TPOBOAUIN Orepa-
M poroaurorpaduu 1Mo GopMMUpPOBaHUIO TECTOBOM
TOMOJIOTMM PUCYHKA IS TIPOBEACHUS TIpoliecca
IUIa3MOXMMUYECKOTO TpaBieHus1. CXeMaTUYHO U300-
paxkeHue MOATOTOBJICHHON MJIACTUHBI MPEACTaBIEHO
Ha puc. 2.

Puc. 2. I[lnacTuna ¢ TONOJOrMYECKHM PHCYHKOM 1Jisi (hOPMUPOBAHUS
TECTOBBIX MUKPOCTPYKTYpP: / — Macka; 2 — KpeMHUeBasl IIacTHHA
Fig. 2. A plate with a topological drawing for formation of the test
microstructures: 1 — mask; 2 — silicon plate




TpaBieHue KpeMHUs TIPOBO-

# Nocne Bosch - npouecca
after Bosch-process

a)

M Mocne XMMHUECKOM NONMPOBKK
after chemical treatment

g; IUIX B BBICOKOIUIOTHOM ILIa3Me
< 0,5 | & SF¢ + C4Fg (Bosch-npouecc) Ha
£E 04 BCIO TIyOMHY IutacTUH. CKOPOCTh
s g 03 TpaBJIEHUSI TIPU 3TOM COCTaBJIsIa
M 02 BEEL ‘ 0 . 2...4 MkM/MuH. W3rorosieHHbIE

0.1 | | | T MUKPOCTPYKTYPHI ObLUTH BBIIEIEHBI

0 ' ' ' 13 00beMa TJIACTHH TS UCCIIeaI0Ba-
1 2 3 No41< HCIa."LS"Ia 6 7 8 HUS U OLIEHKHU MapaMeTpoB IMOBEP-
Ne Igwstaﬂ XHOCTeil X GOKOBBIX CTEHOK. Mc-

CIIeOBaHUSI BEPTUKAIbHBIX CTEHOK
MPOBOIMIA HA ONTUYECKOM IIPO-
dunorpade-npodpunomerpe PF-60

3

(Mitaka, AAnoHus1) ¢ oLEHKOM Ta-

0

paMeTpoB IoBepxHOCTU Ra, Rz.

IIpy npoBeaeHUM H3MEpPEHUI

3aJaBajiv CJACOYIOLIMEe ITapaMeTphl:

Rz, pm

Rz, Mxm

— 6a3oBas mmHa 0,08 mM;
— mmmHa oueHku 0,4 MM;

=T N S R L L -1

 J— 1

1 2 3 4 5 6
Ne kpueramria
Ne crystall

4 Mocne Bosch - npouecca
after Bosch-process

Puc. 3. [Tapamerpsl noBepxuocreii (Ra, Rz) ucciienyeMbix CTPYKTYP 10 XHMHYECKOW MOJIA-

POBKH (a@) ¥ mocjie XUMUYeCKoil noMpoBku (b)

Fig. 3. Parameters of the surfaces (Ra, Rz) of the investigated structures before the chemical

polishing (a), and after the chemical polishing (b)

IMpotecc MIa3aMOXMMUYECKOTO TPaBJICHUS KpeM-
HHUEBBIX TUIACTUH MPOBOAMIN Ha YCTAaHOBKE TUIA3MO-
XUMMYECKOTO TpaBJeHUs] B MHAYKTMBHO-CBSI3aHHOM
iazme SI 500 PTSA Plasma Etcher mpousBoacTsa
SENTECH Instruments GmbH (I'epmanust) B pa3psi-
Jle WHAYKTMBHO-CBSI3aHHOM TIJIa3MbI BBICOKOW IIIOT-
HocTtu (13,56 MI'1) Ha M30aMPOBAaHHOM OXJIaXIae-
MoM asiekTpoe (1o —30 °C) nmpu pabouux naBaeHUSIX
4...5 Ia.

[l MNMocne XMMUYECKOM MOANPOBKK
after chemical freatment

— TIOJTHAsl JJIMHA TPACCUPOBKHU
0,5 mmMm;

— war (pitch) 0,2 MKM;

— 50 %-upnit I'ayccoB @aso-
KOPPEKTUPOBAHHBINA (DUIBTP;

— BbIxoAHbIe JaHHbIe 10 [OCT
P CO 4287:1997.

ITocne 3amMepa mapaMeTpoB I0-
BEPXHOCTU OOKOBBIX CTEHOK MMK-
POCTPYKTYpPBl OBUIM TTOABEPTHYTHI
XMMUYECKOU TIOJIMPOBKE — oOpa-
0GOTKe B U30TPOITHOM TPaBUTEJIE CO-
crapa HF: HNO;: CH;COOH B TeuyeHne npoMexyr-
Ka BpEMEHM, He MPEeBBIIIAIONIEro 1 MUH, TOC/IE Yero
MPOBOAVIN TIOBTOPHBIE WCCIIEAOBAHMS TapaMeTpOB
OOKOBBIX CTEHOK.

PesynbTaThl TPOBENEHHBIX WCCIEIOBAHUI TIpe.-
cTaBJIEHBI B TaO/IMIE U Ha puc. 3—6 (puc. 6 cM. Ha Tpe-
Theil CTOPOHE OOJIOKKH).

Kaxk BUAHO M3 MpUBEIECHHBIX JAHHBIX, TTapaMETPhI
Ra, Rz TpaBlieHBIX MOBEPXHOCTE YMEHBILAIOTCS IIPU

Pe3yabTaThl MPOBeJEHHBIX HCCIENOBAHMIA
Results of the implemented research

IlepBas rpymnmna riacTuH Bropast rpynna miactuH (rmocie Bosch- ‘VYMeHbllIeHne
NoNe (nmocne Bosch-npouecca) rpoliiecca U XMMUUYECKOH MOJIUMPOBKH) napameTpoB, %
- a-CTI-/IH The first group of plates The second group of pla_tes o Reduction
Numbers of the plates (after the Bosch process) (after the Bosch process and chemical polishing) of the parameters, %
Ra, pm Rz, pm Ra, pm Rz, um Ra Rz
1 0,2 1,29 0,15 0,848 25,00 34,26
2 0,172 1,42 0,158 1,37 8,14 3,52
3 0,582 5,46 0,498 4,42 14,43 19,05
4 0,216 1,4 0,156 1,00 27,78 28,57
5 0,216 1,29 0,125 0,798 42,13 38,14
6 0,204 1,33 0,168 1,01 17,65 24,06
7 0,523 4,93 0,494 3,79 5,54 23,12
8 0,281 2,13 0,216 1,65 23,13 22,54
CpenHue 3HaYCHUSI 0,299 2,406 0,246 1,861 20,48 24,16
Average values
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Puc. 4. IIpumeps1 npoduiorpaMm HccieayeMbIX TPABJIEHBIX MOBEPXHOCTEH KPEMHHS 10 XHMHYECKOIl MOJIMPOBKH (a) W MOCjIe XUMAYECKOH Mo~

suposku (b)

Fig. 4. Examples of the profilograms of the etched surfaces of silicon before the chemical polishing (a), and after the chemical polishing (b)

00paboTke B mojupylolieM TpaButese. s napamer-
pa IIepoXOoBaTOCTH Ra 3TO YMEHBIIIEHHE OLIEHUBACTCS
B cpenHeM Ha 20,48 % (1151 MpOBeIEHHBIX U3MEPEHUIA
Ha BOCBMU 00pa3sliax), IJis IapamMeTpa IepoXoBaTOCTU

Puc. 5. Daekrponnas ¢ororpadus Noiy4eHHBIX MHKPOCTPYKTYP
(CKaHMpYOUIMii 3JIeKTPOHHbIA MuKpockon JSM — 6610LY)

Fig. 5. Electron photo of the microstructures (JSM — 6610LV scanning
electron microscope)
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Rz yMeHbllIeHKe oLieHeHO Ha 24,16 % (w1 1poBeneH-
HBIX MU3MEPEHMIT Ha BOCBMHU 00OpasLiax).

3akiouyeHune

ITpoBeneHHbIE Uccaea0BaHUs MOBEPXHOCTeN cop-
MHMPOBAaHHBIX KPEMHMEBBIX MUKPOCTPYKTYpP ITOKa3bl-
BaIOT, UTO XMMUYECKOE MOJUPOBAHUE MOXKET SIBJISITHCS
3G (GEKTUBHBIM pEILIEHUEM YMEHbIIEHUS 111epOXOBa-
TOCTU MOBEPXHOCTU OOKOBBIX CTEHOK, MOJYYEHHBIX
Bosch-mipouieccom [19].

Ha npakTtuke, couerasi mperMMylliecTBa riyboKoro
MJa3MEHHOTO TpaBJeHUs, & UMEHHO BO3MOXHOCTb
(bopMuUpOBaHUS TOMOJOTUU CTPYKTYP MPOU3BOJIbHOM
(opMBI, ¢ TEXHOJOTHEN XUMUYECKOTO MOJIMPOBAHUSI,
BO3MOXHO TIOJYYUTb COBEPIIEHHbIE KPEMHUEBBIC
CTPYKTYPHl MUKPOMEXaHUYECKUX JATYUKOB.
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At present, the technological processes of vacuum-plasma etching are widely used for manufacturing of the three-dimensional
silicon microelectromechanical systems (M EMS) with a high aspect ratio. One of the versions of such processes is the Bosch process.
The Bosch process, or a process with variable gas modulation, allows a silicon etching to be done to a great depth with preservation
of a vertical etching profile. In this process, a combined fluorine plasma (SFg) and fluorocarbon (C4Fg) are used. The latter ensures
passivation of the side walls and a better selectivity of etching. The advantages of the process are the following: the process can be
conducted at a room temperature, the structures can be obtained with a high aspect ratio, up to 30: 1, photoresist selectivity can be
high (about 80: 1 and over), the etch rate is up to 20 um/min, and a controlled etching profile is possible. The disadvantage of the
process is the pronounced roughness of the side walls, which is associated with the cyclicity of the process. This work presents in-
vestigations of the surfaces of the silicon microstructures formed by the Bosch etching method before and after a chemical treatment
in a polishing isotropic etchant of the composition of HF: HNO3: CH;COOH. An evaluation of the etched surfaces obtained by the
profilograms shows that the parameters of Ra, Rz decrease, when treated in a polishing etchant. For the roughness parameter of Ra
this decrease is estimated on average as 20.48 % (for the measurements made on eight samples), for the roughness parameter of
Rz, the reduction value is estimated as 24.16 % (for the measurements made on eight samples). Investigations of the surfaces of the
Jformed silicon microstructures indicate that the chemical polishing can be an effective solution for reduction of the surface roughness
of the side walls obtained by the Bosch process.

Keywords: MEMS structure, Bosch process, surface microprocessing, roughness, chemical polishing
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Introduction

The wide use of silicon as a constructional material
for development of different-purpose sensors is usually
connected with appearance of an article by K. Petersen
[1]. It promoted development of a new direction in the
technology for creation of the sensors, which got the
name of MEMS technology or technology of silicon
micromechanics — development of the sensitive ele-
ments on the basis of the volume and surface micro-
processing of silicon [2, 3]. It is based on the standard
technological operations applied for manufacturing of
the integrated microcircuits (IC) — oxidation, diffusion
of impurity, photolithography, etc. Alongside with this,
the progress in development of the micromechanic
technologies is connected with improvement of the
technologies of "dry" etching of silicon with obtaining
of the structures with a high aspect relation, first of all,
these are the technologies of plasma etching: reactive
ion-plasma etching (RIPE), Bosch process, etc. [4, 5].
The above processes allow us to implement silicon
etching to bigger depths with preservation of the vertical
profile of etching, and to form topology of a drawing of
an arbitrary form, which is different from the processes
of anisotropic etching, where the formed walls of the
structures are set by the crystallographic structure of the
silicon. However, unlike the processes of the anisotrop-
ic etching characterized by a possibility of formation of
the walls of the silicon structures with the atomic
smooth surfaces [6, 7], the methods of plasma etching
form the structures with rougher lateral walls. This as-
pect is important for the micromechanical devices, be-
cause it can cause additional losses of energy in the sen-
sors during their functioning [8]. Thus, the problem of
improvement of the processes of plasma etching during
formation of the silicon structures is topical for devel-
opment of perfect micromechanical devices.

Theoretical part

Formation of the sensitive elements for the micro-
mechanical sensors requires development of special
technological processes. At that, they should ensure:

— High controlled speed of etching;

— Possibility of control of the etching profile;

— High selectivity of the processed materials;

— Quality morphology of the formed surfaces and
absence of the defects caused by etching;

— Manufacturing of the microstructures with a high
aspect relation and big depth.

The process of plasma etching is influenced by the
following parameters: pressure in the working chamber;
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frequency of the high-frequency field; power; speed of
the flow of the technological gases; the temperature
process; the geometry of a reactor, etc. By combining
the above parameters it is possible to achieve a high se-
lectivity of the processed materials, a high speed of
etching of silicon, and bring the etching profile as much
as possible closer to the vertical one [9].

During formation of the MEMS structures one of
the widespread methods of formation of the high-aspect
structures is the Bosch process — the process of etching
with a variable modulation of gas. It applies integrated
plasma of fluorine (SF¢) and fluorocarbon (C4Fg). The
later serves for passivation of the lateral walls and higher
of the selectivity of etching.

In a simplified form, formation of the etching profile
can be represented by the following stages:

o Splitting of SF¢ in a high density plasma with for-
mation of free radicals of fluorine

SFe + e — SE, + F'® + 2¢7;

e Formation of octofluorocyclobutane and passiva-
tion of the surface of the lateral walls by it

C4Fg + ¢ > C,F, + C.F, + F'® + 2¢”

CxF; — (CFy),;

 Etching of the polymer (CF,),) by fluorine radicals
with formation of a volatile compound of C,F,

nCF, + F* — C,F, (gas);

o Etching of silicon by the radicals of fluorine with re-
moval of volatile SiF,

Si + 4F" — SiF, (gas).

The full cycle of the process is repeated many times,
ensuring a certain depth of the silicon etching. As it was
mentioned above, the methods of plasma etching are
characterized by formation of the structures with
rougher lateral walls.

A drawback of the Bosch process is a pronounced
roughness of the lateral walls (scallops), formed in the
shape of bowls after each step of etching (fig. 1).

The questions of improvement of the Bosch process
of etching are the key ones in formation of the silicon
microstructures with a high aspect relation. Many
works are devoted to the questions of improvement of
the technology and to dependence of the results on the
applied technological modes. For example, among
them are the works devoted to the formed vertical lat-




eral walls depending on the aspect relation [10], the
technology for formation of the lateral vertical walls,
free from microroughnesses due to control of such pa-
rameters of the technological process as the power of
the high frequency source, gas flow rate, passivation
time, etching time, pressure in the reactor [11, 12], in-
fluence of the scallops on the parameters of the formed
devices [13]. For obtaining of reliable practical results
a modeling of the plasma-chemical processes [14, 15]
is done. It is pointed out, that a possible reason for mi-
croroughnesses in the form of the scallops can be etch
undercutting under a mask [12, 16].

Thus, there is a necessity for search of effective ways
to reduce the roughness of the surface of the lateral
walls of the microstructures received by the plasma
etching methods.

Manufacture and research of the microstructures

For manufacture of the microstructures the KDB-0.03
monocrystalline silicon plates were used with thickness
of 380 = 10 um. The plates were subjected to the stand-
ard chemical processing of RCA type for removal of the
organic and inorganic pollutions, ions of metals, etc.
from their surfaces. First of all, the plates were thinned
from the nonplanar side down to the thickness of
140 £ 10 um by the method of anisotropic etching in
the solution of potassium hydroxide KOH, using the
modes similar to the ones presented in [17, 18].

Then the plates were oxidized in a diffusion system
SOD for creation of a protective layer of silicon oxide
on their surface. After that photolithography operations
were done on the protective layer of the silicon dioxide
for formation of the test topology of a drawing for the
process of the plasma-chemical etching. A schematic
image of the prepared plate is presented in fig. 2.

The process of the plasma-chemical etching was
done on SI 500 PTSA Plasma Etcher installation in the
inductive-bound plasma from SENTECH Instruments
GmbH (Germany) in the discharge of the inductive-
bound plasma of high density (13.56 MHz) on an in-
sulated cooled electrode (down to —30 °C) at the work-
ing pressures of 4...5 Pa.

Silicon etching was done in a high density plasma of
SF¢ + C4Fg (Bosch process) to all the depths of the
plates. The speed of etching was 2...4 um/min. The
manufactured microstructures were sorted out from the
volume of the plates for research and estimation of the
parameters of the surfaces of their lateral walls. The re-
search of the vertical walls was done on PF-60 optical
profilograph-profilometer (Mitaka, Japan) with esti-
mation of the surface parameters of Ra, Rz.

During the measurements the following parameters
were set:

— base length — 0.08 mm;

— estimation length — 0.4 mm;

— full trace length — 0.5 mm;

— step (pitch) 0.2 pm;

— 50 % gauss phase-corrected filter;

— the output data in accordance with GOST R
ISO — 4287:1997.

After the measurement of the parameters of the sur-
face of the lateral walls the microstructures were sub-
jected to a chemical polishing — processing in the iso-
tropic etchant of HF: HNO;: CH;COOH during the
period of time not exceeding 1 min., and then the re-
search of the parameters of the lateral walls was repeated.

The results of the implemented research are present-
ed in the table and fig. 3—6 (fig. 6 see on the 3™ side
of cover).

As it is apparent from the data, Ra, Rz of the etched
surfaces decrease during processing in the polishing
etcher. For the roughness parameter of Ra this reduc-
tion is estimated on average as 20.48 % (for measure-
ments of eight samples), for the roughness parameter of
Rz the value of the reduction is estimated as 24.16 %
(for measurements of eight samples).

Conclusion

The carried out research of the surfaces of the
formed silicon microstructures demonstrates, that the
chemical polishing can be an effective solution for re-
duction of the surface roughness of the lateral walls re-
ceived by the Bosch process [19].

In practice, by combining the advantages of the
deep plasma etching, namely, a possibility of formation
of the topology of the structures of an arbitrary form,
with the technology of the chemical polishing, we can
receive perfect silicon structures for the micromechan-
ical sensors.
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B uacmu 3 0630pa npoananuzuposanvl mexHonro2uu NOAYYeHUs HUKOMEMNEPaAMYPHbIX KPEeMHUU-A30Mm-8000p00CO0EPICAUUX
naenok (KAB-TII) 0as unmeepanbhbix MUKpoCcxXem U MUKPOILeKMPOMeXanu1eckux cucmem. Paccmompennst npoyeccol nonyuenus
npu NAA3MEHHOU AKMUBAUUU KPEMHUUCO0ePICAUUX peacermos, ea3000pas3H020 aMMUaKa U a3oma 6 NPOmMoUHbIX peaKmopax oas
naazmoxumuyeckozo ocaxcoenus (I1X0) u3z eazoesoti ghazwl. Ipeumyuecmeom maxux npoueccos8 A6AsH0MCs 8blCOKUE CKOPOCMU HA-
pawueanus nieHox npu Huskou (<400 °C) memnepamype ocaxcoeHust, YHUBEPCAAbHOCHb NPUMEHEHUs. 015 NOOAONCEK PA3AUYHBIX
MUNOB U PA3IUYHbBIX MAMepuanos. K Hedocmamiam 0mHOCAMCS HedlceaamenbHoe 045 MexXHOA02UU UHMEeSPAAbHbIX MUKPOCXeM NPpU-
cymcmeue 600opoda ¢ obweti konyenmpayueti 00 40 am. %, c653aHH020 ¢ KpeMHUEM U A30MoM, 8 pe3yabmame 4e2o NAeHKU 00-
1a0arm HU3KOU NAOMHOCMBIO U BbICOKUMU CKOPOCMAMU PACMBOPEHUs 8 JCUOKOCIHbIX MPagumensx, a makice nioxas KoHpop-
MHOCMb 0CANCOCHUS. HA CAONCHBIX peavedhax npubopos. Beidenensvi u npoanasuzupoeansvi HanpaeaeHus pazeumus memooa [1XO0O

npumenumenvro Kk KAB-TII.

Karoueevie caoea: Humpua KPeMHUA, MOHKUE NAEeHKU, NAA3MEHHAA aKmueauusd Xumu4ecKux pealcuuli, npomoUHsle peaKkmopeol,
xpeMHuli—aaom—eo@opo@co@epmamue NAEHKU, UHmMe2PANbHble MUKPOCXeMbl, MUKDOCUCMEMHAA MEeXHUKA

Bsenenune

B pabGote [1] nmpoaHaqiu3nMpoBaHO COCTOSIHUE TeX-
HOJIOTUI TOJy4YeHUs] MPU TEPMUUYECKON aKTUBALIMU
TOHKUX ieHoK HuTpuaa kpemuus (TTTHK) nist mpu-
MEHEHMSI B TEXHOJIOTMSIX MHTErpalbHbIX MUKPOCXEM
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(MMC) 1 HaHO- ¥ MUKPOBJIEKTPOMEXaHUYECKUX CUC-
teM (MDMC). [TpoMbIlLIEHHBIE TPOLECChl XUMUYEC-
KOTO OocaxmeHus M3 ra3oBoii ¢as3el (XOI'D, anrnumiic-
kuii tepmuH Chemical Vapor Deposition, CVD) npu
teMmiepatypax 650...850 °C peaymzoBaHbI B peaKTopax




Huskoro aapieHus (PH) npoToyHoro tuiia ¢ TepMu-
YEeCKOM aKTUBALIME XMMHUYECKMX PEAKLMi aMMOHO-
Jam3a (peakuuu ¢ aMmmMuakoM, NHz) MCXOOHBIX KpeM-
Huiiconepxamux pearenrtos (SiH, SiCl, u SiH,Cl,).
Takue mpoliecchl TO3BOSTIOT HOJ'Iy‘,IaTL TITHK, 65m3-
KHe I10 cocTaBy K crexuoMeTpudHbIM SisNy (C-TITHK,
00BIMHO XapakTepu3ytorcst cootHolreHueM Si/N = 0,75)
co ckopocTsiMmu pocta 3...10 HM/MUH U OTJIMYHOM
KoH(popMHOCTEIO ocaxaeHnusa u3 SiCly u SiH,Cl, Ha
CTYIIeHYAaTOM pesibede MpubopoB Kak CJIeICTBUE TeTe-
pOreHHOro MexaHu3ma pocta ToHKux mieHok (TTI) [2].

Bo BTOpOit yactu 0630pa [3] ObUIM pacCMOTPEHDI
COCTOSIHME W HaIlpaBJ€HUSI Pa3BUTHUSI TEXHOJOIMI
noayuyeHusi TITHK nipu TepMuyeckoit akTuBauuu uc-
XOIHBIX PEareHTOB B peaKTOpax IMKINYECKOro IeHCT-
BMSI C MOCJEA0BATeIbHO-UMITYJIbCHBIM HAITyCKOM MC-
XOIHBIX peareHTOB. DKCIepUMEHTATFHO YCTaHOBIEHA
Bo3MOxXHOCTh ocaxaeHus1 TITHK mpu cyiiectBeHHO
MeHbLIel Temneparype ocaxiaenus 7,; = 300...650 °C
C yyacTueM KpeMHuiiconepxamux peareHToB SiCly u
SiH,Cl,, a takxe omuromepos SiyClg, SizClg. B ciy-
Jasix peaju3alu peXMMOB aTOMHO-CJIOEBOTO OCaXkK-
neHus (ACO) peakiysi UIET C MOCTOSIHHOM, HO HU3-
KON CKOPOCTbIO HapalluMBaHUs, KaK MPpaBUIO, MEHee
OIHOTO MOHOCJIOS MO TOJIILIMHE 32 UMK OCAXKICHMUS
(~0,2 aM/uukn). I1pu Temneparypax Boiie 500 °C B
pexxume ACO rieHku 6ausku mo coctaBy K C-TITHK,
npu MeHee 500 °C muenku TITHK okaszanuch He-
CTEXMOMETPUYHBIMU 3a CYET O0OralieHus] KpeMHUEM
(Si/N > 0,75) 1 npu 3TOM coaepKajayd MHOTO KUCJIO-
pona, a TakxKe MpHYMeCcH BOIOpoJa M XJiopa.

TakuMm o6pa3om, Mo cocTostHUIo Ha KoHell 2017 T.
B JIUTEpaType HeT CBEJEeHUIN O BO3MOXHOCTHU IOJIY-
yenusa TITHK ¢ nmpuemneMoii misl IIpOMBIIIJIEHHOTO
HCIOJIb30BaHUsI CKOPOCTHIO HapalllMBaHMSI U Xapak-
TepucTukamu Tpu Temnepatypax Huxe 400 °C c uc-
MOJIb30BAaHUEM TOJBKO TEPMUYECKOM aKTUBALIMU TIPO-
lieccoB pocra. BMecte ¢ TeM 3anpoc Ha MPUMEHEHHUE
HuszkoremneparypHbeix TITHK cdopmupoBanics gocra-
TOYHO JAaBHO, a UCTOPUYECKU MEPBBIMU TAKUMU BOC-
TpeOOBaHHBIMU TJIEHKaMU ObLIM (DUHUILIHBIE (TTacCu-
BallMOHHBIE) MTOKphITUS 11t UMC.

IMocranoBka 3agay 0030pa

Pemrenem mpo6ieMbl OTYYeHUST HU3KOTEMITepa-
typHbIXx TITHK crano mcnonb3oBaHue Tak Ha3biBae-
Moro TasmMoxumuueckoro ocaxuaeHust (I1XO), mpu
koTtopoM Tipu XOI'®D [1oMOJTHUTENTHEHO MCHOIb3YeTCs
IJIa3MEeHHAasl aKTMBAIMsI MCXOOHBIX PEeareHTOB, Kak
npasuio, SiH,, NH3, N, [4—6]. TTpoueccer ITXO uc-
TOPUYECKHN BIIEPBBIC OBUIM PeaJM30BaHBI B IPOCTHIX
M0 KOHCTPYKIIMM MPOTOYHBIX PEaAKTOPaX C XOJOIHBI-
MU CTeHKaMu "IUOAHOro TUna" (CM. IpUMep UHAUBU-
JIyaJbHOI'O peakTopa Ha puc. 1, @), Takxke Ha3bIBaeMbIX
peakTopaMu C €MKOCTHO-CBsI3aHHOU muazmoii, ECII
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Puc. 1. CxeMbl OCHOBHBIX THIIOB NMPOMBINLICHHBIX MPOTOYHBIX PeaK-
TopoB A noaydennss KAB-TII npu I1XO: a — "nuoanslit ¢ Xono-
HBIMU CTeHKamu'; b — "TpyOuaThlii ¢ rOpsIYUMU CTeHKamu''; [ —
BBOJI PeareHToB; 2 — BBIBOJ MOOOYHBIX MPOAYKTOB peakuuu; 3 —
HarpeBaTesib, 4 — TOJIyNPOBOAHUKOBAS MOUIOXKA; 5 — IyIIeBOe
pacrpeieIuTeNIbHOe YCTPOMCTBO; 6 — pajlovyacTOTHBIN 3JIEKTPOJ;
7 — KBaplieBasl Tpyoa

Fig. 1. Circuit of the industrial parallel-plate capacitance-coupled
plasma flow-type reactors for obtaining of SINH-TF at PECVD: a —
cold-wall diode reactor; b — hot-wall tubular reactor with electrodes;
1 — input of reactants; 2 — output of the reaction by-products; 3 —
heater; 4 — semiconductor substrate; 5 — gas mixture assembly or
showerhead; 6 — radio frequency electrode; 7 — quartz tube

(pacnpoCcTpaHEHHBIM aHIIIUIACKUN TepMUH — capaci-
tance-coupled plasma, CCP; xpoMe TOro, 4acto uc-
HONB3YIOT TepMUH parallel plate reactors). Tlo3nHee
IUIST IPUBBIYHBIX TSI TTOJYIIPOBOTHUKOBOTO TIPOU3-
BoacTtBa Tpybuareix PHI mnis XOI'®d 6buiu paspa-
0OTaHbl MHOTORJIEKTPOAHbBIE CUCTEMbI IUOIHOTO TUIIA
(cM. puc. 1, b).

B 3apy06exHoii mureparype I1XO HasbiBaloT Plasma
Assisted CVD unu, yame Bcero — Plasma-Enhanced
CVD, PECVD. Ilpu IIXO npu nasnenuax P, pas-
HBIX OT HECKOJbKMX JECITKOB 0 HECKOJbKUX COTEH
nackajei, TOCTUTalTCs CKOPOCTH HapallMBaHUS I0
HECKOJIbKMX COT€H HM/MUH, OIHAaKO HMEET MECTO
OuYeHb cjabast TeMIepaTypHas 3aBUCUMOCTb CKOPOCTHU
ocaxzaeHus. [Tpu 3ToM 3HaYeHUs TIJIOTHOCTU BBICOKO-
yacToTHO# (BY) MOIIHOCTH HAa e AMHMILY TTOBEPXHOCTHU
MOJYIPOBOAHUKOBOM ITOTOXKHA (BT/CMz) OKa3bIBa-
10T CWIbHOE BJIMSIHHE Ha CKOPOCTb HapalllUBaHMS U
coiictBa TTI. TTnasmMeHHble MeTonbl ToayyeHus TTI
HE SBJSIOTCS CTPOTO XMMWYECKHMMM IIpoleccaMu U
IUTST HUX B JIUTEpaType HeT SKCIepUMEHTATLHO TIOMI-
TBEPXIEHHBIX OpyTTOo-peakuuii. I[Ipm Hu3koTemme-
parypHoM ITXO dopMUPYIOTCSI HECTEXUOMETPUUYHbIE
"KPEMHUI1-a30T-BOAOPOJACOAEPKAIIIME TOHKHE TIJIEH-
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kn" (manee KAB-TII). Mx cocTraB 3aBUCHUT OT TeMIIe-
paTypbl, MPUPOJbl PEarcHTOB, COCTaBa IAapoOra3oBOit
cMmecH, IoTHocTH BY MoliHOCTH, yaaaeHHOCTH ILUIa3-
MEHHOTO UCTOYHHMKA OT ITOMJIOXKH, YACTOTHI BBICOKO-
YacTOTHOIO pa3psina u T. a. [4, 7]. Takue rieHKr 0003-
HayvaloT B JIUTEpaType Kak SixNsz, a-SiN,:H, a-SiN:H
[8, 9]. OCHOBHBIM HeXeJaTeIbHBIM KOMITOHEHTOM
KAB-TII gBasiercst Bogopoa (ero o0bIYHO MpencTaB-
JISIIOT COBOKYMHOCThIO cBsizeit Si—H, N—H), moctu-
raloumii cyMmmapHoit Konuentpauuu [H] mo 40 at. %,
yXyallas Takve TeXHOJOIMYeCKM Ba’KHbIe CBOMCTBA
KAB-TTI, kaK mJI0THOCTb U CKOPOCTh PACTBOPEHUS B
KuaKocTHbIX TpaBuTensix. IIpouecchl I1XO o6GbIYHO
UCIIOJIb3YIOTCSI, HalIpUMeEp, B JOIMYCKAaIIEM TOJbKO
HU3KHWE TeMIepaTypbl TEXHOJOTMUYECKOM CyOMapIipy-
Te usroropieHusi UMC, usBectHoM Kak back-end-of-
line (BEOL) — popMupoBaHue MHOTOYpPOBHEBOI CHC-
TeMbl MeTayum3anun UMC, a takke 111 (QUHUITHON
naccuBaiut UMC, u B KauecTBe CTOI-CJ0EB JUIsI TPaB-
JIEHUS.

IToMyMO HecTeXMOMETPUYHOCTH COCTaBa, MPUH-
LUNUATBHEIM HEIOCTaTKOM Bcex IipomeccoB I1XO
TOHKHX TIIeHOK sBisiercs tmioxast (20...60 %) koH-
(GOPMHOCTb MJIEHOK Ha CJIOXHOM pesibede nMpudopoB
[4, 10, 11]. ITox kKoH(MOPMHOCTBIO B IIPOCTEHIIIEM U
HamboJlee TPUHITOM cliydae TOIpa3yMeBaeTcs IIpo-
LICHTHOE OTHOILIEHUE TOJUIMHBI MOKPBHITUSI HA OOKO-
BOIi MOBEPXHOCTH CTYNEHbKU pebeda (d)) K TaKOBOM
Ha IUIOCKOi BepxHeil nosepxHoctu (d) [2]. Kondop-
MHOCTb MCCJIEAYIOT ITyTeM aHajIn3a CKOJIOB MOJIyIIPO-
BOIHUKOBBIX CTPYKTYp C TIJIEHKaMW Ha MU300pakeHH -
SIX C pacTPOBOTO 3JEKTPOHHOTO MUKpockorma. Ilmo-
xasg KoHpopMHOCcTh TII ycioxHsieT MpUMEHSIEMOCTh
KAB-TII B nepcrieKTUBHBIX TEXHOJIOTUSIX U ITpubdopax
¢ penbe(HBIMU CTPYKTYpPaMU, OTHAKO OHA K€ SBIISET-
Csl MOTMBATOPOM IS TIOMCKA HOBBIX pEelleHU, TOC-
KOJIbKY WHTepeC WMEHHO K HHM3KOTeMITepaTypHBIM
TexXHoJorusiMm mnoaydyeHuss KoHgpopmHbix KAB-TII
HapacTaeT 0 Mepe MOSBICHUS HOBBIX TEXHOJIOTUYEC-
KUX 3a1ad.

[lenblo HacTosI1LIeTO 0O30pa MyOJAUKALIMIA TPEX MOC-
JIEAHUX NECITUJICTUI SIBSIETCS aHAJIU3 HalpaBiIeHUI
pPa3BUTHS TEXHOJIOTUI TTOIyYeHUs] HU3KOTEMIIEpaTyp-
HbIX [TXO KAB-TII B mpoTOYHBIX peakTopax (a TakxKe
nH(OpMAIIIK O COCTaBe, CTPYKTYpe M (U3NKO-XUMU-
YECKHUX CBOMCTBAX 3TUX IJIEHOK). JIuTeparypa 1o naH-
HOMY BOITPOCY OOIIMpPHA 1 B OOJIBIIMHCTBE CBOEM OT-
HOCHUTCS K ucciaegoBaHusaM npuMmeHumoctu KAB-TTI
B Pa3IMYHBIX TEXHOJOTHSIX; B TOM YMCJIE HMEIOTCS
HEKOTOpbIe 0030pHbIE MyOJUKALIMY TPUMEHUTETBLHO K
MMC u MBMC [12—13], a Takxke paOOThI IO TIpsi-
MOMY cpaBHeHMUIO mpoieccoB 1 nmokpbitTuit C-TITHK
u KAB-TII [15, 16]. B nanHOM 0630pe MBI paccMar-
pUBaeM TOJbKO 9KCIIEPUMEHTATbHBIC PE3yJabTaThl MPpy-
MEHUTETbHO K "KimaccmueckuM” peaktopam I1XO c
ECII; ncnonw3oBanmne mpu [1XO Tak Ha3piBaeMoOit
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IUIa3Mbl BbIcOKOU IuiotHoctH, IIBII, Oymer mpoaHa-
JIMU3UPOBAHO B cjenyiollei yactu oo63opa.

KpaTkas xapakTepucTHKa npeablIymmX
0030pubIx myoankamuii mo I1XO KAB-TII

ITepBbie 0630pHBIe TTyOnuKauuu o KAB-TII 6butn
u3naHbl B cepenrHe — KoHie 1980-x romos [4, 10, 11].
B ocHOBHOM 1ccienoBaHMSI MPOBEACHbBI B peakTopax ¢
xonoaHbsiMU cteHkamu ¢ ECII, Hanpumep B peakTope
WHAMBUAYyadbHOTO TUMa (puc. 1, a). g ocaxaeHus
KAB-TII npn naBnenusx 30...300 Ila mucronn3oBaamn
mwiasMy ¢ yacroroit 50...450 I'u u 13,56 MI'u; B nmepe-
cyeTe Ha eMMHUILLY TOBEPXHOCTH MOJIOKKU TIOTHOCTD
Mo1tHocty cocrtasisuia 0,02...0,2 BT/CMZ.

OCHOBHBIMM 3aJayaMM MCCJICIOBaHUI U COBEp-
meHcTBoBaHusl KAB-TII kak MmaTepumana IpUMEHU-
TeJIbHO K TexHonorussM UMC Obuin: a) n3ydyeHue BO3-
MOXHOCTU CHIDKeHUsI TemriiepaTypbl IIXO u cBoOICTB
MOKPBITUI ¢ COXpaHEHUEM BBICOKMX CKOPOCTel Hapa-
IIMBaHUs; 0) IMOMCK IIyTel CHMXXEHUS M (puKcaluu
YPOBHSI CyMMapHO# KoHIeHTpauuu Bomopoja [H] B
KAB-TII; B) nosbieHue miaoTHoctu KAB-TII u
CHUXKEHUE CKOPOCTU TpaBjieHUs (T. €., ISl MpaKTU-
YeCKOro MpUMEHEHUs — YAy4IIeHHe CeIeKTUBHOCTU
TpaBJIEHMSI IO OTHOIIEHUIO K TUIEHKAM JMOKCUIA KpeM-
Hus). B pabore [11] cucteMaTusnpoBaHbl JaHHBIE O
npoueccax I[1XO u cporictBax TITHK, monyyeHHEBIX ¢
UCIIOJb30BAaHUEM HEOPraHMYeCKUX peareHToB SiHy,
SiF,, SiCly, Sil; (OCHOBHBIM M3 KOTOPBIX ABJIAETCS
MOHOCWJIaH), B IPUCYTCTBUMY aMMUaka u azota. O600-
LLIEHBI TaHHBIE JIMTEPATYPhI IO CKOPOCTSIM OCaXKACHMUS
(W), coctaBy 1ieHOK B TepMuHax Si/N, cymMMapHOi
koHueHTtpauuu Bomopoaa B IIXO KAB-TII ([H]),
KoHUeHTpauusiMm cBszeit [Si—H] u [N—H], 3aBucu-
MOCTU TIOKazaTessl NnpejoMiieHus (1), TIIIOTHOCTH (p),
CKOPOCTHU PACTBOPEHUSI B XKUIAKOCTHBIX TPaBUTEISIX
(V), MexaHUYEeCKUX HANPsSXKEeHUU (o) TpU UBMEHEHU -
SIX XapaKTepUCTUK TIPOLIECCOB (TeMmIeparypa, JaBie-
HHE, TOJU a30TComepKaIluX KOMIIOHEHTOB B ra30BOM
cMmecu, TiotHoct BY mommHocTH, yactotel BU rene-
patopoB, U T. A.). UToru netaabHbix 00001eHui [11]
CBelleHbl B Tabj. 1, rae ¢hopMbl CTpesioK rpaduyecku
0TOOpaXkaloT XOHI HaIlpaBJIEHWI OTKJIMKOB XapaKTe-
puctuk KAB-TII npu Bo3pacTaHUM yKa3aHHBIX B Ta0-
JINLIE TIapaMeTpoB UccliegoBaHHBIX mpoueccoB ITXO.
Kpome Toro, B pabote [11] Obuin 006OOILEHBI HaH-
HbI€ CEpUM OTEYECTBEHHBIX pabOT MO OlLIEHKE BO3-
MoxkHocTu nonaydyeHusi KAB-TTI ipu ITXO u3 meHee
OITaCHBbIX, YeM MOHOCHUJIaH, UCXOIHBIX KpeMHMIOpra-
HUYECKUX COEIUWHEHUU, HalpuMep, reKcaMeTUJIIU-
cuwnazana [(CHj3)5Sil,NH, rekcameTuanukiaoTpucu-
nasana CgH, SizN3 n austuiaMuHOTpUMETHIICUIaHA
(CH3)5SiN(C,H5),.

Cpenu npoaHaauM3upoBaHHbIX B paborte [11] BbI-
JeJIMM JBe NOMOJIHSIOIIME APYr Apyra myOauKaluu.




B pabore [17] mpu ¢duUKCHUpOBAaHHBIX TeMIEpaType
ocaxnenus 300 °C, maBnenun 25 Ila u miotHoct BU
MoiiHoctu 0,15 BT/CM2 B IMAna3oHE COOTHOIIECHUH
norokos NH;/SiH, 1,33...4,44 Obuin u3yyeHbl U3Me-
HEHMSI CKOPOCTU PacTBOpPEHUsI B pacTBope Oydepu-
poBaHHOI1 (propucToBomopomHoit kuciorel HF (uc-
MOJIL3YIOTCS TepMUHBbI Buffered Oxide Etchant, BOE),
rokasartesisi MpejoMyIeHus #, cooTHolneHus Si/N u
conpotuBieHnss KAB-TII. YcranoBieHo, 4TO OTHO-
mweHue Si/N usmeHsuioch B nipeaenax 0,95...1,25, cym-
MapHag koHueHTtpauus [H] = 20...25 ar. %, npuyeM
HauboJiee BaKHOM IO BIMSHMIO Ha XapaKTepUCTUKU
KAB-TII aBrOopamu Obl1a mpH3HaHA KOHLIEHTpalMs
csa3eir Si—H. B pabote [18] npoBegeHo cpaBHeHUE
KOHIEHTpalUU BOJOPOIA U CKOPOCTU PaCTBOPEHUS
1t 19 pasmUYHBIX BapMaHTOB MTPOMBITIIEHHBIX TTPO-
neccoB ITXO KAB-TTI, peanu3oBaHHBIX Ha pa3HbIX
YCTAaHOBKAaxX IUOMHOTO THUIA HECKOJbKUX MUWPOBBIX
MPOU3BOIUTEIICH, a TAKXKE BBIITOJTHEHO DKCIIEPUMEH-
TanbHOe uccienoBanue cucreMbl SiH,—NH;—N,.
BriBoanl aBropos: 1) mns cmeceit SiH;—NH5 makcu-
MaJibHBbI ypoBeHb Bogopona B KAB-TII cocraisia
[H] = 39 at. % npu 150 °C u 20 at. % npu 380 °C, HO
Obu1 mprMepHO Ha 10 aT. % MeHbllle P TeX Ke TeM-
nepatypax ansa cMmeceit SiH4—N,; 2) Bonopon mpu-
cyrctByeT B KAB-TII npeumyliecTBEHHO B CBSI3aH-
HOM BHUJIe KaK COBOKYIHOCTh cBsi3eii Si—H u N—H, a
ero obmass konneHTpanust B KAB-TII skcrioneHIm-
aJIbHO KOppeJaupyeT co 3HAaUeHMEM CKOPOCTU MX pac-
TBOPeHUsT (Vpaers) B BOE (Vpacers = 0,990-23HI)

KpaTkuii 0030p NpOMBINLJIEHHBIX TEXHOJIOTHIi
nosyyenus KAB-TII npu IT1XO

B Ta6n. 2 npuBeaeHbl ycpeIHEHHbBIE JaHHbIE U3 pa-
00ThI [4] ¢ mononHeHusIMU U3 yoaukamuii [10, 12, 15,
16, 18] Mo OAM3KMM K TIPOMBIIIJICHHBIM TTpolieccaM
C-TIIHK u KAB-TII. JIaHHbIe 10 OCHOBHBLIM Xapak-
TEpUCTUKAM TIJICHOK MPUBEICHBI IO COCTOSHMUIO Ha
koHell 1990-x To10B MPUMEHUTEIBHO K TEXHOJIOTHSIM
MMC. B o630pHoii padore [15] ¢ ykazaHuem mepBO-
WCTOYHMKOB WHGOPMALUU TPUBEICHA pa3BepHYTasl
Tabauna BaxHbIX xapaktepuctuk TITHK mist mpume-
HeHust B MOMC. B npyrux pabotax, Haripumep B [19],
MOXHO HalTWU CpaBHUTEJIbHbIE JAHHBIE O BaXKHOMY
napameTpy IuieHoK — TBepaoctu: mist C-TITHK —
~35 I'Tla, u pnss KAB-TII, B 1iupokoM auamnasoHe yc-
JIOBUI1 TToJlyueHust — oT ~ 12 no ~22 I'lla; npu 3TO0M 110
JaHHBIM, Hampumep pabotsl [20], OBICTPBIA TEPMU-
yeckuil orxxur KAB-TII nipu 800 °C mo3BoJsin mpu-
MEPHO BIBOE MOBBICUTh UX TBEPAOCTD.

B unciao pyTMHHO KOHTPOJUPYEMBbIX B TPOU3BO/IC-
tBe mapameTpoB KAB-TII BxoadaT mnokasaTesb Ipe-
JIOMJICHUSI U 3HAUeHWE MEXaHWYECKUX HampsDKeHUIA.
g ObICTpOro aHaavM3a KOHLIEHTPALMM BOAOpPOAA B
KAB-TII B npoOMBIIIUIEHHOCT! UX OCAaXIAOT Ha ITOM-
JIO)KKM MOHOJIMTHOTO KpeMHMsI (BKJIIOYasl IMOJYIpO-
BOJHUKOBbIE€ MOMJOXKN OOJBbIIOTO AMaMeTpa) U aHa-
JIM3UPYIOT Hepa3pyllaloluM MeTOI0M UH(paKpacHOi
(MK) cnekrpockormuu ¢ Dypbe-TIpeodpazoBaHUEM
(Fourier transform infra red, FTIR). B UK cnekrpax

Tabnuua 1
Table 1

I'pacmyeckoe oToOpaxkenne HanpapieHnnii OTKIMKOB xapaktepucTuk KAB-TII npu yBeauyenun napamerpos npoueccos I1XO
€ y4acTHeM MOHOCHJIAHA, M AMMHAKA U a30Ta

Graphic responses of SiNH-TF characteristics on the PECVD process parameters increase for SiH —NH3;—N, reactants

IMapametrp I1XO

Otk xapakTtepuctuku KAB-TII (o o6o61mmenusim [11])

Thin film parameters response (based on [11])

PECVD parameters
w Si/N [H] [N-H] | [Si-H] n c |4 c

Temnepatypa
T, A \» \ \ > /v /v \ \
JlaBneHue
P, /’ /> > \’ /’ _/ x . \
Honst a3oTcoaepKaiiux KOMIIOHEHTOB B CMECH
Nitrogen compounds share in gas mixture \_, \ —r| _« \ \ /\_' — —
IMnotHocts BU-MonIHOCT
RF power density /’ \» > / \ \\> / — —
Yacrtora BU-reHneparopa
RF frequency —\f —» | _A — — / \’ A /'
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Tabauua 2
Table 2
O000mennbie AanHbie 0 npoueccax nmoayyenns C-TITHK
B PHJI u I1XO KAB-TII u nx 0CHOBHBIE XapaKTEPHCTHKH
Summarized data on the processes of LPCVD S-SNTF
and PECVD SiNH-TF with basic parameters of thin films
O06o03HaYeHNE TOHKOW TUIEHKU C-TITHK | KAB-TII
Thin film definition S-SNTF | SiNH-TF
Crroco6 moJTy4eHus TICHKT PHJT ECII-ITIXO
Deposition method LPCVD PECVD
PeareHTst SiH,Cl,, | SiHy, NH3,
Reactants NH; N,
Temmnepatypa ocaxnenusi, “C 700...800 250...350
Td, °
Hasnenue, Ila 40...65 33...270
Pd’ Pa
CKOpOCTH OCaXIeHUsI, HM/MUH 2...6 30...150
Deposition rate, W, nm/min
CrexnomerpuaHocThb (Si/N) 0,75 0,8...1,2
Stoichiometry (Si/N)
CymmapHasi KoHueHTpauus [H], at. % 4.8 <40
Total hydrogen content [H], at. %
ITokazarenb mpeIOMIICHUS 2,010,02 1,8...2,5
Refraction index, n
I1n0THOCTD, F/CM3 2,9....3,1 2,4..2,8
Film density, p, g/cm3
Mexanuueckue Hanpskenus, X 10° qun/cm? (*) 12...18(P) | 1(C)...8(P)
Mechanical stress, o, x10° dyne/cm? (¥) 12..18(1) | 1(C)...8(T)
JusnekTpuyeckas IMOCTOSTHHAS 6...7 6..9
Dielectric constant
[TpoHuUIIaeMOCTh BOIbI Hynesast | Huzkasi/Her
H,0 permeability Zero Low/Non
['rybuHa MTPOHUKHOBEHUSI MOHOB Na+, HM <10 <10
Na™ penetration depth, nm
[NpobuBHOE HampsixeHue, X 10° B/cm 5...10 4.6
Breakdown strength, X 10° V/cm
YaenbHoe conpotusieHue, OM * cM 1015..10'7| 10%...1013
Specific resistance, Q + cm
IlosepxHocTHOE conporusieHne, Om/KBaapar >1013 1013
Surface resistivity, Q/square
KoadduimeHT TernioBoro pacumpeHus, X 100 KT 4 4.7
Thermal expansion coefficient, x1076 K~1
Tepmuueckasi cTabUIIBHOCTh OtnnyHas | <400 °C
Thermal stability Excellent
CKOpOCTh PacTBOpPEeHUsI, HM/MWH:
Etch rate, V, nm/min:
6:1 BOE (20 °C — 25 °C) 1,0...1,5 20...35
49 % HF (23 °C) 8,0 150...300
Cxopoctb pactopenus B 85 % H3POy4, HM/MuH:
Etch rate, Vin 85 % H;PO,, nm/min:
nipu 155 °C (at 155 °C) 1,5 10...20
nipu 180 °C (ar 180 °C) 12 60...100
Cxopoctb pactBopeHust B 30 % KOH mpu 70 °C, Hm/MuH 0 0,68
Etch rate, Vin 30 % KOH at 70 °C, nm/min
CKOpOCTb TpaBJieHHsI B IU1a3Me, HM/MHH, COCTaBa 20 50
70 % CF, / 30 % O,, 150 Br, 100 °C
Rate of etching in plasma, nm/min, in 70 % of CF,/30 %
0,, gas mixture at 150 W, 100 °C
KondopmHocTh ocaxneHusi, % ~100 ~20...60

Thin film conformality, %

* — MmexaHnuyeckue HanpsokeHus (P) — pactspkenus, (C) — cxkatust. s me-

peBoJa B MacKajy MCIOJb3yeTCs COOTHOlIeHue: 1 107 L[I/IH/CMZ =1 MIla
* — mechanical stress definition: (T) — tensile, (C) — compressive. In order to

convert dyne/cm2 into Pa the following correlation is used: 1 - 107 dyne/cm2 =1 MPa
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KAB-TIT kpome mvka Si—N ~ 850 cm ™!,
nmerores Ky Si—H mpu ~ 2160 CM_I,

u N—H nipu ~ 3350 em™ ! [7, 12, 21].

Hanpasienusi COBepIIeHCTBOBAHNS
rexnoJornii ITXO KAB-TII

AHamM3  JUTepaTyphl  ITO3BOJIUI
CTPYKTYpPUPOBATh CIIeAYIOLIME HarpaB-
JieHust pa3Butust mpoueccoB [1XO B
MPOTOYHBIX peaKTOpaXx.

1. Hanpaeéaenue 1 XxapakTepusyer
ontumuzanuio npoiecco [TXO B 06bIu-
HBIX TIPOMBITIUIEHHBIX peakTopax MHpu-
MEHMTEIbHO K KOHKPETHOMY Ha3Haue-
Huio KAB-TII B Ttexnomorun MMC.
Hanpumep, B pabote [22] mias nmpume-
HeHuss KAB-TII B kauecTBe mnojaciosi
Moa TUJIEHKOW MeXypOBHEBOTO OU-
9JIeKTpuKa 60pohocdOopOCIMKATHOTO
crekia (BDCC) paccMoTpeHbl BapuaH-
Thl BapbUpPOBAHUSI TAPAMETPOB IIPO-
necca I[1XO mist onTUMM3aLMKU 3HaUe-
HUHM MEXaHMYECKMX HAOPSDKCHUNW U
WCKJIIOUCHUSI PacTpeCKUBaHUI I0CIe
BBICOKOTEMITEPATYPHOTO OILIABJICHMS
BDOCC. K pgaHHOMy HampaBJIeHHUIO
MOXHO TaKXe OTHECTH, HaIlpuMep,
nH@opMauuio paboTsl [23] 0 TeXHOIO-
ruu noaydyeHust I1XO KAB-TII ¢ uc-
MOJIb30BaHUEM MOHOCHUJIAaHA Ha ycTa-
HoBKe Producer® Celera™ PECVD,
MTO3BOJIAIONIC BapbUPOBATh 3HAYCHUS
MeXaHWYECKMX HaTpsSDKEeHUI B ocaxkaa-
eMoil ruieHke ot —3,5 I'Tla (cxkumato-
mue) no +1,7 I'Tla (pacTsarusaloliiue) ¢
npueMyieMoit KOH(OPMHOCTBIO OCAXKIE-
Husg. K coxaneHuio, moapoOHOM WH-
dopmanuum o cocraBe KAB-TII e nmpu-
BeIeHO, HO MOXHO MPEINOJIOXUTh, YTO
3HAYCHMST MEXaHWYECKUX HaTIPSKeHUH
U3MEHSIIOTCSI IyTeM 00OTalleHUs TIIeH-
KU 10 KPEMHUIO, UTO OBIJIO pacCMOTpPE-
HO B paborte [1] manst ciaydyast BBICOKO-
TEMIIEPaTyPHBIX TICHOK.

B pa6ote [24] paccMOTpeH BapMaHT
peamuzanuu I1XO KAB-TII u3 cmecu
SiH4;—NH;—N,, npu nosblLIEHHOI
Ha ~200 °C TemnepaType OTHOCUTEIb-
Ho TpaguuumoHHbIX IIXO. Takumu
mieHkaMu B cyomapuipyre FEOL uH-
TerpaJibHbIX MHUKPOCXEM  3aMeHsSUIu
C-TITHK, nony4yaemMsble IIpu TeMIlepa-
typax Bbilie 700 °C B IpOMBILLIJIEHHBIX
nporouHbix PHJI. IloBbllieHHas mo
580 °C remneparypa ITXO oTHOCUTEND-




Ho npouecca cpaBHeHus I1XO npu 380 °C g mol-
Hoctu BY paspsgaa 170 Br ¢ yactoroii 13,56 MI'1 mos-
BOJIMJIa CHU3UTh KOHLIEHTpauuio cBs3deid [Si—H] ot
~4,5- 102 10 ~4,0- 10! aT/CM3, Tak u cBsizeit [N—H]
ot 6,5+ 102! 10 3,0+ 102! ar/em?® (u3mepenus nposo-
aunu metoaoMm FTIR). CkopocTb pacTBOpeHUS B KU1~
KOCTHOM TpaBHUTeJIe OKa3zajlach CHMXXEHHOI BIBOE, a
3HAUYCHUS CKUMAIOIINX MEXaHUIECKUX HATIPSIKEHUN
3apuKCUpPOBaHbl Ha ypoBHe 1,55 10° zu/m/CM2 (unm
—155 MIla). B pa6ote [25] aHanornuHbie KAB-TTI
OBLTU OXapaKTepHU30BaHbI C TOMOIIILIO Pa3pylIAIOLIEro
KOJIMYECTBEHHOTO METOIa BTOPUYHO-MOHHON Macc-
cnektpomerpun. dng KAB-TII, nonyyeHHbIX mipu 550
u 380 °C, obuast KOHIEHTpALMsI BOOZOPOAA COCTaBJISI-
na 1,6 - 1022 ar/em® (~16,9 ar. %) u 4,0+ 10%2 ar/cm’
(~35 ar. %), COOTBETCTBEHHO, YTO COTJIACYETCS C JaH-
HBIMM padoTHI [24].

2. Hanpaeaenue 2 BxiiroyaeT nyoJuKalMu, MOCBsI-
LIIEHHbIE OoJiee IITyOOKHUM MCCIEIOBAaHUSIM IIPOLeC-
coB I1XO u cpoiictB KAB-TII. Hampumep, B pabote
[26] cpaBuuBamn KAB-TII, monydeHHble U3 cMecei
SiH4—N, ¢ apronom 1 BonopoznoM, B [27] paccMoTpeHa
Bo3MoxHOCTh nmonyyeHust KAB-TII ipu 200...350 °C
C TOHIXKEHHBIM COAepXKaHMEM BOIOpOAA M3 CMecei
SiH4—NF;—N,, B paborax [28—32] uccnenosanu ¢u-
3UKO-XMMMYeCcKre N MexaHndeckue cpoiictBa KAB-TTI,
C MHCIOJIb30BaHMEM COBPEMEHHON aHAJIMTUYECKOM
TeXHUKHU, a B [25, 28, 33, 34] usyyanu 3neKTpudecKue
xapaktepuctuku KAB-TII. B padore [35] ¢ momonibio
metona FTIR uccnemoBanu BeloeaeHUE BOAOpoOAa U3
KAB-TII, monydeHHBIX B yOaJIEeHHOM IIjla3Me B W3-
opITKe ammuaka 1pu temiieparype 200 °C npu Tepmu-
YeCKOM OTXUTe, KoTopoe HaumHajmoch ¢ 500 °C u oxa-
paKTepM30BaHO KaK pe3yIbTaT B3auMOIEHCTBUS TPYIIIT
Si—H u N—H c obpasosBanuem cBaseit Si—N u H,.
B pabote [36] B KauecTBe MCXOQHOIO KPEMHUICOAEP-
xaiero BewectBa Jis1 [1XO wuccienoBaH aucuiaH
SiyHg, B [37] u3yueHbl MJI€HKU, MTOJYYEHHBIE MarHeT-
POHHBIM paCITbIJICHNEM KPEMHUS B aproH-a30T-BOIO-
ponHoii atMocdepe, B [38] paccMOTpeHbI pe3yabTaThl
ITXO B peakrope ECII ¢ Tpems snekrpogaMu.

3. Hanpagaenue 3 BKo4aet B ce0Os1 IMyoIMKaLMU 00
ucciaenoBaHusx koHdpopmHoctu [TXO KAB-TII. Tpe-
0oBaHUS K KOH(OPMHOCTU HOKPHITUSI pejibeda TOH-
KMMM TIJICHKAMHM BO3PACTaloT 10 Mepe Pa3BUTHS TEX-
HOJIOTUI1 MUKPOAJIEKTPOHUKU U CIIOKHOCTHU MOJTYIIPO-
BOJHUKOBBIX CTPYKTYp. Ha ypoBHe TexHonoruit UMC
mpumepHo 0,35...0,18 MKM 1 MeHee HEKOH(OPMHOCTh
OCaXIeHWsI TIPUBOIUT K ITpobIeMaM 06pa3oBaHUsI TyC-
TOT (B aHIJIOSI3BIYHON JINTEpAType UCIIOIb3YeTCs Tep-
MWH Vvoiding) M, COOTBETCTBEHHO, TTOMCKY TEXHOJIOTH-
YECKUX BO3MOXKHOCTEN 3aloTHEHHUSI 3a30POB B pelibede
MMC 6e3 nycToT (B 3apyOekHOM JIuTepaType UCHOb-
3yeTcst TepMuH gap-fil) [39, 40]. BBuay Toro, 4tTo KOH-
(hopMHOCTH OcaxkIeHUSI TTOKPBITUI 9acTO IEeKIIapupy-
€TCs1 IPUMEHUTENBHO K pelibedy MpOU3BOJIbHOM (hop-

Puc. 2. Cxembl nonepeyHoro cevenusi npopuis TOHKHX MIIEHOK HA
crpykrypax UMC, noJiydeHHbIX ¢ nomouipio ocaxnenusa I1XO (a)
u XOTI'® (b): I — nomnoxka; 2 — CTYMEHbKU U3 HUXeJeXallero
maTepuana; 3 — MmycToTra B 3a3ope; 4 — KOH(MOpPMHasi TOHKasi
TJIeHKa

Fig. 2. Circuits of the cross-sections of the strictly non-conformal PECVD
film deposition (a) and LPCVD film deposition (b): 1 — substrate; 2 —
steps from the material below; 3 — emptiness in the gap; 4 — conformal
thin film

Mbl, TPaKTOBaThb MPEACTaBICHHbIE B HCCIIEIOBAHUSAX
pe3yabTaThl KOJUYECTBEHHO JOCTAaTOYHO CJIOXHO, B
ocobenHoctu misg mnporneccoB [1XO. OgHako TUIm4-
HbiMU 17151 [TXO sIBASIIOTCSA CeUeHMST CTPYKTYP C U30bI-
TOYHBIM KOJMUECTBOM OCaXIaeMOro maTepuajia Ha
BEPXHUX YaCTSIX CTyleHeK peabeda (puc. 2, a), 4to
4yacTo Ha3bIBalOT TepMUHOM bread loaf. KoHDOPpMHOCTD
MOJy4eHUs TTOKPBITUMl 1151 TpoueccoB I1XO cyiect-
BEHHO YCTYIaeT MpakKTU4YeCKW uaeaqibHON KOHGOPM-
Hoctu C-TITHK, mojyyeHHBIX NMpU KMCIOJb30BaHUU
TEPMUYECKU aKTMBUPOBAHHbBIX MTPOLIECCOB OCAXIEHUS
(puc. 2, b).

B pabotax aBTopa [2, 40] chopMyanpoBaHBI OTHO-
CHUTEJIbHO TIPOCTHIE METOMWYECKHE TIOMXOABI M NAHBI
KOJIMUECTBEHHbIE XapaKTEePUCTUKU Pa3IUYHBIX MPO-
LECCOB OCAXIEHUSI KPEMHUMCOAEPKAIIUX TTOKPBITUI
npuMeHuTeNbHO K pesibepy UMC ¢ mpsaMoyrojbHbI-
MH B CeYeHMU cTyneHbkamu. OOHUM U3 BBIBOIOB
MpUBEACHHBIX MyOIMKalUil ObljIa YyCTAHOBJICHHAsI KO-
JIMYECTBEHHAsI B3aMMOCBSI3b KOH(POPMHOCTH OCaXKIIe-
HUS U 3¢ (hEKTUBHON KOHCTAHTBI CKOPOCTU Mpoliec-
coB XOI'® TOHKUX KpeMHUICOAEpXAIIUX IIJIEHOK
(keﬂ, pasMepHocTb cMm/c). TlocnenHsisi mpencraBisieT
co0O0il OTHOLIEHHE CKOpOCTM HapamuBaHus (W) k
KOHILIEHTpaluy KpeMHUIACoAepKalllero peareHTa B ra-
30B0ii (ase [Cgl: keﬁz W/[Cg;l. DKcriepuMeHTaIbHO
HallieHHbIe 3HAYEHUS keﬂ BapbUPOBAIKCH B Tpeaeax
Tpex nmopsiakoB BeauduH [2]. Oka3anoch BO3MOXHBIM
CBS13aTh KOH(POPMHOCTb COOTHOIIEHUS TSI UCCIIEN0-
BaHHBIX IIPOIIECCOB CO 3Haqu1/15n§[lM k o crienytormmm
obpazoMm: d,/d; (%) = 45,4k;ﬂ’ IIpakTrueckum
CJIEICTBUEM M3 JAHHOTO BBIPAXKEHMUS SIBIISICTCST BBIBOJ
O HEBO3MOXHOCTHU TMOJYYeHUS KOH(GOPMHBIX MOKPHI-
TUl B aKTUBMPOBAHHBIX MPOLIECCaX MOJIYYEHUS ILIe-
HOK, UMEIOIIMX OOJIbIIIKE 3HAYSHUS keﬁc. s npotiec-
coB II1XO muanexTpuyecKux MmIeHOK KOH(MOPMHOCTb
orreHeHa B 20...60 %. HampoTuB, MenjieHHbIE IIPOLIEC-
CBI OCAXICHUSI C MIbIMU 3HAYCHUSIMU K, HAIPU-
Mep, BoeicokoTeMIiepatypHblii npouecc C-TITHK B
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PH/ (ta6xa. 2), maer npaktuuecku 100 % xoHdopm-
HOCTHU ocaxaeHus1 [24].

ABTOp XOTeJl ObI TOAYEPKHYTh, UYTO €CJIM B JIUTE-
paTtype npuBeAeHbI OOMbIINE, YEM YKA3aHHBIE BBILLIE
3HAYEHUST KOH(GOPMHOCTHU JIJIsI TIJIA3MEHHBIX MPOoIieC-
COB, TO 3TO OOBSICHSIETCS, KaK MPaBUJIO, IPUMEHEHU-
€M CTPYKTYpP C HAKJIIOHHBIMU OOKOBBIMU CTEHKAMM.
IMy6aukanuii ¢ KOJUYECTBEHHBIMU Pe3yJibTaTaMU KUC-
cienoBaHuii koHopmHoctu pocta KAB-TII npu
IUIa3MEHHOM akTMBaUMu HeMHoro. Hanpumep, B pa-
6ote [24] nnsa npoueccoB ITXO KAB-TII npu temmne-
patypax 380, 430, 480, 530 n 580 °C KoH(pOPMHOCTb
olLiEHEHA ITPUMEPHO B 52, 54, 57, 64 1 69 %, cooTBETCT-
BEHHO (OTMETHUM, OJHAKO, YTO CaMH IO cebe MCXOI-
HbIE CTPYKTYPhI HE OXapaKTepU30BaHBbI).

3akmouenue

ITpoananusupoBaHbl npouecchl [TXO ¢ yuactuem
KpeMHUICOoAepKallluX peareHTOB, Ta3000pa3HOro
aMMMaKa M a30Ta B MPOTOYHBIX peaKTOpax MpU TeM-
neparypax Huxe ~400 °C. x nmpenMylliecTBaMU SIB-
JISIIOTCS OTHOCUTEJIbHAS IIPOCTOTA peaiu3aliuM, Cy-
LIECTBEHHO MEHbIIIMEe TeMIepaTypHble 3aBUCUMOCTU
U BBICOKHME CKOPOCTM HapalluBaHUSI TUIeHOK. Oc-
HOBHOI npo0bJjieMoit Hu3koTeMmIiieparypHoro I1XO u3
cmeceit SiH,—NH; aBngerca HecTeXMOMETPUYHOCTD
KAB-TTI, B yacTHOCTU, HeXeJaTeabHOE IJIs1 TEXHOJIO-
MU IPUCYTCTBUE BOIOPOAA C CYMMAapHOM KOHLIEHTpA-
nueit 1o 40 at. %, CBI3aHHOIO C KPEMHUEM U a30TOM,
B pe3ysbTaTe Yero IJICHKU UMEIOT HU3KYIO TNIOTHOCTh
U BBICOKME CKOPOCTU pacTBOpeHusi. B cienyroieii
yacTu ob30pa OyoyT pacCMOTPEHBI pe3yJbTaThl MC-
ciepoBanuii ocaxaeHuss KAB-TII B peakTopax ¢ mra3-
MO BBICOKOM IIJIOTHOCTH, MO3BOJISIOIIMNX IIPEOAOJIETh
YacTh TeXHOJOrmdeckux npoodiaem I1XO.
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The third part of the review is devoted to the status and possible directions for development of the silicon-nitrogen-hydrogen-
containing thin films’ (SiNH-TF) plasma-enhanced chemical vapor deposition (PECVD) technologies for application in the inte-
grated circuits (IC) and microelectromechanical systems (MEMS). Information is analyzed for the low-temperature (<400 °C)
SiNH-TF, obtained in parallel-plate capacitance-coupled plasma flow-type PECVD reactors with the use of the silicon-containing
compounds (mostly SiH ), gaseous ammonia and nitrogen. These processes have certain advantages, such as high thin film dep-
osition rate, and wide-range applicability in many modern technologies. The main drawback of the low-temperature SiNH-TF ob-
tained with the use of SiH,—NH;—N, is a rather high content of hydrogen, up to 40 at. %, therefore, it is nonstoichiometric. This
hydrogen is normally described in terms of Si—H and N— H bonds. The low-temperature SiNH-TF have relatively low film density
and high speed of dissolution in liquid etchants, and also a poor conformality of deposition on complex reliefs of devices. The author
singles out and analyzes the directions for development of PECVD method with regard to SiNH-TF.

Keywords: silicon nitride, thin films, chemical reactions with plasma activation, capacitance-coupled plasma, flow reactors, in-
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Introduction

In [1] an analysis is presented of the state of the
thermal activation technologies for obtaining of the
thin films of silicon nitride (SNTF) for application in
the technologies of the integrated circuits (IC) and na-
no- and microelectromechanical systems (MEMS).
The industrial processes of chemical deposition from
the gas phase (Chemical Vapor Deposition, CVD) at
650...850 °C are realized in the low pressure CVD re-
actors (LPCVD) of the flow type with the thermal ac-
tivation of the chemical reactions of ammonolysis (re-
actions with ammonia, NH3) of the initial silicon-
containing reagents (SiHy, SiCly and SiH,Cl,). Such
processes allow us to obtain SNTF close by their com-
position to the stoichiometric SisNy (S-SNTF, usually
characterized by correlation Si/N = 0.75) with the dep-
osition (growth) rates of 3...10 nm/min and excellent
conformality of deposition from SiCl, and SiH,Cl, on
the step relief of the devices as a consequence of the
heterogeneous growth mechanism of TF [2].

The second part of the review [3] is devoted to the
state and directions of development of the technologies
for obtaining of SNTF at a thermal activation of the in-
itial reagents in the cyclic-action reactors with a con-
secutive pulse injection of the initial reagents. Possibil-
ity of deposition of SNTF at an essentially smaller tem-
perature of deposition 7; = 300...650 °C with partici-
pation of SiCl, and SiH,Cl,, and also oligomers of
SiyClg, SizClg was proved experimentally. In cases of
realization of the mode of the atomic-layer deposition
(ALD), a reaction goes with a constant, but low depo-
sition rate, as a rule, less than one monolayer of the
thickness for a deposition cycle (~0.2 nm/cycle). At
temperatures over 500 °C in ALD mode the films by
their composition are close to S-SNTF, at temperatures
below 500 °C the SNTF films turn out to be nonstoichi-
ometric because of enrichment by silicon (Si/N > 0.75)
and contain a lot of oxygen and also impurities of hy-
drogen and chlorine.

Thus, as of the end of 2017, there was no informa-
tion about feasibility of obtaining of SNTF with the
deposition rate acceptable for the industrial purposes at
temperatures below 400 °C with the use of only a ther-
mal activation of the growth processes. At the same
time the demand for application of the low-tempera-
ture SNTF was generated long time ago, and histori-
cally the first such demand was for the films of the fin-
ishing (passivation) coatings for ICs.
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The tasks set by the review

A solution to the problem of the low-temperature
SNTF became the use of the Plasma-Enhanced Chem-
ical Vapor Deposition (PECVD), at which CVD re-
quires additional plasma activation of the initial rea-
gents, SiHy, NH3, N, asarule [4—6]. Historically, for
the first time, the PECVD processes were realized in
simple-design flow reactors with cold walls "of diode
type" (an example of an individual reactor is in fig. 1, a)
also called the reactors with the capacitance-coupled
plasma, CCP, besides, a frequently used term is parallel
plate reactors). Later, for semi-conductor manufacture
of the usual tubular LPCVD, the multielectrode sys-
tems of a diode type (fig. 1, b) were developed. In for-
eign literature PECVD are called also named "Plasma
Assisted CVD".

In case of PECVD at pressures P, from several tens
up to several hundreds of pascals, the deposition rates
up to several hundreds of nm/min are reached, how-
ever, the temperature dependence of the deposition rate
is very weak. At that, the values of the density of radio-
frequency (RF) power per unit of the surface of a sem-
iconductor substrate (W/cmz) have a strong impact on
the deposition rate and properties of TF. The plasma
methods for obtaining of TF are not strictly chemical
processes and for them there are no experimentally
proved gross reactions. In case of a low-temperature
PECVD the nonstoichiometric silicon-nitrogen-hy-
drogen-containing thin films (SiNH-TF) are formed.
Their composition depends on the temperature, the na-
ture of the reagents, composition of the steam and gas
mixes, density of RF power, remoteness of a plasma
source from a substrate, frequency of the RF discharge,
etc. [4, 7]. Such films are designated also as SixNsz,
a-SiN:H, a-SiN:H [8, 9]. The main undesirable
component of SINH-TF is hydrogen (usually, it is pre-
sented as a set of Si—H, N—H bonds), reaching the to-
tal concentration [H] up to 40 at. %, thus it deteriorates
such technologically important properties of SINH-TF
as density and rate of dissolution (etch rate) in the liq-
uid etchants. The PECVD processes are usually used,
for example, in the admitting only low temperatures
technological sub-route for manufacturing of IC,
known as the "Back-End-Of-Line" (BEOL) — forma-
tion of a multilevel system for metallization of ICs, and
also for the finishing passivation of ICs, and as the stop
layers for etching.

Besides the nonstoichiometric composition, a prin-
ciple drawback of all the PECVD processes of the thin




films is bad (20...60 %) conformality of the films on a
complex relief of the devices [4, 10, 11]. The confor-
mality in its simplest and wide-spread understanding is
a per cent correlation of the thickness of the coating on
the lateral surface of a relief step (d,) to the one on the
flat top surface (d;) [2]. The conformality is investigat-
ed by a cross-section analysis of the chips of the sem-
iconductor structures with the films on the images from
a scanning electron microscope. Bad conformality of
TF complicates applicability of SiINH-TF in the per-
spective technologies and devices with the relief struc-
tures, however, it is a motivator for search for new so-
lutions, because the interest exactly to the low-temper-
ature technologies for obtaining of the conformal
SiNH-TF grows with appearance of new technological
problems.

The aim of the present review of the publications of
three recent decades is an analysis of the directions for
development of the technologies for obtaining of low-
temperature PECVD of SiNH-TF in the flow reactors
(and also information concerning the composition,
structure and physical and chemical properties of these
films). The literature on the given question is extensive
and in most cases it concerns the research of applica-
bility of SiNH-TF in various technologies; including
certain survey publications with reference to ICs and
MEMS [12—15], and also the works of direct compar-
ison of the processes and coatings of S-SNTF and
SiNH-TF [15, 16]. In the given survey we consider only
the experimental results in relation to the "classical” re-
actors of PECVD with CCP; the use of the so called
"high-density plasma" (HDP) at PECVD will be ana-
lyzed in the next part of the review.

A brief characteristic of the previous survey
of publications concerning PECVD SiNH-TH

The first review materials on SiNH-TH were pub-
lished in mid-late 1980s [4, 10, 11]. The research was
mainly done in the reactors with cold walls and CCP, for
example, in the reactor of an individual type (fig. 1, a).
For deposition of SINH-TH at pressures of 30...300 Pa
the plasma with frequency of 50...450 Hz and 13.56 MHz
was used; in terms of a unit of the substrate surface the
density of power was 0.02...0.2 W/cmz.

The primary goals of research and perfection of
SiNH-TF as a material with reference to the IC tech-
nologies were: a) studying of a possibility of decreasing
of PECVD temperature and properties of coatings with
preservation of the high deposition rates; b) search for
ways to decrease and fix the level of the total concen-
tration of hydrogen [H] in SiNH-TF; c) increase of the
density of SINH-TF and decrease of the rate of etching
(that is, for a practical application — improvement of
the selectivity of etching in relation to the silicon diox-

ide films). The work [11] systematizes the data about
the PECVD processes and properties of SNTF received
with the use of inorganic reagents of SiH,, SiF,, SiCly,
Sil4 (the main of which is monosilane) in the presence
of ammonia and nitrogen. It generalizes the literature
data on the deposition rates (W), composition of the
films in terms of Si/N ratio, total concentration of hy-
drogen in PECVD SiNH-TF ([H]), concentrations of
[Si—H] and [N—H] bonds, dependencies of the refrac-
tion index (n), density (p), etch rate in liquid etchants
(V), mechanical stresses (o) during variation of the
characteristics of the processes (temperature, pressure,
fractions of the nitrogen-containing components in a
gas mix, density of RF power, frequency of RF gener-
ators, etc.).

The results of the detailed generalizations [11] are
presented in table 1, where the forms of the arrows
graphically display the directions of the responses of
characteristics of SINH-TF in case of increase of the
parameters of the investigated PECVD processes spec-
ified in the table. Besides, the work [11] presents a gen-
eralization of the data of the series of the domestic
works concerning feasibility of obtaining of SiNH-TF
at PECVD from less dangerous, than monosilane, in-
itial organic silicon compounds, for example, hexam-
ethyldisilazane [(CH3);Si],NH, hexamethylcyclotris-
ilazane CgH,;SisN3; and diethylaminotrimetilsilane
(CH3);3SiN(C,Hy),.

Out of the publications analyzed in [11] we will single
out two publications supplementing each other. In [17]
at a fixed temperature of deposition of 300 °C, pressure
of 25 Pa and density of RF power of 0.15 W/cm2 in
the range of correlations of flows of NH3/SiH, of
1.33...4.44 the variations of the etch rate in a solution
of Buffered Oxide Etchant, BOE, the refraction index #,
the correlations of Si/N ratio and SiNH-TF resistance
were studied. It was established, that Si/N ratio varied
within the limits of 0.95...1.25, total concentration
[H] = 20...25 at. %, at that, the author recognized that
the most important influence on SINH-TF character-
istics was rendered by the concentration of Si—H bonds.
In [18] a comparison was done of the concentration of
hydrogen and the rate of dissolution for 19 various ver-
sions of the industrial processes of PECVD SiNH-TF
realized on various installations of the parallel-plate ca-
pacitance-coupled plasma type from various world
manufacturers, and also an experimental research was
done of the SiH;—NH;—N, system. The author made
the following conclusions: 1) for mixes of SiH,;—NH;
the maximal level of hydrogen in SiNH-TF was
[H] = 39 at. % at 150 °C and 20 at. % at 380 °C, but
it was approximately by 10 at. % less than at the same
temperatures for mixtures of SiH;—N,; 2) hydrogen
was present in SINH-TF mainly in the bound kind as
a set of Si—H and N—H bonds), and its general con-
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centration in SINH-TF exponentially correlated with the
values of the etch rate BOE (the author of the review
evaluates this correlation as follows: ¥ ~ 0.99%-23 [H]).

A brief review of the industrial technologies
for obtaining of SINH-TF at PECVD

Table 2 presents the average data from [4] with ad-
ditions from [10, 12, 15, 16, 18] on close to the indus-
trial processes of S-SNTF and SiNH-TF. The data
concerning the basic characteristics of the films are pre-
sented as of the end of 1990s with reference to the 1C
technologies. The survey work [15] presents a detailed
table of important SNTF characteristics for application
in MEMS with indication of the primary sources of the
information. In the other works, for example in [19], it
is possible to find the comparative data on the impor-
tant parameter of the films — hardness: for S-SNTF —
~35 GPa, and for SiINH-TF, in a wide range of con-
ditions of obtaining — from ~ 12 up to ~22 GPa; at that,
according to the data [20], a fast thermal annealing of
SiNH-TF at 800 °C allowed to approximately double
their hardness.

Among the number of the SINH-TF routine-con-
trolled parameters in manufacture are the index of re-
fraction and the value of the mechanical stresses. For
a fast analysis of the concentration of hydrogen in
SiNH-TF in industry they are deposited on the sub-
strates of monolithic silicon (including the semicon-
ductor substrates of a large diameter) and analyzed by
Fourier transform infra red, FTIR, nondestructive
method). In FTIR spectra of SiNH-TF, besides the
peak of Si—N of ~850 cm_l, there are peaks of Si—H
at~2160 cm ™!, and of N—H at ~3350 cm ™! [7, 12, 21].

Directions for perfection of PECVD SiNH-TF
technologies

The analysis allowed us to structure the following di-
rections for development of the PECVD processes in
the flow reactors.

1. Direction 1 characterizes optimization of the
PECVD processes in regular industrial reactors with
reference to a concrete purpose of SINH-TF in IC
technology. For example, in [22] for application of
SiNH-TF as an intermediate layer under the film of
the interlayer dielectric of borophosphosilicate glass
(BPSG) the versions of the parameters of the PECVD
process were considered for optimization of the values
of the mechanical stresses and elimination of cracking
after a high-temperature vitrification of BPSG. To the
same direction we can also refer the information [23]
about the technology for obtaining of PECVD SiNH-TF
with the use of monosilane on Producer® Celera™ in-
stallation, allowing to vary the values of the mechanical
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stresses in the deposited film from —3.5 GPa (com-
pressing) up to +1.7 GPa (tensile) with an acceptable
conformality of deposition. Unfortunately, a detailed
information concerning composition of SiNH-TF is
not available, but it is possible to assume, that the values
of the mechanical stresses vary by means of the film en-
richment with silicon, which was considered in [1] for
the case of high-temperature films.

In [24] a version is considered for realization of
PECVD SiNH-TF from SiH,—NH;—N, mixture at
the temperature raised by ~200 °C in comparison with
the traditional PECVD. In Front-End-of-Line (FEOL)
sub-route of the integrated circuits such films replaced
S-SNTF, received at temperatures above 700 °C in the
industrial flow LPCVD. Raised up to 580 °C tempera-
ture of PECVD in relation to the process of comparison
of PECVD at 380 °C for the power of RF discharge of
170 W with frequency of 13.56 MHz allowed to lower
the concentration of bonds [Si—H] from ~4.5- 102!
down to ~4.0 + 1021) at/cm3, and for the bonds [N—H]
from 6.5 - 102! down to 3.0 - 103! at/cm3 (the measure-
ments were made by FTIR method). The rate of dis-
solution in a liquid etchant appeared to be twice as low,
while the values of the compressing mechanical stress-
es were recorded at the level of 1.5510° dynes/cm2
(or —155 MPa). In [25] similar SINH-TF were char-
acterized by means of the destroying quantitative
method of the secondary ion mass spectrometry. For
SiNH-TF obtained at 550 and 380 °C the total concen-
tration of hydrogen was 1.6 - 1022 at/cm?> (~16.9 at. %)
and 4.0 - 10>2 at/cm® (~35 at. %), accordingly, which
corresponded to the data of the work [24].

2. Direction 2 includes the publications dedicated
to a deeper research of the PECVD processes and
SiNH-TF properties. For example, in [26] SiNH-TF
were compared, received from SiH,—N, mixtures with
argon and hydrogen, in [27] an opportunity was con-
sidered to obtain SiNH-TF at 200...350 °C with a lower
content of hydrogen from SiH;—NF;—N, mixtures, in
the works of [28—32] the physical-chemical and me-
chanical properties of SINH-TF were studied with the
use of modern analytical technologies, in [25, 28, 33, 34]
the electric characteristics of SINH-TF were studied. In
[35] by means of FTIR method the author investigated
the hydrogen loss from SiNH-TF, received in a remote
plasma in excess of ammonia at 200 °C at a thermal an-
nealing, which began from 500 °C and was character-
ized as a result of interaction of Si—H and N—H
groups with formation of Si—N bonds and H,. The au-
thor of [36] as the initial siliceous substance silicon-
containing reagent for PECVD investigated disilane
SiyHg, in [37] the films received by magnetron sputter-
ing of silicon in the argon-nitrogen-hydrogen atmos-
phere were investigated, the authors of [38] considered




the results of PECVD in CCP reactor with three elec-
trodes.

3. Direction 3 includes the publications about the re-
search of the conformality of PECVD SiNH-TF. The
requirements to the conformality of coating of the relief
by thin films increase in the process of development of
the microelectronic technologies and complexity of the
semiconductor structures. At the level of IC technolo-
gies of approximately 0.35...0.18 um and less, the non-
conformality of deposition leads to problems of for-
mation of voidings and, accordingly, to a search for
technological possibilities for a gap-fill in the IC relief
without voidings [39, 40]. Since the conformality of
deposition of coatings is often declared with reference
to a relief of an arbitrary form, it is difficult enough to
interpret quantitatively the results presented in the re-
search, especially for the PECVD processes. However,
for PECVD typical are the sections of the structures
with superfluous quantity of the deposited material on
the top parts of the relief steps (fig. 2, a), which are of-
ten called "bread loaf". The conformality of obtaining of
coatings for the PECVD processes essentially concedes
to practically an ideal conformality of S-SNTF, re-
ceived due to the use of the thermally activated proc-
esses of deposition (fig. 2, b).

In his works the author [2, 40] formulated rather
simple methodical approaches and gave quantitative
characteristics to various processes of deposition of the
silicon-based coatings with reference to the IC relief
with the steps rectangular in section. One of the con-
clusions of the presented publications is the established
quantitative interrelation of the conformality of depo-
sition and an effective constant of the reposition rate of
the CVD processes of thin silicon-based films (keﬁr, di-
mension of cm/s). The latter is the relation of the dep-
osition rate (W) to the concentration of a silicon-con-
taining reagent in the gas phase [Cgl: keﬁ~ W/ Cgl.
The experimentally found values of keﬁc varied within
three orders of the magnitude [2]. It appeared possible
to connect the conformality of the correlation for the
investigated processes with the Xegllues of keﬁa in the fol-
lowing way: d,/d, (%) ~ 45.4h;ff' . A practical conse-
quence from the given expression is the conclusion
about impossibility of obtaining of the conformal coat-
ings in the activated processes for obtaining of the films
having great values of keff‘ For the PECVD processes of
the dielectric films the conformality is estimated as
20...60 %. On the contrary, the slow processes of dep-
osition with small values of keﬂ, for example, high-tem-
perature process of S-SNTF in LPCVD (the first col-
umn of table 2), gives practically 100 % of conformality
of deposition [24].

The author would like to underline, that, if in the lit-
erature the values of conformality for the plasma proc-
esses are higher than the ones specified above, this, as

a rule, is explained by application of the structures with
the inclined lateral walls. There are few publications
with the quantitative results of the research of the con-
formality of growth of SINH-TF during a plasma acti-
vation. For example, in [24] the conformality for the
processes of PECVD SiNH-TF at 380, 430, 480, 530
and 580 °C was estimated approximately as 52, 54, 57,
64 and 69 %, accordingly, however, the initial struc-
tures themselves are not characterized.

Conclusion

The PECVD processes with participation of the sil-
icon-containing reagents, gaseous ammonia and nitro-
gen in the flow reactors at temperatures below ~400 °C
have been analyzed. Their advantages are a relative
simplicity of realization, essentially smaller tempera-
ture dependences and high deposition rates of films.
The major problem of a low-temperature PECVD
from SiH,—NHj5 mixtures is the nonstoichiometry of
SiNH-TF, in particular, an undesirable for the tech-
nology presence of hydrogen with the total concentra-
tion up to 40 at. %, bound with the silicon and nitrogen,
due to which the films have a low density and high rate
of dissolution. In the following part of the review we
will present the results of the research of deposition of
SiNH-TF in the reactors with high density plasma, al-
lowing us to overcome certain technological problems
of PECVD.
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Bsenenue

B HacTosiiiee BpeMsl TOHKHME TUIEHKU pPa3IMIHBIX
CErHETONEKTPUUYECKUX MATePUAIOB IIIMPOKO MpUME-
HSIOT IIPU CO3MaHUM OOJIBIIOTO YKCJIAa pa3HOTO poja
YCTPOMCTB MUKPO-, HaHO-, onTo- U CBY ajnekTpoHu-
KW, TaK Kak SIBJISIIOTCS paauallMOHHO CTOMKUMU, UME-
10T Majible MOTEPU U CTAOUJIbHbIE XapaKTEPUCTUKU B
LIMPOKOM JIMana3oHe Temmeparyp [1].

Bbicokue ausneKkTpuyeckue XapakTepucTUKU, Ma-
JIble BpeMeHa TepeKIIoYeHUs, a TaKKe BO3MOXHOCTb
yOPaBIATh MapaMeTpaMu 3TUX MaTepUaloB C MOMO-
1LLIbIO BHEIITHMX BO3AEUCTBUN (HaIIpUMeED, 3JIeKTpUIeC-
KM TIOJIEM) TO3BOJISIIOT UCMHOJIb30BaTh UX IMPU CO-
3MaHUU 3NEKTPOONTUYECKUX MOIYJISATOPOB, 3JIEMEHTOB
MaMsITU, Pa3HOOOPA3HbIX CEHCOPOB U MpeodpazoBaTe-
JIel, 4aCTOTHBIX (UIIBTPOB, Da3oBpalaTeseil, a Takke
MepecTpauBacMbIX BbICOKOAOOPOTHBIX PE30HATOPOB
[2—4]. Haubonee mmpoKo Aj1s1 Co3MaHMSI TAKUX (PyHK-
LIMOHAJIbHBIX 3JIEMEHTOB NTPUMEHSIIOT SMUTaKCUAIbHBIE
IUIEHKU TUTaHata Oapus-ctpoHuusd (Ba; _ Sr TiO;,
BST) [5].

B GosblIMHCTBE YyCTPONHCTB HA OCHOBE TOHKMX Cer-
HETO3JIEKTPUUYECKUX TIJIEHOK MepeKIoYeHue MoJspu-
3allMA OCYIIECTBIJISIETCS B HANpPaBJICHUW, MEPIEHIN-

KYJISIPHOM TUIOCKOCTU TUIEHKU, YTO TTO3BOJISIET YIpaB-
JIATh MOJIIpU3alIMeil HAMPSIKEHUSIMM TTOPSIIKA eIMHUIL
BosibT. OgHako 1t MHOrux ontndyeckux 1 CBY mpu-
JIOXXeHUil 6ojiee MPeAnoUYTUTEIbHOMN SIBAsSEeTCS Iia-
HapHas TeOMETPUsI, MOCKOJBKY OHa OOYCIIOBIMBAET
HauboJiee 3((HEKTUBHOE B3aMMOACHCTBUE DJIEKTPO-
MAarHUTHOM BOJIHbI U CETHETORJIEKTPUYECKON MOJISI-
pusanuu. OyHKIIMOHAIBHBIE 3JIEMEHTBI ¢ TUTAHAPHOM
TOIOJIOTUEN 3JIEKTPOIOB MOXHO MPUMEHSITh IJIsI COB-
MellleHUsI B eIMHOM cTpykType onTuyeckuit u CBY
JMAna30Hbl IyTeM HEMOCPEACTBEHHON MOLYJIALAN OIl-
tnyeckoro jyya CBY curHanoM, mpruHUMAaeMbIM aH-
TeHHOH. B naHHOM cityyae hyHKIMOHATbHBIE 3JIEMEH -
THI B BUIE TJIAHAPHOTO KOHIEHCAaTOpa, KOTUTaHAPHOM
WK 111eJIeBOM JTUHUM TlepeJadyd MOTYT CIYXUTh B Ka-
YeCTBE COCTaBHBIX YacTeil pe3oHaTopa Jubo puibTpa
B NMPUEMHOI YaCTW aHTEHHbI U OJHOBPEMEHHO B Yac-
TSX MOIYJISITOpPA B ONTUYECKOM TpaKTe.

ITpu yMeHbllIeHUN JlaTepajbHbIX pa3MepoB (PyHK-
LIMOHATBHBIX 2JIEMEHTOB BaxKHYIO POJIb HAUMHAIOT WT-
patb padmepHble 3¢(EKThI, KOTOPHIMU MPU MaKPOCKO-
MUYECKUX pazMepax MOXHO npeHeOpeub. B yacTHoCcTH,
MPU YMEHbIIEHUN TOJIIMHBI CETHETO3JIEKTPUUYECKON
IJIEHKW W pa3MepoB IUIAaHAPHOIO KOHJeHcaTopa 3a-
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METHYIO pOJIb B pacmlpenecHUM TOJIsT HAYMHAIOT WT-
path npuJieKTpoaHble obacTu. [ToaToMy uccnenona-
HHUE paclpenesieHMs MMoJieil B TaKUX CTPYKTypax MpH-
obpeTaeT 00JbIIOE 3HAYEHUE.

B nanHoit paboTe npeAcTaBieHbl Pe3yJbTaThl MO-
JNIeTUPOBaHUs 3HAUEHUSI U XapakTepa pacrnpeaeseHust
KOMITOHEHTbI HANPSIXKEHHOCTU 3JIEKTPUYECKOTO IO,
BO3HMKAIOIIETO B IIJITaHAPHOM KOHIEHCATOPE Ha OCHO-
Be TOHKOU cerHeToasiekTpuueckoi miaeHku BST mpu
MIPWIOKEHUH K HEMY JIEKTPUIECKOTO ITOJISI. DTa KOM-
MOHEHTa HalpaBjieHa BIOJb 3a30pa MEXIy BJIEKTpPO-
JaMM (X-KOMIIOHEHTA), B 3aBUCUMOCTHU OT €ro LIMpPU-
Hbl. Takke mpoBeaeHa OliEeHKA IMIyOMHBI MPOHUKHO-
BEHUs MOJII B CTPYKTYpPY IUTAHAPHOTO KOHIEHcaTopa.

MoaeaupoBanue

3HaueHue HaIpsKeHHOCTH, a TaKXe XapakTep ee
pacrpeesieHUs1 ObUIM OIpeeeHbl ¢ TOMOIIbIO MPO-
rpamMmHO# cpenbl Comsol Multiphysics, B koTopoit
OblIa MocTpoeHa MojiesIb IJIaHapHOTO KOHAeHcaTopa ¢
30JIOTBIMM 3JIeKTpogaMu BbicoToit 200 HM, HaHeCeH-
HbIMU Ha TIeHKY BST TommuHo#t 1 MKM, ocaxaeH-
Hyto Ha noajioxkKy MgO toniuHoi 500 MKM Mpu npu-
JIOXXEHUU K HeMY 2JIeKTpuuecKoro nossi. OCHOBHbIMU
ImapaMeTpaMy MOJIEJIN, BIUSIOIINMHU Ha 3HAYeHUEe Ha-
NPSDKEHHOCTU W €€ pachpenesieHue, SBISIoTCS Au-
BJIEKTpUYECKasl IIPOHUIIAEMOCThb CPENbl, TIPIIIOXKEHHOE
HarpsiXKeHue U LIMPUHA 3a30pa MEXIYy 2JIEKTPOAaMU.
ITpu MomeIMpPOBaHNY PACCTOSTHAE MEXIY JIEKTPOIaMU
BapbMpPOBAJIOCH B mpeaenax 1...35 MKM, 4TO COOTBET-
CTBYeT CTPYKTypaM, NPUMEHSIEMbIM B COBPEMEHHBIX
onroanekTpoHHbIX 1 CBY ycTpoiictBax. CxemaTuyec-
KO€ M300paKeHUe UCCIIeNyeMOil CTPYKTYPHI IPEACTaB-
JIeHO Ha puc. 1.

CorracHo JIUTepaTypHBIM JaHHBIM [6—9], B 3aBU-
CHMOCTH OT COCTaBa M TOJIIMHBI 3HAYCHHNE TUIJICKT-
pudeckoit mpoHuuaemoctu 1ieHku BST moxer ne-
xath B npeaenax 200...1000. MogenupoBaHue MOKa-
3aJ10, UTO 3HAYEHME X-KOMMOHEHTHI HaIpsSIKEHHOCTU
3JIEKTPUYECKOTO TOJISI B LIEHTPE 3a30pa MEXIY JICKT-
poaamu cjiabo 3aBUCUT OT 3HAYEHUST AUBJIEKTpUYEC-
KOOIl MpoHuLaeMOoCTH. ISl maaHapHOM CTPYKTYpPHI C
LLIUPUHON 3a30pa 2 MKM ObLIO YCTaHOBJIEHO, YTO TMPU

Puc. 1. CxemaTnyHoe M300pakeHue MOAEIUPYEMOii CTPYKTYPbI
Fig. 1. Schematic image of the modeled structure
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Puc. 3. Pacnpenesienuss X-KOMINOHEHTbl HANPSIKEHHOCTH 3JIEKT-
PHYECKOr0 MOJISI BAOJb 3230pa MEXIY JJEKTPOJAMM ISl 32a30pPOB:
a — 2 MkM; b — 35 MkM. OTHOILIEHHE MTPUKIIAIbIBAEMOTO Harpsi-
JKEHMSI K 1IMpuHe 3a3opa — 10 B/Mkm

Fig. 3. Distribution of the Ex-component of the electric field intensity along
the gap between the electrodes for the gaps: a — 2 pm; b — 35 um. The
relation of the applied voltage to the width of the gap — 10 V/um

M3MEHEHMH TUAJIeKTPUIECKON TTPOHUIIAEMOCTH TIICH-
ku BST B nnanazone 200...1000, 3HaueHUE X-KOMIIO-
HEHTbI HANPSDKEHHOCTH B LICHTPE 3a30pa U3MEHSIETCS
B npenenax 1,1 % (6,92 - 10°...7 - 10° B/m). Ha ocHo-
BaHWM TOJYYEHHBIX PE3YJIbTaTOB B JANBHEHIINX MC-
CJIeIOBaHUSIX TU3JIeKTpuUecKasl nmpoHuuaeMoct BST
6puta mpuHsTa paBHO# 500 [6]. JImamekTpuduecKast
MIPOHUIIAEMOCTh MOMIOXKM MgO ObLa IpuHsITa paB-
Hoit 10, cormacHo pa6otam [10, 11].

Ha puc. 2 (cM. TpeTbio CTOPOHY OOJIOXKHW) MpPEeA-
CTaBJIEH XapaKTep pacpeieeHNs] HAPSKEHHOCTH T10-
JisT B MEXBJIEKTPOIHOM IPOCTPAHCTBE MPU MPUIIOXKE-
HUU HaMpsKeHUs K IUIAaHAPHON CUCTeME BJIEKTPOIOB.
BunHo, 9TO X-KOMITIOHEHTa HATIPSLKEHHOCTH 3JICKTPH-
YEeCKOTo IOJISI pachpenejieHa B 3a30pe CUMMETPUUYHO
OTHOCHUTEJIbHO LIeHTpa. [Ipu 5TOM CTOMT OTMETUTD, YTO




HauOOJIBIIErO 3HAUCHUST OHA JOCTUIAET B IIPUJIECKTPOI -
HBIX 00JIaCTSIX, UYTO coriacyercsl ¢ padoroii [9].

Ha puc. 3 a, u b npuBeneHsl pacnpeneaecHus 3Ha-
YEHUM X-KOMITOHEHTHI HaNPSKEHHOCTU 3JICKTPHYEC-
KOTO TIOJIST BIOJb 3a30pa MEXKIy 3JIEKTPOIAMH B CIIydae,
KOrI/a 3a30p cocTaBlsieT 2 U 35 MKM COOTBETCTBEHHO.
OTYeTIMBO BMIHO, YTO 3HAUCHME HATIPSKEHHOCTH B
MPUBJIEKTPOIHBIX 00JIACTSIX 3HAYMTEIbHO MPEBHIIACT
3HAYE€HME HAIPSDKEHHOCTH B LIEHTPE 3a30pa.
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Fig. 4. Dependence of the Ex-component of the electric field intensity in
the centre of the gap between the electrodes on the width of the gap. The
relation of the applied voltage to the width of the gap — 10 V/um
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Fig. 5. Distribution of the Ex-component of the field intensity in the centre
of the gap deep into the structure
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Fig. 6. Nonlinear-optical image (a) and distribution of SHG intensity
along A—B line (b)

Taxxxe B paboTe OCYLIECTBISJIOCH MOASIUPOBA-
HUE paclpeaeeHus X-KOMIIOHEHThl HAIPsSKEHHOCTU
BJIEKTPUUECKOTO IT0JISI B 3aBUCUMOCTH OT IIUPHUHBI 3a-
3opa Mexnay anektpogamu. [Ipm TakoM MomenmpoBa-
HUM OTHOLIECHUE MPUJIOXKEHHOIO HAIPSKEHUS K I~
pUHE 3a30pa OCTAaBaJIOCh MOCTOSSHHBIM U COCTABIISIIIO
10 B/MxM, 4TO SBIISIETCS XapaKTEPHBIM 3HAUYCHUEM B
peaybHO MCITONB3YeMBIX YCTPOMCTBaX. Pe3ymbTaThl Mo-
JIeTMPOBAHMS TIPEACTABICHBI Ha puc. 4.

BumHoO, 4TO ¢ yBeaWuYeHWEM IMMPUHBI 3a30pa 0
20 MKM, X-KOMIIOHEHTA HAMPSKEHHOCTU TMOJISI B LIEH-
Tpe 3a30pa yBeIMuMnBaeTcs ¢ 5,5 10° 09,3 10° B/wm,
a IIpU JaJibHEHIIeM YBeJIMUeHUN — OCTaeTCs MPaKTU-
YeCKHU TTOCTOSTHHOIA.

Ha puc. 5 npencrasieHo pacnpeaesieHUe 3HAaUSHUST
X-KOMITOHEHTHI HAIIPSDKEHHOCTH B TOJIIIIMHE MCCIIETY-
€MOi1 CTPYKTYphl. BUIHO, UTO TOJIe MPOHUKAET B MO/~
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JIOXKKY Juiib Ha 10 MKM. OTO 3HAYUT, YTO OCHOBHAS
4acTh HAIPSXKEHHOCTU paclpenesieHa B CETHETORJIEK-
Tpuueckoil reHke. Ha BcTaBke Mmoka3zaHo, Kak cra-
JlaeT X-KOMITOHEHTa HaMPSKeHHOCTH TT0JIs1 B TOJILIUHE
mineHku BST. BugHo, 4To ee 3HaueHue M3MEHSETCS C
6,6 10° 1o 7,25+ 10° B/m.

DKcnepuMeHTalIbHas MPOBepKa NaHHbIX, MOJYYeH-
HBIX MYTEM MOJIEJIMPOBaHUS, OblIa MPOBEAEHA METO-
JIOM reHepaluu BTopoii ontudeckoit rapmonuku (I'BIN)
C UCMOJIb30BAaHUEM YCTAHOBKHU, OMMCAHHOU B padoTe
[12], na mnenke Bag Sty ,TiO3 Tomumuoi 1 Mkm ¢
BCTPEYHO-IUTHIPEBOM CUCTEMOW TIIAHAPHBIX 30JI0THIX
anekTtponoB. LlupuHa 3a30pa U 371€KTPOIOB COCTAaB-
Jisa 2 MKM, TIpUKJiaabiBaemoe HanpsbkeHue — 20 B.

Ha puc. 6, a ipuBeneHO HETMHEIHO-ONTUIECKOE
n3obpaxeHue wucciaeayeMoi crpykrtypbl. Ilupokue
TeMHbI€ MOJIOCHI MO KpasiM U B LIEHTpe U300pakeHust
COOTBETCTBYIOT 2JieKTpoAaM. LLITpruXOBbIMU JIUHUSIMU
BbIJIEJIEHbl 00JaCTU, B KOTOPbIX HAXOAWUTCSl CErHETO-
aJieKTpuyeckasl mieHka. CBeTyible 00JacTU COOTBET-
CTBYIOT MPUBJIEKTPOIHBIM 00JIACTSIM, B KOTOPBIX Ha-
OsromaeTcsl 3HaUMTeNbHOE yeuiieHue curdana BI'. Oto
OOBSICHSETCS TEM, YTO MHTeHCUBHOCTDL BI' mmpomopiu-
OHaJIbHA TOJSIPU3ALIMUA CPEAbl, KOTOpas HampsiMylo
3aBUCUT OT X-KOMITOHEHTbI HAMPSI)KEHHOCTU 3JIEKTPU -
yeckoro mons. Ha puc. 6, b mpuBeneHo pacmpenesie-
Hue nHTeHcuBHOCTH BIT Bnons munnmu A—B (puc. 6, a).
3aech Takxke BUIHO ycusieHue curHana BI' B mpuanek-
TPOAHBIX 00JaCTsX, YTO MOATBEPXKIAET pEe3yJIbTaThbl
MojenupoBaHus. HecuMMeTpuyHOCTh pacripeneieHus
MHTEHCUBHOCTU BI B IpuaneKTpomHBIX 00JaCTIX
MOXHO OOBSICHUTH HannuueM B mieHke BST Hemepe-
KJIIOYaEMOM 4acTu MOJISIpU3alMy, a TakXKe McKaxe-
HUEM IUIEHKU, BO3HUKAIOIIMM B pe3yJibTaTe Mbe30-

apdekra.

3akimoueHue

Takum 06pa3oM, TIPOBEACHO MOICITMPOBAHKE 3HA-
YeHMSI U XapakKTepa pachpeneeHusT X-KOMITOHEHTHI
HaNPSDKEHHOCTU  BJIEKTPUYECKOTO TOJIsI, BO3HHMKAO-
IIEH B IUIJAHAPHOM KOHIEHCATOpE Ha OCHOBE TOHKOM
CEeTHEeTORJIEKTPNUECKON IIJICHKM TUTaHaTa Oapus-
CTPOHILIMS, TIPY TIPUJIOKEHUU K HEMY Pa3HOCTHU TTOTEH-
[IMAJIOB. YCTaHOBJICHO, UYTO 3Ha4YeHWE HaIpPsSIKEHHOC-
TH B3JEKTPUUYECKOIOo IOJsI B ILIEHTPe 3a30pa KpailHe
MaJIo 3aBUCUT OT OUBJIEKTPUIECKOM MPOHHUIIAEMOCTH
cerHeroayiekTpuyeckoit mieHku BST, octaBasch B npe-
nenax 6,92 - 106...7 - 10° B/M nipu usMeHeHUU IUBJIEK-
TpUUECKOI MpoHULIaeMocTH B auarnaszoHe 200...1000.
IMokazano, 4To pacrpeneeHne X-KOMITOHEHTBI HarIpsi-
JKEHHOCTH TIOJISI B MEXDJEKTPOIHOM IPOCTPAHCTBE
CUMMETPUIHO OTHOCHUTEIBHO IIEHTpa, HEOMHOPOIHO
U MMeEET SIPKO BbIpak€HHbIE YCUJEHUS B MPUIJIEKT-
pomHBIX obnacTax. McciemoBaHue 3aBUCMMOCTH BO3-
HUKAaIOLE HaMpsKeHHOCTU OT PACCTOSIHUS MEXIy
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3JIEKTPOIAMU TIPHU MOCTOSIHHOM OTHOIIEHUU MPHUJIO0-
JKEHHOTO HAaIpsiKeHUsl K IIMPUHE 3a30pa MoKasao,
YTO C yBeJIMYEHHWEM IUMPUHBI 3a3opa g0 20 MKM
X-KOMITOHEHTA HaIpsIXKEHHOCTH T10JIsI B LIEHTPE 3a30pa
yBeJIMYMBaeTcs, a nocje 20 MKM ocTaeTcsl IIpakTuiec-
KU MmocTosiHHOM. Takxke ObLJI0 MOKa3aHO, YTO MpPU pac-
MPOCTPAaHEHUN BIJIYOb CTPYKTYPHI IJIaHAPHOTO KOH-
JieHcaTopa, 3JeKTpUUYECKOe T10Jie B MOMJOXKKE ObICTPO
CIIajaeT, a OCHOBHAS YacThb HAMPSKEHHOCTU COCPEO-
TOYEHA B CETHETORJIEKTPUUYECKOM IIJIEHKE, B KOTOPOM
ee 3HayeHue u3MeHsercs ¢ 6,6 - 10° o 7,25 - 100 B/wm.

Paboma ewinoanena npu @urancogol noddepiicke
Munucmepcmea obpazosanus u Hayku PD (epanm
14.750.31.0034, eoczadanue 3.7500.2017/9.10).
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This work presents the results of the magnitude and distribution modeling of the electric field intensity in a planar capacitor based
on a thin ferroelectric barium-strontium titanate (Ba,Sr; — , TiO3, BST) film, when an electric field is applied to it. It was discovered
that the intensity of electric field in the center of the gap between the electrodes depends very little on the ferroelectric BST film per-
mittivity and varies within 1.1 %, when the permittivity varies within 200-1000. It was demonstrated that the field intensity Ex-com-
ponent distribution in the interelectrode space was symmetric with respect to the center, but had pronounced features in the near-
electrode area. The field intensity Ex-component’s dependence on the distance between the electrodes was studied at a constant ratio
of the applied voltage to the gap width. It was discovered that the field intensity Ex-component in the center of the gap increased
with the increase of the gap width up to 20 um, and after that it remained practically constant. It was also demonstrated that the
electric field in the substrate decreased rapidly deep to the planar capacitor structure, and the primary tension was concentrated in

the ferroelectric film.
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Introduction

Thin films of various ferroelectric materials are
widely applied for development of a large number of
various devices of the micro-, nano-, opto- and micro-
wave electronics, because they are radiation-resistant,
have small losses and stable characteristics in a wide
range of temperatures [1].

High dielectric characteristics, short switching
times, and a possibility of control of the materials’ pa-
rameters by means of the external influences (electric
field) allow us to use them for development of the elec-
tro-optical modulators, memory elements, various sen-
sors and converters, frequency filters, phase shifters,
and also tunable high-Q resonators [2—4]. The epitax-
ial films of barium strontium titanate (Ba; _ ,Sr TiO3,
BST) [5] are the films, which are most widely applied
for development of such functional elements.

In most of the devices based on the thin ferroelectric
films the polarization switching is carried out in the di-
rection, perpendicular to the film plane, which allows
us to control polarization by the voltage of units of
volts. However, for many optical and microwave appli-
cations the planar geometry is more preferable, because
it ensures the most effective interaction of an electro-
magnetic wave and ferroelectric polarization. The func-
tional elements with a planar topology of the electrodes
can be applied for combining in a single structure of the
optical and microwave bands by a direct modulation of

the optical beam by a microwave signal received by the
antenna. In this case the functional elements in the
form of a planar capacitor, coplanar or a slot-hole
transfer line can serve as components of a resonator or
a filter in the receiving part of the antenna and, simul-
taneously, in the modulator parts in the optical path.

When the lateral sizes of the functional elements are
reduced, the dimensional effects, which at the macro-
scopical sizes can be neglected, start to play an impor-
tant role. In particular, in the case of ferroelectric film
thickness and the planar capacitor sizes reduction, the
near-electrode areas start to play an appreciable role in
the field distribution. Therefore, the research of the
fields distribution in such structures acquires great im-
portance.

The given work presents the results of the value and
the distribution character modeling of the electric field
intensity component arising in the planar capacitor
based on the thin ferroelectric BST film, when an elec-
tric field is applied to it. This component is directed
along the gap between the electrodes (Ex-component),
depending on its width. Besides, an estimation of the
depth of the penetration of the field into the structure
of the planar capacitor was done.

Modeling

The value of the intensity, and also the pattern of its
distribution were determined by means of Comsol Mul-
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tiphysics environment program, in which a model of
the planar capacitor was constructed with the gold elec-
trodes of 200 nm in height, deposited on a BST film
with thickness of 1 um, deposited on MgO substrate
with thickness of 500 um during application of electric
field to it. The model’s key parameters influencing the
value of the intensity and its distribution, are the die-
lectric permeability of the environment, the applied
voltage and the width of the gap between the electrodes.
During the modeling the distance between the elec-
trodes varied within 1...35 um, which corresponded to
the structures applied in the modern optoelectronic and
microwave devices. A schematic image of the investi-
gated structure is presented in fig. 1.

According to [6—9], depending on the structure and
thickness, the value of the BST film dielectric permit-
tivity can be within 200...1000. The modeling demon-
strated that the value of the Ex-component of the elec-
tric field intensity in the centre of the gap between the
electrodes depended little on the value of the dielectric
permittivity. For the planar structure with the width of
the gap of 2 um it was established, that due to a change
of the dielectric permeability of the BST film within the
range of 200...1000, the value of the Ex-component in-
tensity in the centre of the gap varied within the limits
of 1.1 % (6.92 - 10°...7 - 10° V/m). On the basis of the
received results in the further research the dielectric
permeability of BST was assumed as equal to 500 [6].
According to the works [10, 11], the dielectric perme-
ability of MgO substrate was accepted as equal to 10.

Fig. 2 (see the 3" gide of cover) presents the electric
field intensity distribution in the interelectrode space
when voltage is applied to the planar system of elec-
trodes. It is clear, that the Ex-component of the elec-
tric field intensity is distributed in the gap symmetri-
cally in relation to the centre. It should be noted, that
it reaches the greatest value in the near-electrode areas
which agrees well with [9].

Fig. 3, a and b present the electric field Ex-compo-
nent intensity values distribution along the gap between
the electrodes, in case when the gap equals to 2 and
35 um, accordingly. It is obvious that the value of the
intensity in the near-electrode areas exceeds consider-
ably the value of the intensity in the center of the gap.

Besides, the work presents modeling of the electric
field Ex-component intensity distribution depending
on the width of the gap between the electrodes. In case
of such modeling the relation of the applied voltage to
the width of the gap remained constant and was equal
to 10 V/um, which was typical for the really used de-
vices. The results of the modeling are presented in fig. 4.

It is obvious that with an increase of the width of the
gap up to 20 um the Ex-component of the field inten-
sity in the center of the gap increases from 5.5 - 10° up
t0 9.3+ 10° V/m, while a further increase leaves it prac-
tically constant.
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Fig. 5 presents Ex-component intensity value distri-
bution in the thickness of the investigated structure. It
is visible, that the field’s penetration into the substrate
is only 10 um. This means, that the basic part of the in-
tensity is distributed in the ferroelectric film. The insert
demonstrates how the Ex-component of the field in-
tensity goes down in the thickness of the BST film: from
6.6+ 10° down to 7.25 - 10° V/m.

The data received by modeling was experimentally
checked by the method of the second harmonic gener-
ation (SHG) with the use of the setup described in the
work [12], on Bay ¢St ,TiO5 film with thickness of 1 um
and with the interdigital system of the planar gold elec-
trodes. The width of the gap and electrodes was 2 um,
and the applied voltage — 20 V.

Fig. 6, a presents a nonlinear-optical image of the
investigated structure. The wide dark strips along the
edges and in the centre of the image correspond to the
electrodes. The dashed lines designate the areas, in
which there is a ferroelectric film. The light areas cor-
respond to the near-electrode areas, in which a consid-
erable strengthening of HG signal is observed. This is
explained by the fact that the SHG intensity is propor-
tional to the polarization of the environment, which de-
pends directly on the Ex-component of the electric
field intensity. Fig. 6, b presents the distribution of the
SHG intensity along A—B line (fig. 6, a). Here, the
strengthening of the SHG signal in the near-electrode
areas is also visible, which proves the results of the mod-
eling. The asymmetry of the distribution of the SHG in-
tensity in the near-electrode areas can be explained by
the presence of the nonswitched part of polarization in
the BST film, and also by a distortion of the film due
to a piezoelectric effect.

Conclusion

Thus, modeling was done of the value and the dis-
tribution of the electric field Ex-component intensity
arising in the planar capacitor based on the thin ferro-
electric film of barium-strontium titanate, when a po-
tential difference is applied to it. It was discovered that
the electric field intensity value in the centre of the gap
depends very little on the value of the dielectric per-
mittivity of a ferroelectric BST film, remaining within
the range of 6.92 - 10°...7 - 10° V/m during variation of
the dielectric permeability in the range of 200...1000. It
was demonstrated, that the electric field Ex-component
intensity distribution in the interelectrode space was
symmetric in relation to the centre, not uniform and
had very pronounced intensifications in the near-elec-
trode areas. The research of the arising intensity de-
pendence on the distance between the electrodes at a
constant relation of the applied voltage to the width of
the gap, demonstrated, that with an increase of the
width of the gap up to 20 um, the electric field Ex-com-




ponent intensity in the gap centre increased, and after
20 um — remained practically constant. Also, it was
demonstrated that during its propagation inside the
structure of the planar capacitor, the electric field in
the substrate goes down quickly, while the main part
of the intensity is concentrated in the ferroelectric
film, in which its value varies from 6.6 - 10° V/m up to
7.25-10° V/m.

The work was done with the financial support of the
Ministry of Education and Science of the Russian Fed-
eration (grant 14.750.31.0034, government order
3.7500.2017/9. 10).

References

1. Shirokov V. B., Biryukov S. V., Mukhortov V. M., Yuzy-
uk Y. I. Polarization of thin barium-strontium titanate films by
an external electric field, Tech. Phy., 2011, vol. 56, no. 8,
pp. 1175—1180.

2. Ishikawa K., Yoshikawa K., Okada N. Size effect on the
ferroelectric phase transition in PbTiOj5 ultrafine particles, Phys.
Rev. B, 1988, vol. 37, no. 10, pp. 5852—5855.

3. Scott J. F. Phase transitions in ferroelectric thin films,
Phase Transitions, 1991, vol. 30, no. 1—4, pp. 107—110.

4. Blinov L. M., Fridkin V. M., Palto S. P., Bune A. V.,
Dowben P. A., Ducharme S. Dvumernye segnetoehlektriki, Us-
pekhi Fiz. Nauk, 2000, vol. 170, no. 3, pp. 247 (in Russian).

5. Shut V. N., Syrtsov S. R., Trublovsky V. L. Ferroelectric
properties of compositionally graded BST ceramics, Phase Tran-
sitions, 2010, vol. 83, no. 5, pp. 368—377.

6. Park W. Y., Hwang C. S. Film-thickness-dependent Curie-
Weiss behavior of (Ba, Sr)TiO5 thin-film capacitors having Pt elec-
trodes, Appl. Phys. Lett., 2004, vol. 85, no. 22, pp. 5313—5315.

7. Lookman A., McAneney J., Bowman R. M., Gregg J. M.,
Kut J., Rios S., Ruediger A., Dawber M., Scott J. F. Effects of
poling, and implications for metastable phase behavior in barium
strontium titanate thin film capacitors, Appl. Phys. Lett., 2004,
vol. 85, no. 21, pp. 5010—5012.

8. Komandin G. A., Mukhortov V. M., Porodinkov O. E.,
Spektor 1. E. Dielectric response of (Ba, Sr)TiO5 thin films in a
terahertz and IR ranges, Phys. Solid State, 2013, vol. 55, no. 2,
pp. 288—292.

9. Yoon Y.-K., Kenney J. S., Hunt A. T., Allen M. G. Low-
loss microelectrodes fabricated using reverse-side exposure for a
tunable ferroelectric capacitor application, J. Micromechanics
Microengineering, 2006, vol. 16, no. 2, pp. 225—234.

10. Subramanian M. A., Shannon R. D., Chai B. H. T., Ab-
raham M. M., Wintersgill M. C. Dielectric constants of BeO,
MgO, and CaO using the two-terminal method, Phys. Chem.
Miner., 1989, vol. 16, no. 8, pp. 741—746.

11. Mazierska J., Ledenyov D., Jacob M. V., Krupka J. Pre-
cise microwave characterization of MgO substrates for HTS cir-
cuits with superconducting post dielectric resonator, Supercond.
Sci. Technol., 2005, vol. 18, no. 1, pp. 18—23.

12. Brehov K. A., Lavrov S. D., Afanas'ev M. S., Sherstjuk
N. Je., Mishina E. D., Kimel A. V. Nano- i Mikrosistemnaya
Tekhnika, 2014, no. 4, pp. 12—14. (in Russian).

YK 539.23-022.53

DOI: 10.17587/nmst.20.561-575

I1. A. AnekcannpoB, 1-p ¢us.-maT. HayK, e-mail: alexandrov_pa@nrcki.ru,
nupektop MHctutyta nHDopMalimoHHbix TexHogoruit HULL "KypuatoBckuit UHCTUTYT",
B. . XKyk, KaHa. ¢pus.-mMaT. HayK, Bed. Hayd. cOTp., e-mail: vict-zh@yandex.ru,

B. JI. JIutBuHOB, 1-p uU3.-MaT. HAyK, Bed. Hay4. COTp.,

HUNL "KypuaToBckuiit MHCTUTYT', MoOCKBa

O NPUMEHEHMUUN TPAH3UCTOPHOM KBAAPATHOM TPEXCTPOYHOM
MATPULIbI AASl PESEPBUPOBAHNA LULMDOPOBbLIX MHTETPAAbHbBLIX CXEM

NMPU X ObAYHEHNU

Ilocmynuna 6 pedaxyuro 23.04.2018

IIpuseden ananuz mpaH3ucmMopHoO MpPexcmpouHOL MaAMPUYbl, NPEOCMAaBAAIOuell 0e8IMUKPAMHO Pe3epeUpo8anHblil MPaH3UC-
mop, m. e. codepicawsuti deamsv 00UHOUHBIX MpaH3ucmopos. lIpedaoicena anarumuyeckas oyeHKa omKa30yCmou4UugoCmu MuK-
DpOcxembl, NOCIPOEHHOU HA 0eBAMUKPAMHO Pe3ePBUPOGAHHbIX MPAH3UCMOpax, npu ee ooayyernuu. Iloxkasano, yumo omkazoycmoii-
4UgOCMb 0e8AMUKPAMHO Pe3epPeUPOBAHHOU MUKPOCXeMbl NPU ee 00Ay4eHUU Ha NOPSAO00K blude OMKA30YCMOUYUBOCU KEAOPUPO-
BAHHOU MUKPOCXeMbl NPU YCA0BUU, YMO MuUnbl deghekmoe 6 00UHOUHBIX MPAHZUCTIOPAX 00UHAKOBHL.

Karoueenie caosa: Hanos1eKmMpoOHUK A, MUKPOINEKMPOHUKA, OMKA30YCMOUMUBOCIb, OMKA3, pe3epauposanue, Keadpuposanue,
K8aOpUPOBAHHYII MPAH3UCMOP, MPAH3UCIOPHAS MAMPUYA, 0e8AMUKPAMHO Pe3ePEUPOBAHHbLI MPAH3UCMOD

Benenne

C1roco0bI TTOCTOSTHHOTO TTOKOMITOHEHTHOTO Ty0JTH-
poBaHMUsT LIM@PPOBBIX HAHO- M MMKPOMHTETPAJbHBIX
cxem (MC) 6e3 npoBepKu MpaBUJIBHOCTU pe3yJibTara,

MpeajgoXeHHble HaMu B pabortax [1—7], mpu obayye-
HUU MO3BOJISIIOT YBEJIMYUTh OTKA30yCTOMUMBOCTD 1y0-
JIMPOBAHHBIX MUKpOCXeM Oosiee, ueM Ha 10 mopsiakoB
10 CPAaBHEHMIO C HEPE3EPBUPOBAHHBIMU MUKpPOCXEMa-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 9, 2018 561




= e
:AJI—T1 AR A AJn—Tl AR A:
R~ - B
EAJI—-’;-3 T—il—A AJn—E 4—||—AE
i Q) b) i

Puc. 1. /IBa BapuaHTa cXeMbl KBaJIPHPOBAHHOTO TPAH3UCTOPA
Fig. 1. Two variants of the circuit of the quadrated transistor
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Puc. 2. JIeBATHKPaTHO pe3epBHPOBAHHBIN TPAH3UCTOP
Fig. 2. Ninefold redundant transistor

MM, U IPUMEPHO Ha TMOPSIIOK MO CPAaBHEHUIO C MaxKO-
PUTAPHO-TPOMPOBAHHBIMUA MUKpOCXeMaMu [6].
JanpHelilree IOBBIIICHUE OTKAa30yCTOMUYMBOCTU
HUGpoBbIX HAHO- U MUKPOMC BO3MOXHO IIpU UC-
MMOJTb30BAaHUM CITOCOOOB TTOCTPOCHUSI MUKPOCXEM Ha
TPAH3UCTOPHBIX CTPYKTYpax, MPeaCTaBISIOIINX KBal-
paTtHyto N-cTpouHyio matpuly (N = 2), aneMeHTaMu
KOTOpOH# SIBJISIIOTCS OAMHOYHBIE TPaH3UCTOPHI [§, 9].
Takue cTpykTyphl B pabotax [8, 9] Ha3bIBaIOT Nz—TpaH—
3UCTOPHBIMU CTpyKTypamu Tipu N =2, 3, ..., k. B pa-
oote [9] 3Ty cTpyKTypy npu N = 2 Ha3bIBalOT quadded
transistor structure (MOXHO Ha3BaTh €€ ydeTBepeHHOI
WJIH YeTBIPEXKPATHO Pe3epPBUPOBAHHON TPAH3UCTOPHOM
CTPYKTypoii), a ipu N = 3 — nona-transistor structure
(meBITUKpPATHO PE3epBUPOBAHHON TPaH3MUCTOPHOI
cTpyKTypoii). B pa6ote [10] mocTpoeHue ueThbipex-
KpaTHO pPe3epBUPOBAHHON TPAH3UCTOPHOU CTPYKTYPBI
(1. e. mpu N = 2) Mbl Ha3BaJlid KBaApPUPOBaHUEM TpaH-
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3UCTOPOB, a caMy 3Ty CTPYKTYpy — KBaIAPUPOBAHHBIM
TPaH3MCTOPOM.

Ha puc. 1, a u b mokazaHbl 1Ba BapuaHTa KBaapu-
POBAHHOIO TPAaH3MCTOpa, IMOCTPOSHHOIO Ha OJMHOY-
HBIX N0JIEBLIX TpaH3uctopax 1y, T, T3 u T, Bxoawr A
9TUX OJMHOYHBIX TPAH3UCTOPOB COEAMHEHBI MEXIY
co00i1, YTO Ha ATUX PUCYHKAX He MOKa3aHO.

Nz—TpaHBI/ICTOpHaH cTpyktypa npu N = 3 1o cy-
LIECTBY SIBJSIETCSI AEBSITUKPATHO pe3epBUPOBAHHBIM
TpaH3ucTopoM. Ha puc. 2 moka3aHa cxema IeBITUKpaT-
HO pe3epBUPOBAHHOIO TPAaH3UCTOPA, MTOCTPOCHHOIO Ha
OJIMHOYHBIX MOJIEBbIX TpaHsucropax 1y, 15, ..., Tq.

IIpu ucroab30BaHUM TaKUX CIIOCOOOB PE3EPBUPO-
BaHMSI TPAH3UCTOPOB JIOTUYECKHUE CXEMbI B MUKPOCXE-
Max CTPOSITCS U3 KBaJAPUPOBAHHBIX WJIM U3 JAEBITU-
KpaTHO pe3epBUPOBAHHBIX TPaH3MCTOPOB. Kak BUIHO
u3 puc. 1, a, b v puc. 2, KBaipupOBaHHbII TPAH3UCTOP
TIpeACTaBISIET COOOI KBAAPATHYIO IBYXCTPOUHYIO MaT-
pully, a AeBITUKPATHO PE3epPBUPOBAHHBIN TpPaH3MC-
TOP — KBaJIpaTHYIO TPEXCTPOUHYIO MATPHILy, IIPUUEM
9JIEeMEHTaMU JTUX MAaTpUll SBJISIIOTCS OJWHOYHbBIE
TPaH3UCTOPLI.

B pab6orax [8, 9] He paccMaTpUBaIOTCsI BEPOSITHOC-
TU OTKa3a N“-TpaH3UCTOPHLIX CTPYKTYP U LUPPOBBIX
HaHO- U MUKpOMC B 3aBUCUMOCTU OT MX OOJIyde-
Hus. B nanbHeieM aist ynpoleHusi, Kak u B paboTtax
[1—7, 10], 6ymeM HaswiBaTh 3T UC MUKpocxeMaMu.

B pa6ore [10] HamMu uccnenoBaHa OTKAa30yCTOMYM -
BOCTb KBaJIpPOBAHHBIX MUKPOCXEM, T. €. MUKPOCXEM,
MOCTPOEHHbBIX Ha KBaAPUPOBAHHBIX TpaH3UCTOpax. [1pu
5TOM ITOKA3aHO, YTO KBaJAPUPOBAHHBIE MUKPOCXEMBI C
OJIMHAKOBBIMU TUMaMU AedekToB ("KOPOTKOE 3aMbl-
kaHue" (K3) uau "o6psIB") B OMMHOYHBIX TPAH3UCTO-
pax Mo CpaBHEHUIO C MOKOMIOHEHTHO AyOJIMpPOBaH-
HBIMM MUKPOCXEMaMM OOECIIeYMBAIOT CYIIECTBEHHOE
YMEHbIIIeHWE BEpOSITHOCTU OTKasza (Ha OAMH-ABa IO-
psinka) npu obsrydeHu. Hambosee cyluecTBeHHOE CHU-
>K€HHEe BEPOSITHOCTU OTKa3a KBaJAPUPOBAHHBIX MUKPO-
CXEM T10 CPaBHEHUIO C MOKOMIIOHEHTHO AyOJUpOBaH-
HBIMU MMKpPOCXEMaMU JOCTUTaeTCsl B cilyyae, Koraa
KBaJIpUpPOBaHHBIE TPAH3UCTOPHI OTKA3bIBAIOT BCJIEIC-
TBUE HEOJUHAKOBBIX TUIOB JIe(eKTOB B OJMHOYHBIX
TpaH3MCTOpaXx.

B Hacrosiei paboTe uccaeayeTcsi 0TKa30yCTONYM-
BOCTb MUKPOCXEM, ITOCTPOCHHBIX Ha TPAH3MCTOPHBIX
KBaJpaTHBIX TPEXCTPOUHBIX MaTpHUILIaX, T. €. Ha JIEBSITU-
KpaTHO pe3epBUPOBAHHBIX TPaH3MCTOpax, MpU OOIy-
yeHUU. TpaH3UCTOPHYIO MUKPOCXEMY, MOCTPOCHHYIO
Ha JIEBSITUKPATHO Pe3epPBHPOBAHHBIX TPaH3UCTOpPaX,
OyaeM Ha3bIBaTh JIEBITUKPATHO PE3ePBUPOBAHHOM.

OTMeTuM, 4TO B JaHHOU paboTte, Kak U B paborax
[1—7, 10] mox oTKa30M MOHUMAIOTCSI KaK TTOCTOSTHHBIE
OTKa3bl, TaK U BpeMEHHbIE, Ha3biBaeMble cOosimu. s
OLIEHKU BEPOSITHOCTE! OTKA30B MpU OOJYYEHUU MUK-
pocxeMbl B JaHHOM paboTe OyneT MCHoib30BaH Mpe-
JIOXKEHHbBII HAMU METOJ OLIEHKM OTKa30yCTOMYUBOCTU




"mo momwaasam" [1—7, 10]. Kak u npu KBagpupoBa-
HUM TpaH3uCcTOpoB [10], oaHa yacTuia MOXET BbI3BaTh
OTKa3 He OTHOTO, a ABYX COCEIHUX OMMHOYHBIX TPaH-
3UCTOPOB, BXOISIINX B OOWH ICBITUKPATHO PE3ePBU-
POBaHHBIN TpaH3UCTOpP. MUKpocXeMa BBIXOIUT W3
CTPOSI, €CITA OTKAXKET OIUH ee ICBATUKPATHO Pe3epBU-
POBAHHLIN TPAH3UCTOP.

1. KomMOMHAINM OAMHOYHBIX TPAH3HCTOPOB
B OJTHOM JIEBATHKPATHO Pe3ePBHPOBAHHOM
TPaH3HCTOPE W NMOHATHE OTKa3bIBAIOIIEii
KOMOMHAIIMA 3THX TPAH3HCTOPOB

OTKa3 OTHOTO WJIN JTIOOBIX IBYX OMMHOYHBIX TPaH-
3MCTOPOB HE BBI30BET OTKAa3a AEBSITUKPATHO Pe3ePBU-
pOBaHHOTO TpaH3UCTOpa (CM. puC. 2), WIM, MHAYe
TOBOpSI, TPEXCTPOUYHOI KBaapaTHOW TPaH3UCTOPHOM
MAaTpHIIBI, TTOCKOJBKY HEe CMOXET HU pa3opBaTh, HU
3aKOPOTUTH LIETh MEXAY TMojtocaMu / U 2 3TOro JeBsi-
TUKPATHO PEe3epPBUPOBAHHOIO TPAH3UCTOPA.

[Tpu oOnydeHUU NeBATUKPATHO PE3EPBUPOBAHHOTO
TPpaH3KUCTOpPa B HEM MOT'YT 00pa30BbIBATHCS KOMOMHA-
LIMK U3 ¥ OTKA3aBIIMX OMMHOYHBIX TPAH3UCTOPOB IMpU
r=3,4, .., 8. OgHako 0TKa3 3TOro AEBITUKPATHO pe-
3epPBUPOBAHHOIO TPAH3UCTOPA BO3MOXEH IMPU OTKa3e
HEKOTOPBIX OTpeNeIeHHBIX KOMOMHAIIUI U3 # OMUHOY-
HBIX TPaH3UCTOPOB.

MaxkcumanbHoe 4UCIO G ¢ KOMOMHALMI M3 F
OJIMHOYHBIX TPaH3UCTOPOB B K-TPaH3UCTOPHOI Mart-
puile OyaeT paBHO YMCIY COYETaHUM M3 Kk TIO 7.

,
Gy max = Cp = kY/[r!- (k —nll. (1
3HaueHMs BEINUUHBL G, 1., OJTYYCHHBIE COIIAC-
Ho (1) mpu k=9 u r= 3, 4, ..., 8, IpUBEIEHBI HIXKE:
r 3 4 5 6 7 8

G, npu k=9 84 126 126 84 26 9

r, max

KomOuHanuo u3 r OAMHOYHBIX TPaH3UCTOPOB,
IPY OTKAa3¢ KOTOPBIX OTKA3BIBACT IEBATUKPATHO pe-
3epPBUPOBAHHBII TpaH3UCTOpP, OyJeM Ha3bIBaTh OTKa-
3bIBAIOILICH.

B nmocnenymomux pasaenax NMpUBEASHbI YKCIA OT-
Ka3bIBalOIINX KOMOMHAIIMIT ONMHOYHBIX TPAaH3UCTO-
POB IpU OAMHAKOBBIX TUNAaX uX AepekroB (K3 u "006-
PBIB") IIpU pa3HBIX 3HAUYCHUSIX 7.

2. OTKka3piBaOmye KOMOMHALIMM OJUHOYHBIX
Tpan3ucTopoB npu Aedekrax tuna K3 B Hux

O6osHaunm 4epe3 G, UYHUCIO OTKA3BIBAIOLIMX
KOMOWHAIIMI W3 r OAMHOYHBIX TPAH3UMCTOPOB IpHU
nedexkrtax tuna K3 B AeBITUKpPAaTHO pe3epBUPOBaH-
HoM TpaH3uctope. Ilpu aedexrax tuna K3 Bo Bcex
OIVHOYHBIX TPAH3UCTOPAX OTKa3bIBAIOLLIEH KOMOU-
HalMM LieNb MeXay noiocamMu [/ U 2 B CXxeMe IeBs-
TUKPATHO PE3€PBUPOBAHHOIO TPAH3UCTOPA NOJKHA

OBITH 3aMKHYTA.

Tabnuua 1
Table 1
Homep Homep Homep
tpoiiku | Tpoiika | Tpoiiku | Tpoiika| tpoiiku | Tpoiika
Numbers of | Groups | Numbers of | Groups | Numbersof | Groups
the groups | of three | the groups | of three | the groups | of three
of three of three of three
1 1, 4,7 10 2,4,7 19 3,4,7
2 1,4,8 11 2,4,8 20 3,4,8
3 1,4,9 12 2,4,9 21 3,4,9
4 1,5,7 13 2,57 22 3,57
5 1,5,8 14 2,5,8 23 3,5,8
6 1,5,9 15 2,59 24 3,59
7 1,6,7 16 2,6,7 25 3,6,7
8 1,6, 8 17 2,6,8 26 3,6,8
9 1,6,9 18 2,6,9 27 3,6,9

OTka3piBaONIAE TPOHKH OJWHOYHBIX TPAH3HCTOPOB
(r = 3). MoxHo nokazaTb, 4To npu r = 3

Gy =32 =27. (2)

B Ta6n. 1 npuBeneHbl 0TKa3bIBAIOLIUE TPOUKY (T. €.
OTKa3bIBalollIMe KOMOMHALIMU NIPU # = 3) OJMHOYHBIX
TpaH3ucTopoB npu aedekrax Tuna K3. B tadn. 1 yka-
3aHbl HOMEpPA OJMHOYHBIX TPAH3UCTOPOB, YKa3aHHbIC
Ha puc. 2.

OTka3spiBaonIe YeTBEPKH OAMHOYHBIX TPAH3MCTO-
poB (r = 4). OTka3biBawllasl YeTBepKa OAMHOUYHbBIX
TPaH3UCTOPOB OOpa3yeTcs, €civ B JII0OOW CTpoKe
TPEXCTPOUYHOI TPAH3UCTOPHOM MaTpUllbl BbIOpaTh Ma-
Py OIMHOYHBIX TPAH3UCTOPOB, BKJIIOUMUTHL 3Ty Mapy B
OTKa3bIBAIOIIYIO YETBEPKY U 1I00ABUTh B HEE MO OJIHO-
MY OJWHOYHOMY TPAaH3UCTOPY W3 JIBYX IPYTMX CTPOK
5TOM MaTpPULbI.

B kaxmoil cTpoke 3TOM MaTpuilbl UMEEM MO TpU
napbl OAMHOYHBIX TPAH3UCTOPOB, a BO BCEW Tpex-
CTPOYHOI MaTpMlie UMEEM IeBATh Takux map. Kaxmoit
TaKoOM mape COOTBETCTBYIOT AEBSITh BAPUAHTOB KOMOU -
HalMi OTKa3aBIIMX TPAH3MCTOPOB, BXOJSIIMX 1O OJHO-
MY B OCTaBILMECS CTPOKMU 3TON MaTpulibl. OTclona

Gz =N Xvy=9%9=8l, 3)

TJe # — YUCJIO TIap OMWHOYHBIX TPAaH3UCTOPOB B TPEX
CTPOKaX MaTPULIb, IO TPU B KaXIOI CTPOKE, T. €. n = 9;
Uy — 4YMCJIO BapUaHTOB KOMOMHALMii OTKa3aBLIMX
TPaH3UCTOPOB, BXOISAILIUX MO OAHOMY B JBE CTPOKHU
3TO¥ MaTpuliibl;, vy = 9.

Orka3piBaOmue NATEPKH OJMHOYHBIX TPAH3UCTOPOB
(r = 5). OTkasbiBatoLasl MATepKa OAMHOYHBIX TPaH-
3UCTOPOB B TPEXCTPOUYHOM TPAH3UCTOPHOU MaTpUIIE
obOpa3zyeTcst IByMs IIyTSIMUA, PAaCCMOTPEHHBIMU HITXKE.

1. B oTKa3bIBaIONIYIO MATEPKY BKIIOUYAIOT TPU OIM-
HOYHBIX TPaH3UCTOpPa JI000I CTPOKHU 3TOW MaTPULbI U
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KOMOMHAIIMIO U3 JBYX TPaH3UMCTOPOB, MO OAHOMY U3
JIByX OCTaJIbHBIX CTPOK 3TOW Martpuubl. [lonyyaercs,
YTO JJISI OMHOM CTPOKM 3TOM MaTPULbl UMEETCS IEBATh
TaKUX IBYXTPAH3UCTOPHBIX KOMOMHauuii. Yucao ot-
Ka3bIBaIOILIKUX TSITEPOK, OOpa30BaHHBIX MEPBBIM MY-
TeM, OymeT

G =gxuv,=3x9=27, 4)

[€ § — YUCIO CTPOK MAaTpulbl, S = 3; vy, — YUCIIO
JIBYXTPAH3UCTOPHBIX KOMOMHAILIM B KaXXIOW CTPOKeE
3TON MaTpULIbI.

2. B oTkasmiBamolylo ISITepKy BKIIIOYAIOT I10 I1ape
TPaH3UCTOPOB M3 ABYX JIOOBIX CTPOK MATPULIbI U 10
OJHOMY TPaH3UCTOPY U3 OCTaBIlIeCS CTPOKU. B Kax-
JIOI CTpOKE MAaTPUIIbI 110 TPU Haphbl TPAH3UCTOPOB, MO~
9TOMY YHMCJ0 KOMOUWHAIIMI Tap TPaH3UCTOPOB B JABYX
CTpOKax MaTpuIlbl OyaeT 32 = 9. Kaxioil Takoil KOM-
OMHalMU COOTBETCTBYIOT TPM BapMaHTa OIUHOYHBIX
TPaH3UCTOPOB U3 CTPOKMU, B KOTOPOM mapbl TpaH3UC-
TOpOB He 3ajarTcsd. I1o3ToMy UMCIO OTKA3bIBAIOLIMX
ISITEPOK, 00pa30BaHHBIX BTOPHIM ITyTEM, OyaeT

G), = sk, % v) = 3(9 x 3) =81, (5)
II€ § — YKUCJIO CTPOK MAaTpuubl, § = 3; k, — 4HUCIO
KOMOMHAIIWI TTap TPaH3UCTOPOB B IBYX CTPOKAX MaT-
puuel, k, = 9; v — YUCIO BAPUAHTOB TPAH3UCTOPOB U3
CTPOKM, B KOTOPO¥ TTaphbl TPAaH3UCTOPOB HE 3aIaf0TCs,
v=23.

3. OOl1iee YKUCIO OTKA3bIBAIOLIMX MSTEPOK OymeT

OIe)

5,K3 5,K3

Gs x5 = =27 + 81 = 108. (6)

OTka3spiBaOmue MECTEPKN OAMHOYHLIX TPAH3UCTO-
poB (r = 6). OTkaspIBaoIIas IIeCTepKa OTMHOUYHBIX
TPaH3UCTOPOB B TPEXCTPOYHOM TPaH3UCTOPHOM Mart-
pule oOpa3yeTcsl TakxKe NBYMS MyTSIMU, PACCMOTPEH-
HBIMU HUXE.

1. B oTKa3pIBaIONIyIO IIECTEPKY BKIIIOUAIOTCS TIO
nape TPaH3UCTOPOB M3 KaXIOW CTPOKM 3TON MaTpu-
1bl. B Kaxaoit cTpoke MaTpullbl UMEETCS TpU TaKue
napbl. YUCI0 TakKuX IIECTEPOK TPAH3WCTOPOB PABHO
0o01IeMy YMCITy KOMOMHALIMIA 3TUX Tlap B MaTpUlIe:

G\ =nl =3¥=27, 7)

1€ n; — YMCJIO Map TPAH3UCTOPOB B CTPOKE MaTPUIIbI,
ny = 3; § — 4UCJIO CTPOK MaTpuubl, s = 3.

2. B oTKa3bIBaIoOIILYIO 1IECTEPKY BKIIOYAETCST TPOM-
Ka TPaH3UCTOPOB M3 OJHOW CTPOKM MaTpulibl, Mapa
TPAaH3UCTOPOB U3 JIPYroil CTPOKU MaTpPULBI U OAUH
TPaH3UCTOP U3 OCTaBLIEWCS CTPOKW MaTpulibl. [Tpu
BBIOPAHHOI TPOWKE TPaH3UCTOPOB, HAXOISIIUXCS B
OJHOW CTPOKE MaTpUllbl, YUCJIO KOMOUHALIMI TpaH-
3HCTOPOB B IBYX IPYTHX €€ CTPOKAX COCTAaBUT 32 = 9.
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Yucao oTKa3bIBAIOIIMX 1IECTEPOK, 00pa30BaHHBIX BTO-
pbIM IyTeM, OyaeT
G2 =sxky=3x9=27 (8)
6,x3 2 5
IJIe § — YUCJIO CTPOK MaTPULbL, S = 3: ky — YUCIIO KOM-
OMHALIMI TPAaH3UCTOPOB, B3STHIX M3 IBYX CTPOK Mart-
PULIBI TPU BBIOPAHHOM TPOIKe TPaH3UCTOPOB, MTPUHAI -
Jiexalei oaHoM CTpoKe MaTpullbl, ky = 9.
3. O01uIee YKMCI0 OTKA3bIBAIOIIMX IIECTEPOK OymeT

— ¢ 4 @

Go, ks = Gg xs oz = 27 T 27 =54 )

OTka3spiBalONIAEe CeMEPKH OIHHOYHBIX TPAH3HCTO-
poB (r = 7). OtTkasbiBalollIasi ceMepkKa OJAUHOYHBIX
TPaH3MCTOPOB 0Opa3yeTcs ABYMSI TPOMKAMM TpaH3MC-
TOPOB B IBYX CTPOKAX TPEXCTPOUYHOM TPaH3UCTOPHOM
MaTpULbl U OJAHMM TPAH3MCTOPOM M3 OCTABLICKCS
CTpOKU. YMCIIO OTKA3BIBAIOIIMX CEMEPOK OyIeT paBHO
YUCILy CJIy4aeB, KOIr[a TOJbKO B OQHOI CTPOKE MaTpu-
LBl OTKa3bIBaeT OOWH TPAH3UCTOP, a B OCTAJILHBIX €
CTPOKaX OTKAa3bIBAaIOT BCE TPU TPAH3UCTOpA:

G7,K3=S>(k]=3x3=9, (10)

re § — YMUCJIO CTPOK MaTpulbl, s = 3; k; — 4HCIO
TPAH3UCTOPOB B CTPOKE MATPUIIBL.

Orka3biBalomue BOCbMEPKH OUHOYHBIX TPAH3UCTO-
poB (r = 8). OTkasbiBarolllasi BOCbMEpKa 00pa3yeTcs
U3 IBYX JIIOOBIX CTPOK TPEXCTPOUHOU TPaH3UCTOPHOI
MaTpPUIIBl M OTHOM JII000I TTapbl TPAH3UCTOPOB M3 OC-
TaBILIEHCS CTPOKU MaTPULIbL:

oy =5Xm =3%3=09, (11)

IIe § — YUCJIO CTPOK MATPULIbL, § = 3; 1y — YUCIIO Map
TPaH3UCTOPOB B CTPOKE MATpULbl, 1y = 3.

3. OTHOCHTE/IbHbIE BEPOSATHOCTH NONAJAHUS YACTHI
B OTKA3bIBAIOIIME KOMOMHALIMM OJWHOYHBIX
TpaH3ucTopos npu aedekrax B Hux tuna K3

OTHOCHUTEIbHASI BEPOSITHOCTD MOITafaHUsI YaCTHIL B
OTKa3bIBAOIIe KOMOMHALIUKA U3 7 TPAH3UCTOPOB IIPU
nedekrax B Hux tuma K3 Oyner

Hrks = Grio/ Gr maxo 12)
IJle BCE€ BEJIMUYMHBI OmpeesieHbl Bbllle (B pasa. 1).
B Tab:1. 2 ykasaHbl 3HaYCHUsI BEMMYUH G, 1y, Gy 5

n “r,K3 IIp1 BCCX 3HAYCHUAX 7.

Tabuuua 2
Table 2
r 3 4 5 6 7 8
G,’ max 84 126 126 84 36
G, 27 81 108 54 9

r, K3

My s 032 | 0,64 | 086 | 064 | 025




Tabauua 3

Table 3
r 3 4 5 6 7 8
My, k3 0,32 0,64 0,86 0,64 0,25 1
) ks 0,32 0,44 0,48 0,33 0,17 0,83
(1= pfe) | 0,68 0,56 0,52 0,67 0,83

st ynoOGcTBa U3J10KEHNSI KOMOMHALIMIO U3 ¥ TPaH-
3UCTOPOB Oy/eM Ha3bIBaTh r-KoMOrHaLuei. [Tockosb-
Ky HauboJiee BEpOSITHO, YTO TPAH3UCTOPEI B ~KOMOU-
HalMU TOJ, 1eICTBUEM U3JTyUYeHHUsI OTKA3bIBAIOT HE Ol -
HOBpPEMEHHO, a 110 Mepe MornanaHus B HUX YaCTHII, TO
CHayaja MOTYT, HampuMmep, OTKazaTb TPaH3UCTOPHI,
Bxonsuue B (r — 1)-KomOuHauuio npu 7 > 4. B atom
cllyyae TpexCTpouHasi MaTpulia TPAaH3UCTOPOB BHIAET
U3 CTPOsI, ¥ TIOBTOMY OTKa3 OCTAJIbHBIX TPAH3UCTOPOB,
BXOISIIIMX B OTKAa3bIBAIOIIYID KOMOWHAIIMIO, MOXKHO
He paccMaTpuBaTb. CTpOro roBops, i yyeTa Mmopsi-
Ka OTKa30B TPAH3UCTOPOB B MX OTKa3bIBAIOIIEH KOM-
OMHAIMKM HYXXHO YYeCTb BCe MEePEeCTaHOBKM B KaXKIOM
OTKa3blBaolleli KOMOMHAIIUU, CYMTasi UX PAaBHOBEPO-
SITHBIMHU. DTO OYEHb OCJIOXKHUT pacyeT OTHOCUTEIbHBIX
BEPOSITHOCTEM BbIXO/IA M3 CTPOsI OTKA3bIBAIOIIMX KOM-
OuHailMil TpaH3ucTopoB. OMHAKO BMECTO yyeTa Mopsi-
Ka OTKa30B TPaH3UCTOPOB B X OTKa3bIBaloOlIeli KOMOM-
HallMMd HUXE TpeajiaraeTcsl YYUThIBaTh OTHOCUTEb-
HYI0 BEpPOSTHOCTb TOTO, 4TO Ipeapiaymias, (r — 1)-,
OTKa3bIBawllasi KOMOWHALIUs TPaH3UCTOPOB HE BbI-
1Ij1a U3 CTPOSI.

11 aTOro BBEAEM BEJIUUUHY p’;, «3 — OTHOCHTEIb-
HYIO BEPOSITHOCTb MOMNaAaHMsl YacTUIl B OTKa3blBalO-
IIyI0 KOMOMHAIIMIO U3 ¥ TPAH3UCTOPOB, B KOTOPOIl He
BbIIILIA U3 CTpos Mpeabiayiias (r — 1)-KomMOuMHaLUs
npu r = 4:
=(- “:"7 1,x3 )“r,m’ (13)

%
Wy k3

rIe “§,K3= H3 s TIPU 7 = 4. B yacTHOCTH, C y4eTOM
(13) nonyyum

Mz,m =3- p’3)”’4,l(3’
“g,Ka = (1 - HZ,KS)MS,KS = (1 T M4 k3 + “3,1(3“4,1(3)’
”2,1(3 =1~ HE,KS)H6,K3 =- M35 k3 + M4 k3H5 k3 —

- “3,1(3“4,1(3“5,1(3)“6,1(3'

B Tabin. 3 cBeneHbl 3HAYEHUS BEJIMYMH L, 5,
1 (1 — p7,,) TIpU BCEX 3HAYEHUSX F.

*
My ks

4. BeposaTHocTh 0TKa3a 00.,rydaeMoii
mupoBoii MUKpocxeMbl npa oTkazax Tunma K3
B OIMHOYHBIX TPAH3HUCTOPAX

IMpu obayyeHU IEeBATUKPATHO Pe3epBHPOBAHHOM
MUKPOCXEMBI, TTOCTPOSHHOM Ha HEeBITUKPATHO pe-

3epBUPOBAHHBIX TPAH3UCTOPAX, YACTUIIEI MOTYT IOC-
JIemoBaTeJIbHO NMOpa3uTh 3, 4, 8§ TpaH3UCTOPOB B JIIO-
OOM JEeBSATUKPATHO pPEe3epBUPOBAHHOM TpPaH3UCTOpE,
WM WHaYe TOBOpPsSI, B TPEXCTPOUHOUN TPaH3UCTOPHOM
Matpuiie. C y4eTOM 3TOTO BEPOSITHOCTh OTKAa3a TAKOW
JIEBITUKPATHO pe3epBUPOBAHHON MUKPOCXEMBI TIPU
oTkazax Tumna K3 B oIMHOYHBIX TpaH3UCTOpax OyaeT

_ 3 * 4
PM,K3 - (M3,K3 P1-9/G3,x<3 + M4 k3 P1-9/G4,K3 +
+ K3 ks P1—9/G5,K3 + K6, k3 P1—9/G6,K3 +
+ U7 k3 P1—9/G4,K3 + Mg k3 P1—9/GS,K3)/N9’ (14)

rae Pj_g — BEPOATHOCTbL OTKAa3a OMMHOYHOIO TPAH3MUC-
TOpa B IEBITUKPATHO Pe3ePBUPOBAHHON MUKPOCXEME,
B KOTOPOM B OOWHOYHBIX TPAH3UCTOPaX BO3MOXKHBI
TONIBKO AeekThl ThMa K3; Ny — 4uciio n1eBATUKPATHO
pe3epBUPOBAHHBIX TPAH3UCTOPOB B MUKPOCXEME; OC-
TaJbHBIC BEJIMIMHBI OMpeeeHEI BBIIIIE.

HozncTaBuB 3HAYCHUS BETUUUH |13 (35 My s U Gy s
npu r=4,5, ..., 8 uz tabn. 2 u 3 B (14), noce npe-
00pa3oBaHUil ITOJYYUM
= (0,012P] y + 0,005P] 4 + 0, 004P, g +

PM,K3

+ 0,006 Py + 0,019P] 5 +0,092P 3)/Ny. (15)

5. OTka3spiBalONMe KOMOMHALIMA OJWHOYHbBIX
TPaH3HCTOPOB NpH AedeKTax THNa "00pbIB" B HAX

O6ozHaunM yepes G, o, — YUCIO OTKA3BIBAIOLINX
KOMOMHALIMI U3 ¥ OOMHOYHBIX TPAH3UCTOPOB (r = 3,
4, ..., 8) ipu nedekrax TMNa "0OpHIB" B NIEBITUKPATHO
pe3epBUPOBAHHOM TpaH3uctope (cM. puc. 2). [pu ne-
(pekTax Tuna "oOPHIB" BO BCeX OMUMHOYHBIX TPAH3UCTO-
pax oTKa3bIBaloOIeil KOMOMHAIIMY IIeTTh MEXIY TTOJIIO-
caMu I 1 2 B cxeMe JeBSITUKPATHO Pe3ePBUPOBAHHOTO
TpaH3MCTOpa JOJKHA OBITh Pa30MKHYTA.

B Ta6s1. 4 noka3zaHbl OTKa3bIBaIOMKE TPOHKH (TpH
r = 3) TpaH3UCTOPOB MpH medeKTax B HUX TUMA "00-
pbIB". B 3TUX KOMOMHAIMSIX TPAH3UCTOPHI MPEJACTaB-
JIEHBI X HOMEpPaMM.

M3 1aba. 4 caenyert, 4TO

G5 o6p = 3 (16)

Orka3sbiBaonmas yersepka (npu r = 4) od6pasyercs,
eclii BKJTIOUMTh B Hee OTKa3bIBAIONIYIO TPOIKY, yKa-

Tabuuua 4
Table 4

Homep xoMOnHaLmu
Combination number

OrtKasbIBaolIast TPOKa
Failing group of three

1
2
3

N~
o W N
O O\ W
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3aHHYIO B JIIOOOM CTPOKE TPEXCTPOUYHOM TPaH3UCTOP-
HOI MaTpulibl, U 100ABUTh K HEl OJMH TPAH3UCTOP U3
JII000M Opyroii CTpOKM 3TOM MaTpullbl. B pesynbrare
MOJIyYuM

G4,o6p = G3,o6p X(s—1)x kl =
=3x(3—-1)x3=18, (17)

[€ § — YUCJIO CTPOK YKA3aHHOW MaTpULbL; kK| — YHUC-
JIO TPAH3UCTOPOB B OTHOW €€ CTPOKE.

OrkaspiBalomas nArepka (npm r = 5) obpasyercs
JIBYMSI TIyTSIMMU.

1. B oTKa3bIBaIOIIYIO OSATEPKY BKIIFOYAETCSI OTKA3bI-
Baroulas TpoiKa, yKazaHHas B Jil0OOW CTpoke Tpex-
CTPOYHOM TPAH3UCTOPHOM MaTpPULIbl, U IIapa TPAaH3UC-
TOPOB 13 MI000i1 APYroil CTPOKM 3TOM MaTPUIILI:

1
G§,36p = G3,o6p X (s—1)x ny =
=3x3—-1)x3=18, (18)

[7ie 7} — YUCJIO ITap TPaH3UCTOPOB B CTPOKE YKa3aH-
HOM MaTpuubl; 7; = 3; OCTaJIbHbIE BEJIMYMHBI ONpe/e-
JICHBI BBIIIIE.

2. B oTKa3bIBalolIy1O MATEPKY BKIOUAETCS OTKA3bI-
Balolllasl TPOMKa, YKazaHHas B JIOOOW CTpOKe MaTpu-
Lbl, ¥ MO OOJHOMY TPAaH3UCTOPY M3 KaxXIOU Apyrou
CTPOKHU 3TOW MaTpUIIbI:

2
G§,c26p = G3,06p X (s—1)x kl =
=3x(3—-1)x3=18, (19)

IJe BCe BEJIMYMHBI OTIPEICIICHBI BBIIIIE.
3. O01ee YMclIo OTKA3bIBAIOIIMX TSITEPOK OyaeT

4 6@

5,06p 5,00p 18 + 18 = 36. (20)

G5,06p =
Otka3piBaonias mecrepka (mpu r = 6) oopasyercsa
JIIBYMS TTYTSIMU.
1. B oTKa3bIBaolIyl0 LIECTEPKY BKIIOUYAIOTCS JIIO-
ObIe BE OTKA3bIBAIOLLIME TPOMKM:
(H  _
G6,o6p =k 3, (21)

ap.ctp

e Kuyap.crp YUCJIO TIAap OTKa3BIBAIOIINX TPOEK
(CTpOK MaTpuIIbI).

2. B oTKa3bIBaOIIYIO IIECTEPKY BKIIOYAIOTCS OTHA
J1I00ast oTKasbIBawllasi Tpoiika (T. €. u3 J1o0oil CTpo-
KU), Mapa TpaH3UCTOPOB U3 JIIOOOI JAPYroil CTpOKU U
ONIMH TPaH3UCTOP U3 €llle He UCIOJIb30BaBILENCS] CTPO-
KU, T. €. U3 CTPOKH, U3 KOTOPOil He Opajy OTKa3bIBa-

OIIYIOCS TPOMKY WJIM Mapy TPaH3UCTOPOB:

2
Gé,36p =Gy 06p X (s 1) Xy X by =
—3x(3—1)x3x3=54, 22)

A€ BCEC BCJIMYMHDBI OIIPEACICHDBI BbILIC.
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3. O0uIee YKMCI0 OTKA3bIBAIOIIMX IIECTEPOK OymeT

— (2)  _ _
Gé, o6p = G6706p + G6706p =3+4+54=57. (23)

OTtka3piBalomasi cemepka (npu » = 7) obGpasyeTcst
BKJIIOUEHUEM B Hee JIIOObIX IBYX OTKa3bIBalOLIMX TPO-
€K, PacroJIOKEHHbIX B ABYX CTPOKAaX MaTpULIbI, I ONUH
JII00OM TPaH3UCTOP U3 OCTABIIEMCS CTPOKU 3TOM MaT-
PUILIBIL:

G7,o6p =k

Tap.cTp

Xk =3x3=09, 24)

TIe BCE BEJIMIMHEI ONpPeIeIeHEI BBIIIIE.
OTka3piBaomas BocbMepka (nmpu r = 8) obpasyercst
BKJTIOUCHMEM B Hee IBYX JIIOOBIX OTKAa3BIBAIOIINX TPO-
€K, PacIoJIOXKEHHBIX B ABYX CTPOKaX MaTPHIIbI, 1 JIIO-
6011 mapsl TPAH3MUCTOPOB U3 OCTABIICHCA CTPOKM:

G8,o6p = kHap.CTp Xn = 3x3= 9’ (25)
1€ BCC BCIMYMHDBI ONPEACICHDBI BBILIC.

6. OTHOCHTE/IbHBIE BEPOSTHOCTH MONAAAHAS YACTHIL
B OTKa3bIBAIOIIHE KOMOMHAIMH OIMHOYHBIX
TPaH3HCTOPOB NpH JedeKTax B HUX THNA "00pbIB"

OTHOCHTEIbHBIE BEPOSTHOCTH TOTATaHUS YACTUII
B OTKAa3bIBaIOIIMEe KOMOMHALIMA OJIMHOYHBIX TPAH3UC-
TOpPOB Npu AedeKTax B HUX TUIIA "OOPBIB" BBIYMCIISI-
IOTCS aHAJIOTUYHO TOMY, KaK 9TO JIeJIaeTcs Ipu pedek-
tax tuna K3.

OTHOCUTEbHAS BEPOSTHOCTD MOMAAAHMUS YaCTULIBI
B OTKa3bIBaIOIIYl0 KOMOMHALUIO U3 7 OJMHOYHBIX
TPAH3UCTOPOB MPU MX OTKa3axX TUIIA "O0OpHIB" B OJHOM
JIEBITUKPATHO pe3epBUPOBAHHOM TPAaH3UCTOPE OyIeT

My o6p = Gr, 06p/ Gr, max’ (26)

IJIe BCe BEJIMUMHBI OMpenesieHbl BhILIE.
*

ITo anamoruu ¢ (13) BBeaeM BEIMUYUHY M. o6p
OTHOCUTEJIbHYIO BEpPOSTHOCTb TOMaNaHUsl 4YacTHUll B
OTKAa3bIBAIOIIYI0O KOMOMHALIMIO U3 F TPaH3UCTOPOB, B
KOTOpPOU He BbIlLIA M3 CTposl mpenbiaywas (r — 1)-
KOMOUMHAIMS NpH r > 4:

* _ I
Hroop — (= 1,006p )“r,o6p’ (27
* — — 4
TAC U3 o6p — H3,06p 1IPH 7 .

B Ttabsm. 5 ceeneHsl 3HayeHus BeqMuuH G, oo

Gy o6ps Mr,06p> Mroop M (1 = Ky opp ) TIPH BCEX 3Haue-
HUSIX 7.
Tabauua 5
Table 5
r 3 4 5 6 7 8
Gy, max 84 | 126 | 126 | 84 | 36 9
Gy, osp 3 18 36 57 9 9
r. o6p 0,036 | 0,143 | 0,286 | 0,679 | 0,25 | 1
(I'= 1k ogp) | 0,964 | 0,857 | 0,714 [ 0,321 | 0,75
7 06p 0,036 | 0,138 | 0,245 | 0,485 | 0,08 0,75




7. BepoSITHOCTb 0TKAa3a MHUKPOCXEMBI,
NOCTPOEHHO! HA JEBATHKPATHO Pe3epBHPOBAHHBIX
TPaH3HCTOPAX, MPH OTKA3axX TUNA "00pbIB"

B OJMHOYHBIX TPAH3UCTOPAX

ITo anamoruu c¢ (14) BepoOATHOCTb OTKa3a TaKOM
JIEBATUKPATHO PEe3ePBUPOBAHHON MUKPOCXEMEI TIPU
OTKa3ax Tuna "oOpbIB" B OJMHOUYHBIX TPAH3UCTOPAX
oymeT

3 4
PM,o6p = (“3,06pP1-9/G3,06p + l“l:<1,o6p P1-9/G4,06p +
+ 15, 06p Pi-9/G5,06p T H6.06p L1-9/G6,00p +

+ 17 06p P1-9/G7,06p T M3.06p L1-9/G8,06p)/ Nos (28)

IJIe BCe BEJIMYMHBI ONpeaesieHbl BhILIE.
%
lloncraBuB 3HAYCHMS] BEIMYMH K3 o5, M, oop 4
Gr’06p npu r=4,5, ..., 8 u3 Tabxa. 5 B (28), mocie npe-
00pa3oBaHU IIOJYYUM

Py o5p = (0,012P] g + 0,008 P ¢ + 0,007 P}y +

M, 00p

+0,009P% ¢ +0,009P] 5 +0,08P%5)/Ng.  (29)

8. BeposaTHocTh 0TKa3a MHKPOCXEMBI,
NOCTPOEHHO! HA JEBATHKPATHO Pe3epBHPOBAHHBIX
TPAH3HCTOPAX, MPH OJWHAKOBBIX THIAX Je(EKTOB
B OJJMHOYHBIX TPAH3HCTOPAX

IMpu Py_¢ < 1 m3 (15) u (25) caenyer, 4TO PM,K3 =
= PM,o6p = P9M:
3
Py, = 0,012+ P9 / Ny, (30)

rae Pg,, — BEPOATHOCTh OTKA3a JEBATUKPATHO Pe3ep-
BUPOBAHHON MMKpPOCXEMBbI TIPU OIWHAKOBBIX THUIIAX
nedexktoB (K3 wiu "oO0pbiB") B OOMHOYHBIX TPaH3UC-
TOpax; OCTaJbHbIC BEJIMYMHBI OIPENeICHBI BHIIIIE.

BeposaTtHocTh Pj_g OTKa3a OIMHOYHOIO TPAH3UCTO-
pa B JEBSITUKPATHO PE3epPBUPOBAHHON MUKpOCXEMe
IIpu ee 00IyYeHUH o aHajoruu ¢ popmyiaamu (1)—(3)
B [10] Oyner

Pl_gzq)g'Sg'I/V, (31)

rae @y — QIIOEHC 1715 IeBATUKPATHO PE3ePBUPOBAH-
HO MUKDPOCXEMBI; Sg — IUIOLIAAb AEBATUKPATHO PE-
36pPBUPOBAaHHON MUKpOcXeMbl; W — BepOsITHOCTb
MOBPEXICHUS €AMHULIBI TUIOLIAANM MUKPOCXEMbI TpU
MonagaHuy B Hee 4YacTHlIbl, ONpelnesieHHass B paboTe
[5, (1)—(12), c. 12, 13].
[Tnowans Sy 6€3 yyeTa rIolany BHELIHUX COEIM-
HEHUI MPEICTaBUM B BUJIE:
S9 =

0.T

N,

0.1-9>

(32)

IJie S, ; — IUIOLIA/Ib OTHOTO OJMHOYHOIO TPAH3UCTOPA;
N, 1.9 — YUCJIO ONMHOYHBIX TPAH3UCTOPOB B JEBATH-
KPaTHO pe3epBUPOBAHHOM MUKPOCXEME.

IMoncraBum (32) B (31):

Pl-9 = (D9 “Sor” NO.T-9 W (33)

[Moncrasus (33) B (30), monyynum BEPOATHOCTD Pgy,
001yyaeMoil AEBITUKPATHO pe3epBUPOBAHHONM MMK-
pocxeMbl TIpy OAMHAKOBbIX TUMNax AedekToB (K3 muimn
"00pBIB") B OMMHOYHBIX TPAH3MCTOPAX:

Py, = 0,012 (Pg 551 Nyr9° W)3/N9. 34)

9. CpaBHeHMe OTKA30yCTOHYMBOCTH KBAJAPHUPOBAHHOM
H JEBSATHKPATHO Pe3ePBHPOBAHHOI MHKPOCXEM
npu 00JTyJIeHUr

Haiinem mokaszaTenb a
TOUYMBOCTU:

Mm-9y UBMCHCHUSI OTKa30YyC-

Oyv-9m = PM/P9M’ (35)

rae Py, — BEpOATHOCTb OTKa3a AE€BATUKPATHO PE3ep-
BUPOBAaHHON MUKPOCXeMbI, ormpenaeseHHass B (34);
P,, — BEpOATHOCTb OTKa3a KBaJPUPOBAHHOI MUKPO-
CXEMBI ¢ KBaIpPOBAHHBIMHU JIOTMYECKNMU DJIEMEeHTA-
MU 0e3 pe3epBHPOBAaHMSI MX CTPYKTYPHI, OIpeaeIcH-
Hag B pabore [10, (3)—(9)]:

PM = us (q)KB “Sor” NO.T ) W)z/(NKB ) Gmax)’ (36)
TJie L — OTHOCHUTEJbHAS BEPOSTHOCTD ITOMMaJaHMsT Jac-
THUILIBI B OTKA3bIBAIOIIYIO ITapy OMMHOYHBIX TPAH3UCTO-
POB B KBaJIpUpOBAaHHOM TpaH3uctope, u = 1/3, 1ubo
2/3; @, — pmoeHC KBaAPUPOBAHHOW MUKPOCXEMBI;
N, , — 4MCJI0 ONMHOYHBIX TPAH3UCTOPOB B KBaJpH-
pPOBaHHOI1 MUKpocxeme; N, — YHUCI0 KBaJIPUPOBaH-
HBIX TPAaH3UCTOPOB B KBAIPUPOBAHHON MUKPOCXEME;
G ax — MAKCUMaJIBHOE YMCJIO JIIOObIX Map OAUHOY-
HBIX TPAH3UCTOPOB B KBAAPHPOBAHHOM TPAH3UCTOPE,
Ghax = 0; OCTaIbHBIE BEJTMUYMHBI ONPEIENEHBI BhILIE.

B xBanpupoBaHHOI MHKpOCXEMeE
Noz =4+ Ny (37)
B neBSTUKpaTHO pe3epBUPOBAHHON MUKPOCXEME
Ny 19 =9 Ny, (38)

rie Ny — 4uCI0 OEBATUKPATHO PE3EPBUPOBAHHBIX
TPaH3MCTOPOB B MUKPOCXEME.
ITpumem, uto

Ny =N, = N, (39)

rae N — 91MCIIO TPaH3MCTOPOB B HEpe3epBUPOBAHHOM
MUKpPOCXEMe.
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IMpumeM, YTO TUIOLIANM S, ;. B IEBATUKPATHO pe3ep-
BUPOBaHHON, KBaIpUPOBAaHHOW U Hepe3epBUPOBAH-
HOI MUKpPOCXeMaX OAMHAKOBbI U ITPU 3TOM IIJIOIIAAb S
Hepe3epBUPOBAHHOI MUKPOCXEMEI paBHa 1 cmZ. Torna

Sor = 1/N. (40)

B xauectBe npumepa coriacHo pabote [5, c. 12, 13]
Bo3bMeM W =1,5- 1077

Ouenum orpannyeHus pmoencos @, u Dg ceep-
Xy ¢ yueToM 3Toro 3HayeHuss W u dopmyn (37)—(40).

Cornacno [10, (3.3)] umeem

Pl = (DKB.SOT. .NO.T. W< 1, (41)

rae P, — BEpOSATHOCTb OTKa3a OJMHOYHOIO TPAH3MC-
TOpa B KBapMPOBAaHHON MUKpocxeme; N, — 4YHCIO
OJIMHOYHBIX TPAH3UCTOPOB B KBAaAPUPOBAHHON MUK-
pocxeme, omnpeaeaeHHoe B (37).

C yuetom (39) u (40) nonyuum
N 4. (42)

S or

o’
M3 (41) c yuetom (42) HaiigeM, 4TO

D, <1/4-W)=1/(4-1,5-1077) =
= 1,67 - 10°. (43)

Orpannuenne ¢moenca @y cBepxy HailneM U3 yc-
JIOBMSI

Plg<1, (44)

rie P9 — BepoOATHOCTb Pj_g OTKaza OAMHOYHOIO

TPaH3MCTOPA B IEBITUKPATHO PE3ePBUPOBAHHON MUK-

pocxeMme TIpU ee O0IydYeHUU, onpeneieHHas B (33).
C yuetom (33), (38)—(40) u3 (44) nmonyyum

@y < 1/(9- W) =1/(9-1,5-1077) = 0,74 - 10°. (45)

s ynipoieHus ¢ yuyetom (44) u (45) npumMem, 4To

Dy = D, = 10°. (46)

C yuetom (46), (34), (36—40), G0 = 6, W =
=1,5-10"7, p = 1/3 u3 (35) noayunm o, g, = 6,8, a
IPY TEX XKe JAaHHBIX U p = 2/3 HONy4nuM o,,_gy = 13,6.

~ HpI/I_C-l)'(l;OM P, j 2-10710 HBI/I n = 1/31151 P, =
=4-10 " mpup = 2/3,a Py, = 29,53-10 '~

Takum 00pa3oM, ACBATUKPATHOE PE3EPBUPOBAHUE
TPaH3UCTOPOB MO CPABHEHUIO C WX KBaIpPUPOBAHUEM
TO3BOJISIET YBEJIUYUTH OTKAa30YCTOMYMBOCTH MUKPO-
CXEMBI IPUMEPHO Ha TIOPSITOK MPU ONMHAKOBBIX TUTIAX
neeKTOB B OMMHOYHBIX TPAH3UCTOPAX.

3aKkmouenue

HOKa3aHO, YTO IOEBATUKPATHO PE3CPBHUPOBAHHBIC
MMKPOCXEMbI, BbIITIOJJHCHHBIC Ha TPEXCTPOUYHLIX TPpaH-
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3UCTOPHBIX MAaTPUIIAX, 10 CPABHEHUIO C KBAIPUPOBAH-
HBIMA MHUKPOCXeMaMM 0e3 pe3epBUPOBAHUS CTPYKTYD
JIOTUYECKMX 3JIEMEHTOB MO3BOJISIOT YBEJIMUUTh OTKA-
30yCTOMYMBOCTE MUKPOCXEMBI TIPUMEPHO Ha ITOPs-
JOK MPHU OTMHAKOBBIX TUIAX Ae(hEKTOB B OMMHOYHBIX
TpaH3ucTopax. Ho mpm HeoaMHAaKOBBIX TUITAX JedeK-
TOB OTKa30YCTOMYMBOCTh AEBATUKPATHO pPE3ePBUPO-
BaHHBIX MUKPOCXEM CYIIECTBEHHO Bo3pacTaeT. OmHa-
KO JIEBATUKPATHOE pe3epBUPOBAHKE TPAH3UCTOPOB I10
CpPaBHEHMIO C MX KBaJpUPOBAHUEM TpeOyeT yBeImde-
HUSI 4yMCia TPaH3UCTOPOB B 2,25 pasa.
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Introduction

The methods of constant component-wise duplica-
tion of the digital nano- and microintegrated circuits
(IC) without checking of correctness of the results, of-
fered by us in [1—7], during an irradiation, allow to in-
crease the fault tolerance of the duplicated microcir-
cuits by more than 10 orders in comparison with the
nonredundant microcircuits, and approximately 10 times
in comparison with the majority-triplicated microcir-
cuits [6].

The further increase of the fault tolerance of the dig-
ital nano- and micro — IC is possible due to the use of
construction of the microcircuits on the transistor
structures representing a square N-line matrix (N > 2),
the elements of which are single transistors [8, 9]. In
[8, 9] such structures are called N2-transistor structures
at N=2, 3, ..., k. In [9] this structure at N = 2 is called
quadded transistor structure (a possible name is a quad-
ruple or quadruply redundant structure), and at N=3 —

nona-transistor structure (ninefold redundant transistor
structure). In [10] the construction of the quadruply re-
dundant transistor structure (i. e. at N = 2) we called
quadration of transistors, and structure itself — a quad-
rated transistor.

Fig. 1, a and b present two versions of a quadrated
transistor constructed on the single field transistors 77,
T,, T5 and Tj. Inputs A of these single transistors are
connected among themselves, which is not shown in
the figures.

At N = 3 the N’-transistor structure, in fact, is a
ninefold redundant transistor. Fig. 2 presents a circuit
of the ninefold redundant transistor constructed of sin-
gle field transistors 77, T, ..., Tq.

During the use of such methods of redundancy of
the transistors the logic circuits in the microcircuits are
constructed of the quadrated or ninefold redundant
transistors. As one can see (fig. 1, a, b and fig. 2), a
quadrated transistor is a square two-line matrix, while
the ninefold redundant transistor — a quadrated three-
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line matrix, while the elements of these matrixes are
single transistors.

In [8, 9] a probability of failure of N2-transistor
structures and digital nano- and micro- IC, depending
on their irradiation, is not considered. Further, for sim-
plification reasons, just like in [1—7, 10], we will call
these IC "microcircuits".

In [10] we investigated the fault tolerance of the
quadrated microcircuits, i.e. the microcircuits con-
structed on the quadrated transistors. We demonstrat-
ed, that the quadrated microcircuits with the equal
types of defects ("short circuit" (SC) or "open circuit")
in the single transistors in comparison with the com-
ponent-wise duplicated microcircuits, under irradia-
tion, ensure reduction of the failure probability (by one
or two orders). The most essential decrease of the fail-
ure probability of the quadrated microcircuits in com-
parison with the component-wise duplicated microcir-
cuits is reached, when the quadrated transistors fail due
to unequal types of defects in the single transistors.

The present work is dedicated to the fault tolerance
of the microcircuits constructed on three-line square
matrixes, i.e. on the ninefold redundant transistors, un-
der irradiation. The transistor microcircuit constructed
on the ninefold redundant transistors we will call the
ninefold redundant one.

We should point out that in the given work, just like
in [1—7, 10], failures are understood as both constant
failures and temporary failures, called upsets. For esti-
mation of the probabilities of failures under a micro-
circuit irradiation in the given work we will use our
method for estimation of a fault tolerance "by the are-
as". Just like in case of the quadration of transistors
[10], one particle can cause a failure of not one, but two
neighboring single transistors, which are a part of one
ninefold redundant transistor. A microcircuit fails, if
one of its ninefold redundant transistors does.

1. Combinations of the single transistors
in one ninefold redundant transistor and the concept
of a failing combination of these transistors

Failure of one or any two single transistors will not
cause a failure of a ninefold redundant transistor (fig. 2),
or, in other words, of a three-line square transistor ma-
trix, because it cannot break a circuit, or make a short
circuit between poles / and 2 of this ninefold redundant
transistor.

Under an irradiation of a ninefold redundant tran-
sistor certain combinations from r of the failed single
transistors may appear in it at = 3, 4, ..., 8. However,
a failure of this ninefold redundant transistor is possible
in case of a failure of certain combinations of r single
transistors.
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The maximal number of G,. ..., combinations from r
single transistors in a k-transistor matrix will be equal

to the number of combinations from k on r.

G, max = Cr = KY[F+ (k = P. (1)

r, max

The values of G,. 1, received according to (1) at

k=9and r= 3, 4, ..., 8, are presented below:

r 3 4 5 6 7
G atk=9 84 126 126 84 26

r, max

A combination of r single transistors, which causes
a failure of a ninefold redundant transistor, we will call
the failing combination.

The subsequent sections present the numbers of the
failing combinations of the single transistors at identical
types of their defects (SC and "breakage") at different
values of r.

2. Failing combinations of the single transistors
at defects of SC type in them

Let us designate through G, ., the number of the
failing combinations from r single transistors in case of
SC defects in a ninefold redundant transistor. In case of
SC defects, in all single transistors of a failing combi-
nation, the circuit between poles / and 2 in the circuit
of the ninefold redundant transistor should be closed.
Failing groups of three of the single transistors

(r = 3). It is possible to show, that at r = 3
Gy, =3 =27. )

Table 1 presents the failing groups of three (the
combinations failing at » = 3) of the single transistors in
case of defects of SC type.

The failing groups of four of the single transistors
(r = 4). A failing group of four single transistors is
formed, if in any line of the 3-line transistor matrix we
select a pair of single transistors, include this pair in the
failing group of four and add to it one single transistor
from each of the other two lines of this matrix.

In each line of this matrix we have three pairs of the
single transistors, and in all the 3-line matrix we have
9 such pairs. To each pair 9 variants of combinations of
the failing transistors (one from each of the remaining
lines of this matrix) correspond. Thus:

Gyys =1 X v;=9%9=8l, 3)

where n — number of pairs of the single transistors in
three lines of the matrix, three in each line, i. e. n = 9;
v, — number of variants of combinations of the failed
transistors, one of each in two lines of this matrix;
Uy = 9




Failing groups of five of the single transistors (» = 5).
A failing group of five of the single transistors in a three-
line transistor matrix is formed in two ways considered
below.

1. A failing group of five includes three single tran-
sistors of any line of this matrix and a combination of
two transistors, one of each two remaining lines of this
matrix. It turns out, that for one line of the matrix we
have nine such two-transistor combinations. The
number of the failing groups of five, formed in the first
way, will be:

G{), =sxvy=3x9=27, 4)
where s — number of lines in the matrix, s = 3; v, —
number of two-transistor combinations in each line of
this matrix.

2. A failing group of five includes two transistors
from any two lines of the matrix and one transistor from
the remaining line. In each line of the matrix there are
three pairs of transistors, therefore, the number of com-
binations of the pairs of transistors in two lines of the
matrix will be 32 = 9. To each such combination three
variants of the single transistors correspond from a line,
in which the pairs of transistors are not set. Therefore,
the number of the failing groups of five formed in the
second way, will be:

e

5,K3

= s(k, x v) = 3(9 x 3) = 81, (5)

where s — number of lines of the matrix, s = 3; k,, —
number of combinations of the pairs of transistors in
two lines of the matrix, k, = 9; v — number of variants
of transistors from the line, in which the pairs of tran-
sistors are not set, v = 3.

3. The total number of the failing groups of five
will be

) 4 G?

5,K3 5,K3

Gs 3 = =27 + 81 = 108. (6)

Failing groups of six single transistors (» = 6).
A failing group of six single transistors in a three-line
transistor matrix is formed also in two ways considered
below.

1. A failing group of six includes a pair of transistors
from every line of this matrix. Each line of the matrix
has three such pairs. The number of such groups of six
transistors is equal to the total number of combinations
of these pairs in the matrix:

G =nl =3¥=27, 7)

6,x3

where n; — number of pairs of transistors in a line of the
matrix, ny = 3; s — number of lines in the matrix, s = 3.

2. A failing group of six includes three transistors
from one line of the matrix, a pair of transistors from
another line of the matrix and one transistor from the
remaining line of the matrix. In case the selected
group is of three transistors, which are in one line of
the matrix, the number of the combinations of the
transistors in two of its other lines will be 32 = 9. The
number of the failing groups of six formed in the sec-
ond way will be:

Gipy =5 % ky=3x9=27, )
where s — number of lines of the matrix, s = 3: k, —
number of the combinations of the transistors taken
from two lines of the matrix at the chosen group of
three transistors, belonging to one line of the matrix,
k2 =9.
3. The total number of the failing groups of six will be:
—_

2
G6,K3 - Y6,x3 + G6,K3

=27+27=54. (9)

Failing groups of seven single transistors (r = 7).
A failing group of seven single transistors is formed by
two groups of three transistors in two lines of a three-
line transistor matrix and one transistor from the re-
maining line. The number of the failing groups of seven
will be equal to the number of cases, when only one
transistor fails in one line of the matrix, and in its other
lines all three transistors fail:

Gy =5* ky=3%x3=09, (10)

where s — number of lines of the matrix, s = 3; k; —
number of transistors in a line of the matrix.

Failing groups of eight single transistors (» = 8).
A failing group of eight is formed of two any lines of the
3-line transistor matrix and any one pair of transistors
from the remaining line of the matrix.

G8,K3=an1=3x3=9’ (11)

where s — number of lines of the matrix, s = 3; n; —
number of pairs of transistors in a line of the matrix,
nl = 3.

3. Relative probabilities of the particles’ hitting
into the failing combinations of the single transistors
in case of defects of SC type

A relative probability of the particles’ hitting into the
failing combinations of r transistors in case of the de-
fects of SC type in them will be:

r,K3/Gr,max’ (12)

where all the values were determined above (in sec-
tion 1).

M3
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Table 2 presents the values of G,. .\, G s and p,.
at all values of r.

For convenience of presentation, we will call a com-
bination of r transistors as r-combination. Since it is
most probable, that the transistors in r-combination
under the influence of radiation fail not simultaneously,
but in the process of the particles hitting them, first, for
example, the transistors fail in (» — 1)-combination at
r>4. In this case the three-line matrix of transistors will
fail, and, consequently, a failure of the other transistors
in the failing combination does not have to be consid-
ered. Strictly speaking, for the account of the order of
failures of the transistors in their failing combination it
is necessary to consider all the shifts in each failing
combination, considering them as equiprobable. This
will complicate very much the calculation of the rela-
tive probabilities of failure of the failing combinations
of the transistors. However, instead of the account of
the order of failures of the transistors in their failing
combination, below it is proposed to consider a relative
probability that the previous, (» — 1)-th failing combi-
nation of the transistors, did not fail.

For this purpose we will introduce value of MZ “
relative probability of particles’ hitting into a failing
combination from r transistors, in which the previous
(r — 1) one at r > 4 did not fail:

“t,KS =~ “:— 1,x3 )“r,Ksa (13)

where p3 . = p3 ,at r=4.
In particular, with account of (13) we will get:

“Z,m = - ”3)H4,K3’

Hg,Ks = (1 B “Z,K3)“5,K3 =
=(1- H4 k3 + “3,K3”4,K3)’

=~ ”31(3)“6,16 =~ M5 k3 T Mg iaMs s —
- ”3,!(3“4,1(3“5,1(3)”6,1(3'

*
M6 ks

Table 3 presents the values of p, s, and

(1 - p‘f‘,KS) at all r.

*
My k3

4. Probability of failure of an irradiated digital
microcircuit in case of SC failures
in the single transistors

At an irradiation of a ninefold redundant microcir-
cuit constructed on the ninefold redundant transistors,
the particles can consistently hit 3, 4, 8 transistors in
any ninefold redundant transistor, or speaking other-
wise, in a three-line transistor matrix. Taking this into
account, the probability of failure of such a ninefold re-
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dundant microcircuit in case of failures of SC type in
the single transistors will be:

— 3 4
PM,KS - (”3,K3 P1-9/G3,K3 + ”Z,K3 P1—9/G4,K3 +
5 6
+ M§,1<3 P1—9/GS,K3 + “Z,m Pl—9/G6,K3 +

. 7 . .8
t 173 P1o/ Gy s T B3 k3 P1g/Gg 3)/No,  (14)

where P|_g — probability of failure of a single transistor
in the ninefold redundant microcircuit, in the single
transistors of which the defects of SC type are only
possible; Ny — number of the ninefold redundant tran-
sistors in a microcircuit; the other values were defined
above.

By substituting values of pj o, pyand G, at
r=4,5, .., 8 from table 3 and 4 into (14), after trans-
formations we will receive:

Py.xs = (0,012P] 5 + 0,005P] ¢ + 0, 004P) o +

+ 0,006 P + 0,019P] 5 +0,002P 5)/Ng. (15)

5. Failing combinations of the single transistors
in case of the "breakage" defects in them

Let us through G, g, designate the number of the
failing combinations from r single transistors (r = 3,
4, ..., 8) in case of defects of the "breakage" type in a
ninefold redundant transistor (fig. 2). In case of the
"breakage" defects, in all the single transistors of the
failing combination the circuit between poles 1 and 2 in
the circuit of the ninefold redundant transistor will be
broken.

Table 4 presents the failing groups of three transis-
tors (at » = 3) in case of the defects of the "breakage"
type in them. In these combinations the transistors are
presented by their numbers

From table 5 it follows, that

Gs.06p = 3- (16)

A failing group of four (at r = 4) is formed, if the
failing group of three, specified in any line of a three-
line transistor matrix, is included in it, and if one tran-
sistor from any other line of this matrix is added to it.
As a result we will get

G4,06p = G3,06p X (s—1)x kl =
=3Xx(B3—1)x3=18, (17)

where s — number of lines of the specified matrix; k; —
number of transistors in one its line.

A failing group of five (at » = 5) is formed in two
ways.




1. In the failing group of five, the failing group of
three, specified in any line of the three-line transistor
matrix, and a pair of transistors from any other line of
this matrix, are included:

1
G§,36p = G3,06p X (s—1)x ny =
=3x(3—-1)x3=18, (18)

where n; — number of pairs of transistors in the line of
the specified matrix; n; = 3; the other values were de-
fined above.

2. In the failing group of five, the failing group of
three, specified in any line of the matrix, and one tran-
sistor from each other line of this matrix, are included:

2
G§,(26p = G3,06p X(—1) Xk =
=3Xx@B3—-1)x3=18, (19)

where all the values were defined above.
3. The total number of the failing groups of five
will be:
1 2
Gs.oop = Gs'aop + GSogy = 18+ 18 =36, (20)
A failing group of six (at » = 6) is formed in two
ways.
1. In the failing group of six any two failing groups
of three are included:
(h  _
G6706p =k 3, (21)

ap.ctp

where ky,p orp — number of pairs of the failing groups
of three (lines of the matrix).

2. In the failing group of six, any one failing group
of three (i.e. from any line) is included, a pair of tran-
sistors from any other line and one transistor from a
line, which has not been used yet, i. e. from a line, from
which a failing group of three or a pair of transistors

have not been taken yet:

2
Gé,gesp = G306p X (s— 1) Xy X ky =
=3x3—-1)X%x3x3=54, (22)

where all the values were defined above.
3. The total number of the failing groups of six
will be:
1 2
Gs. oop = Géoogp T Goaep =3 +54=57. (23)
A failing group of seven (at r = 7) is formed by in-
clusion in it of any two failing groups of three located

in two lines of the matrix, and any one transistor from
the remaining line of this matrix:

G7,06p = knap.CTp Xk =3%x3=09, (24)

where all the values were defined above.

A failing group of eight (at r = 8) is formed by in-
clusion in it of two any failing groups of three located
in two lines of the matrix, and of any pair of transistors
from the remaining line:

GS,06p =k

Tap.cTp

X =3x%x3=9, (25)

where all the values were defined above.

6. Relative probabilities of the particles’ hitting
into the failing combinations of the single transistors
in case of the defects of the "breakage" type in them

The relative probabilities of the particles’ hitting into
the failing combinations of the single transistors, in case
their defects are of the "breakage" type, are calculated
in a way, similar to the one used in case of the defects
of SC type.

The relative probability of a particle hitting into a
failing combination from r single transistors, in case
their failures are of the "breakage" type in one ninefold
redundant transistor, will be:

My o06p = Gr,o6p/Gr, max> (26)

where all the values were defined above.

By analogy with (13) we will introduce the value of
u; o6p — @ relative probability of a particle hitting into
a failing combination of 7 transistors, in which the pre-
vious (» — 1)-combination at r > 4 did not fail:

l“L;o6p == 1,06p )My, o6p> (27)

where u3 o5, = M3 opp at = 4.

Table 5 presents the values of G, ax, Gy o6p> Hr, 06p

Hroop and (1 — py 6. ) atall r.

7. Probability of failure of a microcircuit constructed
on a ninefold redundant transistors in case of failures
of the "breakage" type in the single transistors

By analogy with (14) a probability of failure of such
a ninefold redundant microcircuit in case of failures of
the "breakage" type in the single transistors will be:

_ 3 4
PM,06p - (“3,06pP1—9/G3,06p + “Z,oGp P1—9/G4,o6p +
5 6
+ “g,o6p P1—9/GS,o6p + MZ,o6p P1—9/G6,06p +
* 7 % 8
* 17, 06p P1-9/Ga.06p T 13.06p L1-9/ T8, 06p)/ Nos (28)

where all the values were defined above.
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By substituting the values of pj ogp, My o5, and
G,,06p at r=4,5, ..., 8 from table 5 in (28), and after
transformations we will get:

P

M,06p (0,012P13_9 + 0,008 Pf‘_g + 0,007})15_9 +

+0,009P0 ¢ +0,009P] 5 +0,08P)¢)/Ng.  (29)

8. Probability of failure of a microcircuit constructed
on the ninefold redundant transistors in case

of the identical types of defects in the single
transistors

At P9 < 1 out of (15) and (25) it follows that

M, 00p = M*

P

M, K3
Py, = 0,012 P} / Ny, (30)

where Py, — probability of failure of a ninefold redun-
dant microcircuit in case of the identical types of de-
fects (SC or "breakage") in the single transistors; the
other values were defined above.

Probability P;_g of failure of a single transistor in a
ninefold redundant microcircuit in case of its irradia-
tion, by analogy with formulas (1—3) in [10], will be

where @y — fluence for a ninefold redundant micro-
circuit; Sg — area of a ninefold redundant microcircuit;
W — probability of damage of a unit of the area of a mi-
crocircuit, whet hit by a particle, defined in the work
[5, (1—12), p. 12—13].

We will present the area of Sg without the area of the
external connections in the following way:

S9 = Sor” No.'r—99 (32)

where s, — area of one single transistor; N, g —
number of the single transistors in a ninefold redundant
microcircuit.

Let us substitute (32) in (31):
P1—9 = (D9 “Sor” No.T—9 "W (33)

By substituting (33) in (30) we will get probability
P,,g of an irradiated ninefold redundant microcircuit in
case of the identical types of defects (SC or "breakage")
in the single transistors:

Py, = 0,012+ (Dg* 55 * Ny19° W)3/N9. (34)
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9. Comparison of the fault tolerance
of the quadrated and ninefold redundant
microcircuits under irradiation

Let us find index o of variation of the fault tol-

€rance:

M-9M

= PM/P9M’ (35)

Cpp-9m

where Pg,, — probability of failure of a ninefold redun-
dant microcircuit, defined in (34). P,, — probability of
failure of a quadrated microcircuit with the quadrated
logic elements without redundancy of their structure,
defined in [10, (3—9)]:

PM = I"L ‘ (q)KB : SO.T : NO.T : W)z/(NKB : Gmax)! (36)
where u — relative probability of a particle hitting into
a failing pair of the single transistors in a quadrated
transistor, p = 1/3, or 2/3; ®,, — fluence of a quad-
rated microcircuit; N, ., — number of the single tran-
sistors in a quadrated microcircuit; N, — number of
the quadrated transistors in a quadrated microcircuit;
Ghax — Maximal number of any pairs of the single tran-
sistors in a quadrated transistor, G,,,, = 6; the other
values were defined above.

In a quadrated microcircuit

Noz =4 Ny (37)
In a ninefold redundant microcircuit

Nyr9=9" Ny, (38)

where Ny — number of the ninefold redundant transis-
tors in a microcircuit.
Let us assume, that

Ny = N = N, (39)

where N — number of transistors in a nonredundant
microcircuit.

Let us assume, that the areas of s, ;. in the ninefold
redundant, quadrated and nonredundant microcircuits
are identical and thus the area of .S of the nonredundant
microcircuit is equal to 1 cm?. Then

Sor = 1/N. (40)

As an example, according to the work [5, p. 12—13]
we take W= 1.5-10"".

Let us estimate the restrictions of fluences @, and
@, from above, taking into account the value of Wand
formulas (37)—(40).

According to [10, (3.3)] we have

Pl = q)KB.SO.T'NO.T. W< 15 (41)




where P; — probability of failure of a single transistor

in a quadrated microcircuit, N, . — number of the single

transistors in a quadrated microcircuit defined in (37).
Taking into account (39) and (40) we will get

N,

S or

0.T

4, (42)

From (41) and taking into account (42) we will find,
that

O, <1/4-W)=1/4-15-1077) =
= 1.67-10°. (43)

We will find the restriction of fluence ®g from above
from the following condition

Py <1, (44)

where P;_g — probability P,_g of failure of a single tran-
sistor in a ninefold redundant microcircuit under its ir-
radiation, defined in (33).

Taking into account (33), (38)—(40) from (44) we
will get

Dy < 1/9-W)=1/9-1.5-1077) =
=0.74-10°. (45)

For simplification and taking into account (44) and
(45) we will assume that

Dy = D, = 10°. (46)

Taking into account (46), (34), (36—40), G,,.x = 0,
W= 15-10"7, u = 1/3 from (35) we will get
a9y = 6.8, and at the same data and p = 2/3, we will
receive oy g, = 13.6.

Atthat, P, =2-10""0at p=1/3 and P, =4-10"1°
at p =2/3, and Py, = 29.53-107 12,

Thus, the ninefold reservation of transistors in com-
parison with their quadration allows us to increase the
fault tolerance of a microcircuit approximately 10 times
in case of the identical types of defects in the single
transistors.

Conclusion

It is shown that the ninefold redundant microcir-
cuits made on the three-line transistor matrixes, in
comparison with the quadrated microcircuits without
redundancy of the structures of the logic elements allow
us to increase the fault tolerance of a microcircuit ap-
proximately 10 times in case of the equal types of de-
fects in the single transistors. But in case of unequal

types of the defects the fault tolerance of the ninefold
redundant microcircuits increases essentially. However,
the ninefold redundancy of the transistors in compari-
son with their quadration demands a 2.25 times in-
crease of the number of the transistors.
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«INVESTIGATION OF THE WALLS OF THE VERTICAL SILICON STRUCTURES
FORMED BY THE METHODS OF DEEP BOSCH PROCESS»
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Puc. 6. Onrnueckne dororpacdna TpaBICHbIX HOBEPXHOCTEIH KPeMHHS
JI0 XHMIIecKoii MOPOBKH (@) 1 HocTe XaMmiecKoii mompoBkn (b)

Fig. 6. Optical photos of the etched silicon surfaces before the chemical polishing (a),
and after the chemical polishing (b)

Pucynox k cratbe K. A. bpexosa
CHANMPIKEHHOCTD JIEKTPUYECKOI'O ITOJIA B INTAHAPHOM KOHIEHCATOPE
HA OCHOBE TOHKOUW CETHETODJIEKTPUYECKO IVIEHKH BaSrTiO,»
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«ELECTRIC FIELD INTENSITY IN A PLANAR CAPACITOR BASED
ON THIN BaSrTiO, FERROELECTRIC FILM»

PO\
S

x107
1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0

\
\

W

|l
R |

Puc. 2. Pacnpenenenne HAIPSBKEHHOCTH TEKTPHIECKOro IO B MEXKICKTPOTHOM OPOCTPAHCTBE OPH NPH/IOKEHAN Ha-
OpPSDKEHAst K 2JIeKTPofaM (CTpeIKaMH IOKA3AaHBI HANIPABICHHE H 3HAYMeHHe BEKTOPAa HANPSDKEHHOCTH JIEKTPHIECKOro
noyst E; iBeroBas TeMmeparypa cOOTBETCTBYET MONY/IO X-KOMIOHEHTHI F )

Fig. 2. Distribution of the electric field intensity in the interelectrode space during application of voltage to
the electrodes (the arrows show the direction and the value of the vector of the electric field intensity E;
the color temperature corvesponds to E_component absolute value)
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