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IpuBeneHbl pe3yabTaThl pabOT IO CO3MAHHIO DICKTPOXHMHYECKOW TEXHOIOTHH MHKPO- U
HAaHOZJICKTPOHHBIX ~ YCTPOMCTB, B OCHOBHOM THODHOHBIX HHTCTPAJBHBIX MHKPOCXEM U
MHOTOKPUCTAJbHBIX ~ MOIyJield. PacCMOTpPEeHbl  TEXHOJOTWH  aTIOMUHHCBBIX  OCHOBaHHIA,
MHOTOYPOBHEBBIX CHCTEM MEXKCOCOMHCHHI H AIIOMHHHEBBIX KOPILyCOB JUIL THOPUIHBIX
HHTETPATBHBIX CXEM U CBEPXOOJBIINX HHTETPANIBHBIX cxeM. [IpeicTaBieHbl pe3ybTaThl paboT Mo
CO3/IaHHI0 JIECKTPOXUMHUYCCKON TEXHOJIOTHH M3TOTOBICHHUSI HAHORJICKTPOHHBIX YCTPOUCTB, TAKHX
KaK MAaTpUYHbIe YIPaBISECMble aBTO3MHCCHOHHBIC KATOJbI M TPAaH3UCTOPHI, paboTaromiue Ha
OCHOBE KBaHTOBOTO 3(h(heKTa 0JJHOIIEKTPOHHOI'O IEPEeHOCa.

Kniouesvie cnosa: aHonupoBaHHE, aTIOMHUHMN, MOPUCTHIN OKCHI aJIOMUHUS, HAHOAJIECKTPOHHBIC
YCTpOMCTBa.

BBeaenue

WHTeHcnBHO BO3pacTatoimye TpeOoBaHus K (DyHKIIMOHATIBHOM CII0)KHOCTH PaiioIEKTPOHHBIX
YCTpPOMCTB, yIy4YlIeHHEe WM COXpaHEHHEe HX MaccorabapUTHBIX XapaKTePUCTUK M HaJleKHOCTH
BBI3BIBAET HEOOXOJMMOCTh IOCTOSIHHOTO TIOMCKA HOBBIX, O(QQEKTHBHBIX KOHCTPYKTHUBHO-
texHonornueckux peuenuii. B BI'YUP (MPTU) naunnas ¢ 1975 r. chopMynupoBaHo U pa3BUBAETCS
HalpaBlieHHEe — OJJIEKTPOXMMHMYECKass TEXHOJOTMS MHKPO- W HAHOAJIEKTPOHHBIX YCTPOWCTB, B
OCHOBHOM THOPHHBIX MHTErPabHBIX MHKPOCXEM M MHOTOKPHCTaNbHbIX Moxynei [1, 2]. B pabote
MIPUBOJATCS OCHOBHBIE PE3YNbTAThl MCCICIOBAHNM, BBIIIOJHEHHBIX B paMKax 3TOr0 HalpaBJieHHS K
HACTOSIILIEMY BPEMEHHU.

AJIIOMMHHEBBLIE€ OCHOBAHUSA

['maBHBIM KOHCTPYKTHBHBIM, HECYLLIUM 3JIEMEHTOM JIFOOOT0 MHUKPOAJIEKTPOHHOI'O yCTpOMCTBa
ABJSIETCSl OCHOBAaHME, HA KOTOPOM MOHTHPYIOTCS BCE (DYHKLMOHAIBHBIE 3JIEMEHTBI. DTO KJIaCCUYEeCKUe
MEYaTHBIC IUIATHI, AMIJIEKTPUYECKHe (CHTaJI, KepaMHKa, TIIOJHKOp, TOJIMHMHUI, CTEKII0) H
MeTajIM4ecKue (CcTanb, Mejib, aJIOMHHWH, THTAaH W Jp.) OCHOBaHUS THOPWIHBIX WHTETPAIBHBIX
MHUKPOCXEM H MHOTOKpUCTanbHBIX Moayned. B  BI'YHUP paspaborana wu nponmoimkaer
COBEPIICHCTBOBATHCS IIEKTPOXMMHUYECKAs TEXHOJIOTHS CO3/aHUS aIOMUHUEBBIX OCHOBaHHMU [3].
BriOop aqroMuHUSI CBSI3aH MPEXKIE BCETO C TEM, YTO OH SIBISETCS €IMHCTBEHHBIM METANIOM, Ha
KOTOPOM METOJIOM aHOJIMUPOBAHMUS MOXHO BBIPACTUTH BBICOKOKAYECTBEHHBIM TUAIEKTPUUECKUHN CIIOM
OKCHJa JIIOMHUHMS TOJILIMHOW /10 HECKOJBKHX COTEH MHKpPOH. B o0miem, mporecc H3roTOBICHHS
ATIOMUHHUEBBIX OCHOBAHHMH BKJIFOYAaeT B ceOsI MOATOTOBKY IMOBEPXHOCTH ATIOMHUHHUEBBIX IIACTHH IO
ypoBHs 13-14-T0 Kiacca MOBEPXHOCTH, aHOJUPOBAHME B BOJHBIX PAaCTBOpax CEPHOM, IABEIICBOH,
¢dochopHOH M IPYyrux KHCIOT, B KOTOPBIX OKCHJ alllOMHHHS 4acTHYHO pacTBopsiercs. [Ipomecc
aHOJIMPOBAHUS TO3BOJIAET TMONYYUTh HA TIOBEPXHOCTH AITIOMHHHEBOH IIIACTUHBI TOPUCTHIN OKCHJ
ATIOMHUHHS TOJIIIMHON OT J0JIed A0 COTeH MHKpOH. [lamee MOpBl OKCHA Pa3IMYHBIMHU CIIOCOOAMHU
3aMONHAIOTCS  JIUUIEKTPUUECKUM MarepuaioM. Takod OKCHA B 3aBUCHMOCTH OT DPEXUMOB

14



(hopMHpOBaHUS WUMEET 3HAYCHHE IUAJICKTPUUECKOW TMOCTOSIHHOW B mpenenax 4-9 u mpoOMBHOE
HampspKeHue mpy ToimuHe okcraa 200 MM coctaBisier 5—10 xB.

OcHoBaHHS MOTYT OBITh WCIIONB30BAHBI ISl HM3TOTOBICHHUS THOPHUIHBIX MHKPOCXEM U
MHOTOKPHUCTAJIBHBIX MOJIYyJIeH MO 000N M3 W3BECTHBIX TOHKOIUICHOYHBIX M TOJICTOIJICHOYHBIX
texHonornii ¢ HE3KkoH (200-300 °C) TemmepaTypoil BXKWTaHWS MacT. Takue H3ACHHsS O0NaNaroT
MOBBILICHHOH YAEIBHON paccerBAEMOM MOIHOCTBIO M MEXaHUYECKOM MPOYHOCTHIO. B okcune moryt
ObITh c(HhOPMHUPOBAHBI KOHTAKTHBIC MEPEXOAbl HAa AIOMHUHHMEBYIO OCHOBY IJISi Pa3BOJKH HHUTAHUS
CXEMBl M JIOKaJbHBIC MECTa JUIsl YCTAaHOBKW, HAIPUMEP, MOIIHBIX AaKTHUBHBIX JJICMCHTOB WIIH
cBepxOompmmx  wHTETpaIbHBIX  cxeM (CBUC) [4]. IlpumeHeHWe TakuX OCHOBaHHMH BechbMa
nepcrekTuBHO B ycrpoiictBax CBY. Jlemo B Tom, 9TO ¢ yBenmudeHHWeM pabodeld 4acTOTHI TOJIIIMHA
JU3JICKTPHUUECKOT0 OCHOBAHMS JODKHA YMEHbIIAThCs U B AnanasoHe Boime 50 [T ona cocraBisier
200-300 mxm. M3roToBUTHh TakMe OCHOBAHWS B IPUHIIMIIE BO3MOXXHO, OJHAKO OHU JOPOTHE W UX
IUIOLIAAb M3-3a HU3KOM MEXAHMYECKOW MPOYHOCTM BeCcbMa orpaHuuecHa. [lanbHeilliee yBeanyeHue
4acTOTHl eie Ooublie ycyryomser curyanuto. Eme B 1979 r. Ha BcemupHoii. koH(pepeHIMH 10
paanouyactoTaM ObUI YTBEP)KICH IUIaH MCIOJIB30BaHUsI MHJUIMMETPOBOTO JAMara3oHa BOJH Bbiie 40
I'Tu, KOTOpBIil MpeaycMaTpUBall LIMPOKOE Pa3BUTHE TEXHUKU KpaitHe BhicOKHX dacToT (30300 I'T'ir)
u runepsbicokux 9acToT (300-3000 I'T'ry). B cBsi3u ¢ 3TUM npUMeHEHHE aTFOMUHUECBBIX OCHOBAaHHH C
YKa3aHHBIM BBIIIE JTUANa30HOM TOJIIWH JUAJIEKTPHUECKOTO CIIOS Cceiuac paccMaTphBaeTcsl Kak
€IMHCTBEHHBIN, TOTOBBI K HCMOIF30BaHUIO BapHaHT [S].

MHoroypoBHeBasi CUCTEMA MeKCOCSANHEHUI

s  nmanpHeimero pasButus dStuX padbor B BI'YUP pa3paborana W npojaoimKaeT
COBEPILEHCTBOBATHCS  JIEKTPOXUMHUYECKAs] TEXHOJOTHS - CO3IaHUS MHOTOYPOBHEBOM CHCTEMBbI
mexxcoequaennit (MCM). Ee anamorom mocimyxuja TEXHOJNOTHS CO3JaHMA IJIAHAPHOM CHCTEMBI
OJTHOYPOBHEBBIX MEKCOCTUHEHUH, KOTopas mosisuiack B 1971 1. [6]. OnHa 3akiodaercs B TOM, YTO Ha
MOBEPXHOCTh AUAIEKTPUUECKOIO OCHOBAHUS HAMBUIAIOT IJICHKY aJTFOMUHUS, POBOSAT MaCKUPOBaHHUE
MOBEPXHOCTH OyIyHmMX MAOPOKEK U QIIOMHUHMHA MEXIY [JOPOXKAMH 3JIEKTPOXUMHUYECKUM
aHOJMPOBAaHUEM TMpeBpamiaroT B okcupa ~amomuHus (AlpOs) B oTiMuMe OT  HM3BECTHBIX
TEXHOJIOTMYECKUX PELICHHUH, KOTAa METaJUT MEXIY MPOBOIALIMMH JOPOKKAMHU BBITPAaBINBaeTCa. JDTa
uznes Oputa pazsuta B BI'YUP [1, 2] u k HacTosiieMy BPEMEHHU IOIyUYEHBI CIEIYIOLINE PE3yIbTaThl.
CozaHa TEXHOJIOTHMS MHOTOYPOBHEBOM CHCTEMBI MeXcOoenHHeHUul [7, 8], B KOTOpPOH peleHsI
BOIPOCHI TIAHAPH3ALUHN KaXKIOTO YPOBHsI, (POPMUPOBAHNE MEXYPOBHEBBIX KOHTAKTHBIX MEPEXOJIOB
0e3 UCroJIb30BaHMs Mpolecca TPABICHNUS MEXKYPOBHEBOTO AMIICKTPUKA W JIy>KCHHS aJIOMHHUEBBIX
MOHTaXHBIX ToIOMAMOK [9]. OHa mo3BonsieT co3aaBath MCM ¢ MUPUHON TOPOKEK METALTU3AIUN U
paccTosHuEM MEXAY HUMU 5 MKM U OoJiee.

i
i
i
:

Puc. 1. dororpaduy MHOTOKPHUCTAIBHBIX MOJYJIEl ¢ MHOTOYPOBHEBOI! IIIaHAPHOM CHCTEMOI MEXCOSTNHEHUH,
U3TOTOBIIEHHBIX M0 3JIEKTPOXUMHUYECKON TEXHOJIOTUU
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Krnaccrndeckoe KoanuecTBO MIaHAPHBIX YPOBHEH — 5 (IBa CUTHAIBHBIX, 1BE MIMHBI TUTAHUS U
OJIMH MOHTaXxHbIH). IIpoOMBHbIC HANPSHKEHNST MEXIY JOPOXKKAMU METAIIM3allMK Ha OAHOM YPOBHE U
Mexnay ypoBHsAMH coctaBisitor 6onee 100 B. Tommuaa mopokek — mo 5 MkM. PasButmem aroif
TEXHOJIOTHH SIBUJIACh pa3paboTKa KOHCTPYKTHBHO-TEXHOJOTHUYECKMX MeToJ0B cozfganusi MCM co
BCTPOCHHBIMH B €€ O0beM IaCCHBHBIMH TOHKOIIJICHOUYHBIMH 3JIEMEHTAMH, pPE3UCTOpaMHU U
koneHcaropamu [ 10]. Pe3ucTopbl MOTyT OBITh H3rOTOBIICHBI Ha OCHOBE TuieHOK Ta u TaAl u mo0bIx
M3BECTHBIX PE3UCTUBHBIX MAaTEPHUAJIOB, a KOHIAEHCATOPHl — HA OCHOBE OKCH/I0B BEHTHWJIBHBIX METAJJIOB
(Al, Ta, Nb, Ti). Ha puc. 1 nmoka3zansl ¢oTorpaduii MHOTOKPUCTAIBHBIX MOJYJIEH ¢ MHOTOYPOBHEBOM
IJIaHAPHON CUCTEMOM MEKCOCTHMHEHHM, N3TOTOBJICHHBIX IO pa3pad0TaHHON TEXHOJIOTHH.

ANIOMUHHEBas CHCTEMa MEXXCOCIUHEHUI IPOUTPHIBAET [0 BEIWYMHE CONPOTUBICHUS
MEIHBIM MEKCOCAMHEHHUSM U €€ IPUMEHEHHE B psijie ciydyaeB orpanuueHo. [loaromy Obl1 pazpaboTtan
TEXHOJIOTHUYECKUH Tiporiecc IuraHapaoii MCM, B KOTOpOil BMECTO aJIOMHHHEBBIX JOPOKEK
dopmupyroTcs MenHble. M30ms1us Mexay JOpOoKKaMH METaJUIN3allii M YPOBHSIMHU 00€CIIeUMBaCTCS
ANEKTPOXUMHUYECKUM aHOJHBIM OKCHIOM amoMuHus. llocrnemoBaTenbHOCTh 0a30BBIX  OMEpanuit
COCTOUT M3 MOCIEA0BATEIBHOTO HANIBUICHUS MJICHKH TaHTala W aJFOMUHHMSA, TIOJIHOTO CKBO3ZHOTO (J10
TaHTaj]a) NPEBPAICHUS AIOMHUHUS B MOPUCTHIA OKCHJ METOIOM aHOIUPOBaHUs, (popMupoBaHus Ha
MOBEPXHOCTH OKCHJIa MAacKH B MECTax OyAyIIeH M30JIALUN MEXAY TOPOKKAMH, TPABJICHUS OKCHIA IO
TaHTalla, 3JICKTPOXUMUUYCCKOIr0 OCaXACHHA MCAU B BBITPABJIICHHBIC KAaHABKKW OO0 3aIIOJIHCHUA. Tak
MOJTy4YaroT TIEPBBIN TUTaHAPHBIN YPOBEHb METHBIX MekcoennHeHu. [1s popMupoBaHUs CIeIyIOMIero
YPOBHS OTIE€pAIFH TTOBTOPSIOT. BaXKHO OTMETHTH, UYTO B pa3pabOTaHHON aBTOpaMH METHOW CHCTEMe
MEXXCOeMHEHUH IJIaHapu3alus BIEpPBbIE JOCTUTAETCS 3a CUeT IJIEKTPOXUMUYECKOIO OCaXACHUS U
TpaBieHUsT Mead Oe3 NpPUMEHEHUs B IOJOOHBIX CHUCTEMax BeChbMa JOpPOrOCTOSINEro mporuecca
XUMHKO-MEXaHUYECKON TOINPOBKH.

AJIlOMUHUEBBIE KOpIyCa

Hcnonp3oBaHNe OCHOBHBIX MPHHILMIIOB 3JIEKTPOXUMHUECKON TEXHOJIIOTHH AaHOJAWPOBAHUS
ATIOMUHHS  OKa3zajoch BechbMa dS(O(EKTHBHBIM. W JUII CO3MaHUS KOPIYCOB THOPHIHBIX H
MOJTYIIPOBOAHUKOBBIX MuKpocxeM [11]. Ha puc. 2 mpeacraeneH BapuaHT kopiyca rudpuanoi MC ¢
AJTIOMMHHUEBOM IIOJUIOKKOM B  KadecTBE HECyIlle KOHCTPYKLMM. Takoe KOHCTPYKTHUBHO-
TEXHOJIOTHUYECKOE PELICHUE JAaeT BO3MOYKHOCTh UCKIIOUYNTh METAUIOCTEKIITHHBIN KOPITYC, COKpAaTHTh
YUCIIO COOPOYHBIX Ofepanuii u B 2—3 pa3a yIydIlIuTh XapaKTEPUCTHKH MUKPOCOOPKH.

7 6

Puc. 2. AnroMHHNEBBIN KOPILYC THOPUIHBIX HHTETPATIBHBIX CXEM:
1 — Merayuinueckast Kpblilka, NpurnanBaemMas K 000Ky; 2 — KOHTAKTHbIE [UIOIA/[KU BHEITHUX BHIBOJIOB;
3 — cnoii manexrpuka; 4 — kpucrawisl BUC; 5 — anomMuHueBoe OCHOBaHKE; 6 — IByXypOBHEBasi cucremMa
MEXXCOEIMHEHUH; 7 — U30JIMPOBAHHBIN Jy)KEHBII MeTaIndeckuii 00010k

DIEKTPOXUMHUYECKAs] TEXHOJOTUS MO3BOJISIET U3rOTABIMBATh TAKXKE aTIOMUHHUEBBIE KPUCTAJI-
nonocurenu 1 kopryca it CBUC. Oaun U3 BapuaHTOB TaKOr'o KOpIyca MoKas3aH Ha puc. 3.
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Puc. 3. Amomunuessiii kopmyc CBUC

MeToioM XMMHUYECKOTO TPABICHHS WM DJIEKTPOIPO3UOHHBIM CHOCOOOM B AIFOMHUHHEBOM
TuTacTuHe 3aroToBkH 1 hopmupytot yrimyonenue oz kpuctamt CBUC. IIpoBoasT rirybokoe nopucroe
AQHOAMPOBAHHUE [UIS CO3AAHMS CIUIOIIHOIO JUAJIEKTPUUYECKOro ciod 2. MetogoMm ¢ortoaurorpadhuu u
TpaBJIEHUSI OTHAEIbHO H3TOTABIUBAIOT BBIBOJHYIO pPAaMKy 3, KOTOPYIO 3aTeéM IIPUKIEHBAIOT K
OCHOBAaHHWIO KOpIyca MW NPHKHAMAIOT aHOJMPOBAaHHOW altoMHHHEBOW pamkoi 4. B yriyOmnenue
yctanaBiauBarT kpuctamul CBUC 5, npou3BoAsST COCAMHEHUE KOHTAKTHBIX IUIOMIANOK KpUCTaia C
ruOKUMHU BBIBOJAMHU. Jlamee K aNrOMHHHEBOW paMKe MPHUKIEHUBAIOT KPBIMIKY 6 Kopmyca. Bmecto
KJICEBOTO COEIMHEHMs] KpBIIIKM W BBIBOJOB BO3MOXKHO MHCIHOJIb30BaHHE cTekina. Ha puc. 4
npeacTasieHs! GoTorpaduy aMIOMUHIEBBIX KOPILYCOB, M3TOTOBAEHHBIX MO0 YKAa3aHHOM TEXHOJIOTHH.

Puc. 4. q)OTOI"pa(I)I/II/I AJIFIOMHUHHUCBLIX KOPITYCOB, U3TOTOBJICHHBIX I10 BHCKTpOXHMHqCCKOﬁ TCXHOJIOTHHU

anaBJmeMble MaTpUYHbIC ABTOOMUCCUOHHBIC KATOAbI
Ha OCHOBE MMOPUCTOIo OKCHAA AJIIOMUHHUSA

ABTOAMHUCCHOHHBIC KaTOBI (XOJIOJHBIE AIMUTTEPHI) — 3TO HCTOYHUKHU AJICKTPOHOB, TPHUHIIAIL
paboThl KOTOPBIX OCHOBaH Ha SBJICHUW AaBTOAJIEKTPOHHOH 3MHCCHUHM, T. €. Ha TYHHEIUPOBaHUU
AJIEKTPOHOB IO/ JACUCTBUEM IPHIIOKEHHOTO AIEKTPUUYECKOTO TOJIS Yepe3 MOTEHIIMAIBHEIN 0aphep Ha
TpaHHUIlE pa3fena «TBEPAOE TEN0-BaKyym». BeposSTHOCTh Takoro TYHHEIWPOBAHUS OMpEAeNseTcs
BBICOTOW TIOTEHIMAILHOTO Oapbepa (pabdoToi BBIXO/[a) M BEIMYHMHON MPHIIOKEHHOTO 3JIEKTPUIECKOTO
TOJISL.

Jng momydeHuss aBTOPMHCCHOHHOTO TOKa C TIOBEPXHOCTH KaToAa TpeOyeTcs co3aaTh
HanpsokeHHocTh moas 10°-108 B/cm. Jlns TunmusOro 3HaueHus paboTsl BeIxoza 4,5 5B mpu TOM
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JIOCTHTaeTcs IOTHOCTh Toka ~107 A/cm?. TlpenenbHble 3HAYEHHS TIOTHOCTH TOKA MOTYT JOCTHTaTh
10'° A/cm?. OueBHaHO, YTO TaKWe 3HAYUTEIBHBIE ITOJI HEBO3MOKHO CO31aTh M3-3a Mpobos (1axe B
OYEHBb BBICOKOM BaKyyMe), €CJIH 00JIacTh OAHOPOIAHOTO OISl OYAET MPEBHIIAaTh IUIOMAAb, OONBIIYIO
HECKOJBKMX KBaJpaTHBIX MUKPOH. IMEHHO MOATOMY aBTORJIEKTPOHHASI SMHUCCHUS PEANTHU3YETCsl TOIBKO
Ha Kartomax B (opme octpust winu ne3Bus. [lomoOHbIe KaTompl BecbMa IPUBJIEKATENIBHBI: OHHU
o0namaoT O4YeHb OONBIION IUIOTHOCTHIO TOKA, HE TpeOyIOT TIOJOrpeBa, MPAKTHIECKH
0e3bIHepIOHHEI. J[J1s1 IPUMEHEHHsT YCTPOWCTB C aBTOAIEKTPOHHON SMHUCCHEH B Ka4eCTBE AJIEMEHTOB
PaIMOTEXHUYECKUX YCTPOUCTB BeChbMa Ba)KHO, YTO BOJBbTAMIICPHAs XapaKTEPUCTHKa aBTOKATOAOB
CWJIBHO HEJIMHEWHA.

CrnexTp NpUMEHEHHs aBTOOMHCCHOHHBIX KaTOJOB YPE3BBIYAWHO INIHPOK: OT NPHOOPOB
BAKyyMHOH 3JEKTPOHUKH 10 3((QEKTHUBHBIX HCTOYHHMKOB CBETa pa3IUYHOro HasHadeHus. Ho,
NOXKalyd, caMasi IIepCIeKTUBHAsA 001acTh — IUVIOCKHE aBTOAMHUCCHUOHHBIE AUCIUICH Ui MOHUTOPOB M
TEJIEBU30pPOB, HE YCTYHAIOIIUE 3JICKTPOHHO-IYUYEBBIM IHCIUIESAM II0 pa3pelleHuro ' sipkoctd. st
TaKuX MPUMEHEHHH He00X0IUMO (HOPMHUPOBATEH OOJIBIINE MATPULBI ABTOSMUCCUOHHBIX KaTOAOB. Jlis
9THX LEeJNeH MOTYT HCIOJb30BaTHCS BHICOKOYMOPSAOYCHHbIE HAHOMOPHUCTBIE CTPYKTYPHI aHOJHOTO
OKCHJa aJTIOMUHU, B KOTOPOM IOPHI 3aII0JTHEHBI METAIIOM.

AJIIOMUHHMIA BBICOKOW CTEIIEHU YHCTOTHI NPU 0OpPabOTKE METOAOM  JBYXCTYIIEHYATOrO
aHOJMPOBaHUs 0Opa3yeT BBHICOKOYMOPSIOUCHHBIE IOTHOYHAKOBaHHBIE MAaTPUIBl HAHOTIOP B OKCHJIE
ATFOMHUHHS ¢ auamMeTpoM 1mop ot 1 go 200 uM u Oonee, pacCTOSHHUEM MEXAY MOPAMH, PaBHBIM JBYM
WX THAMETpaM, ¥ BRICOKUM COOTHOIIIEHHEM TITyOHHEI Top K uX auamerpy ot 1 go 10000 u Gonee. s
Co3aaHrd aBTOOMUCCHUOHHBIX KAaTOAOB TAaKUC MATPHULBI «3allOJHAOT MCTAJUIOM MYTEM HUX
AIIEKTPOXUMHUYIECKOI 00pabOTKH B pacTBOpax coyieit MeTayuioB [ 12]. YrpaBistomuii S1eKTpo (CEeTKa)
dopMmupyeTcs B pe3ysibTare BaKyyMHOTO HAIbUICHUS METajula Ha MOBEPXHOCTh CTEHOK IOp H
MO3BOJIICT YIPABIATH MOTOKOM DJIEKTPOHOB. MCTIONB3ysl pa3indHbIe TEXHOJIOTUIECKUE MTPUEMBI, HaJl
IMMOBECPXHOCTBIO KaTOAOB MOKHO CO34aTh aHOA U MOJYUYHUTh q)aKTI/I‘IeCKI/I aHaJior C-)HGKTpOHHOI\/'I JIaMIIbI,
a GopMupysl TaKue MUKPOIAMIIbl B JIOKAJIBHBIX MECTaX M COCOUHAS MX COOTBETCTBYIOLIMM 00pa3oM,
MOXHO peanu3oBath BakyymMHyto BHC. Ha puc. 5 mnokazanel MUKpoQoOTOrpapuu MOTYYEHHBIX
CTPYKTYP, BBITIOJIHEHHBIE C TIOMOIIBIO CKAHUPYIOMIETO 3JIEKTPOHHOTO MUKPOCKOTIA.

@g o *"«ﬁ%':

a

Puc. 5. BoicokoynopsijoueHHbIe MaTPHUIIBI IOP B aHOJHOM JTUOKCH/IE aJTFOMUHMS, 3aII0JIHEHHbBIE
HUKEJIEM: d — BUJI CBEPXY; O — IOTEepeyHOe CEUCHNE

Honepeque CCUYCHUEC MAaTPUYHBIX AaBTOOMHCCHOHHBIX KaTOAOB C KOHTPOJIbHBIM 3JICKTPOJIOM
CXCMATHUYCCKHU NMPCACTABJICHO Ha pUC. 6.
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Puc. 6. Honepeque CCUCHUC MATPUYHBIX aBTOOMUCCUOHHBIX KaTOAOB C YIIPAaBJIAIOIIUM
DJICKTPOAOM: 1- JAUDJICKTPpUYCCKasA MaTpulia aHOAHOT'O OKCHUIa aJTIOMUHUS 2 — METaJUIMYECKUE
OMUTTCPBI; 3- praBJ’IHIOIIlI/Iﬁ QJICKTPO, 4 — MeTayIMYecKas IOJJIOXKKa

OIIHOZ)J'ICKTI)OHH])IO TPaAH3UCTOPHbI HA OCHOBEC AHOHOI'0 MOPUCTOI0 OKCUAA AJTIOMUHUSA

Ecmm wmexay AByMs TpPOBOJHMKAMH CO3JaTh OYEHh MAJOro pa3Mepa CIOH H30IsTOpa
(TyHHENBHBIA TEepexo), TO, COTIACHO OCHOBHBIM NPHHITUIIAM KBAaHTOBON MEXaHWKH, AIIEKTPOHBI
MOTYT MEPEXOIUThH Yepe3 U30JISITOP C OAHOTO MPOBOTHHUKA HA APYTOH — «TYHHEIMPOBaThy. B oTinmuue
OT OOBIYHOTO JIBMKEHUS JIIEKTPOHOB B NMPOBOJHUKE, KOTOPOE 3aBHCHUT JIMIIL OT MX KOJUIEKTHBHBIX
CBOICTB, MPH TYHHEINPOBAHWUHU MPOSBISAIOTCS WHAWBUIYATIbHBIE XapAaKTEPUCTUKN KKIOW YACTHIIBL.
DJNEeKTPOHBI MPOXOAAT Yepe3 CIOH M30JSATOpa MO OTACIBLHOCTH M 3TO T03BOJISIET 3aperHCTPHPOBAThH
nepeMellieHre C TMPOBOJHMKA Ha NPOBOAHMK JaK€ OIJHOTO M3 HUX. Beab ¢ TOYKH 3peHHS
PaMOdNIEKTPOHUKN TYHHENBFHBIA TIEPEXOJ — AOTO TMPOCTEHIINKA KOHJEHCATOp, a TYHHEIHPOBaHUE
AIIEKTPOHOB TIPHUBOAWT K HEOONBIION TMepe3apsiKe TaKOro KOHACHCAaTOpa W, CIeN0BaTelbHO, K
M3MEHEHHUIO Ha HeM HampsbkeHus. Ecnm mimomans W COOTBETCTBEHHO €MKOCTh MEepexo/ia JI0CTaTOYHO
Maypl, TO Tepe3apsaka Iake Ha OJWH DIIEMEHTAPHBIA 3aps] TMpHBEIeT K 3aMETHOMY CKadKy
HaTPSDKEHUS.

VYnpasieHue eIMHUYHBIM DJIEKTPOHOM OBLIO BIEPBBIE MPOJEMOHCTPHPOBAHO MHILTMKEHOM
elle B caMOM Hayajie CTOJICTHS, HO B TBEPJOTEJILHBIX CXeMax He OCYIIeCTBISIIOCH 10 KoHna 80-X IT.,
HECMOTpSl Ha HECKOJIBKO pPaHHMX OCHOBOMoOJararomux pador [13—16]. I'maBHOW mpuumMHON 3TOH
3aJiep)KKH  SIBIISIETCSL  TO, YTO. . yIpaBJeHHWe TpeOyeT BOCIPOU3BOAMMOrO  (HOpMHUpPOBAHUS
JUDJICKTPUUECKUX TYHHENBHBIX MPOMEXKYTKOB M HMX TOYHOI'O PACIOJNIOKEHHS 1O OTHOIICHUIO K
BHEIIHUM 3JIeKTposiaM. HeoOxomumble mMpoliecchl HAHOTEXHOJOTHUH ObLTH pa3paboTaHBl TOJIBKO B
MOCIIEIHNE J[BA JECATWIETHS, YTO NPHUBEIO0 K WHTCHCUBHOMY pAa3BUTHIO OJHO3JEKTPOHUKH,
OCHOBaHHOW Ha 3(PQeKTe KOPPeTUPOBAHHOIO OIHOIICKTPOHHOro TpaHcnopra [17, 18]. Teopus
OTMCAHHBIX SIBJICHUH CO3/]aBajlach YCHJIMSIMA MHOTHX YYEHBIX, HO peIlarollvii BKJIaJ B Hee BHeEC
mockoBckuil pm3uk K.K. Jluxapes, KOTOpBIH TEOPETUYECKH PACCUUTAI, a TIOTOM DKCIEPUMEHTAIIEHO
00HapyX I 3PPEKT OHOIICKTPOHHOTO TYHHETUPOBAHHMS.

[Ipenmnonoxxum, 4To Kakoi-TO M3 SJIEKTPOHOB Mepeliesl CKBO3b H30JSATOP HE3apsHiKEHHOTo
nepexona. [Ipu 3ToM Ha mepexojne cpa3y ke MOSBUTCS HANPsKEHHE, MPEISATCTBYIONIee BHKCHUIO
CIEITYIOINUX YaCTHUI, — IMPOCKOYMBIIHUI JIIEKTPOH CBOWUM 3apsOM OTTAJIKHBAET COOpaTheB. IJTO
SIBJICHUE OBLTO HA3BaHO KYJIOHOBCKOM Ojokamoi. M3-3a 6110Kaasl 04epeIHOM IEKTPOH MPOMIET uepe3
M30JISITOP TOJIBKO TOTAA, KOTJA MPEAbIAYIINEI yIaInuTCs OT mepexoia. B pesysnpraTe 4acTHLBI CTaHYT
NIEPECKaKMBaTh C MPOBOJIHUKA HA MPOBOJHUK Yepe3 OINpeIesIeHHbIE TIPOMEXYTKH BPEMEHH, a 4acTOTa
TaKUX TEPECKOKOB — OJTHOYJICKTPOHHBIX KOJeOaHWHA — OyIeT paBHA BEITWYMHE TOKa, JCICHHON Ha
3apsi]l AJIeKTpoHa. Tereph MpelcTaBuM, YTO YAaJO0Ch MONIYYUTh CHCTEMY M3 JBYX IOCIIE0BATEIHHO
COCIMHEHHBIX MEPEeX0/I0B, HAHOOCTPOBOK METaljla M TyHHEJIbHBIA CIIOM M30JIATOpa, OTIENIEHHBIH OT
NOJXOMAIIMX K HEMY C JBYX CTOPOH MpOBOJHHKOB. OT 3apsja Ha OCTPOBKE OyIET 3aBHCEThH
MPOHHUIIAEMOCTh O0OUX TEPEXOJ/I0B, 3HAYHUT, MEHSS ATOT 3apsj, HETPYAHO YIPAaBIATH TOKOM dYepe3
cucreMy. Ha Takux ycrpoiicTBaXx (OZHORJEKTPOHHBIX TPAH3UCTOPAX) MOXHO ITOCTPOUTH IOUYTH
mo0yI0 cXeMy — aHaloroBylo wWiM IH(poByro. TyHHENbHBI Nepexo] B YKa3aHHOH cUCTeMe
npoucxomur ~10Y2 pas B cexyHmy. DTO TEOPETHYECKHM MO3BOISET CO3[aBATh MHUKPOCXEMBI,
paboratomue Ha yactotax 100-1000 I'T'1, HO mpu 3TOM OHM OyAYT NOTPEOJIATH OYEHb Majo SHEPTUU
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(Ha HECKOIILKO TOPSIKOB MEHBIIIE, YeM COBPEMEHHBIC TOJIYIPOBOJIHUKOBBIC), HECMOTPS Ha BBICOKYIO
TUIOTHOCTH 3JieMeHTOB. llociemnee OOCTOSTENBCTBO MPENOTBPATUT yIrpo3y cOoeB B pabore m3-3a
TIeperpeBa, 4To SBISETCS OTPOMHOMN MPOOIEMOH TSl TTOTYTIPOBOJHUKOBBIX CXEM.

Ecnu 3a cueT TemnoBoro ABMKEHHS YacTUIIA proOpea JOCTaTOUYHO OOJBIIYIO SHEPTHUIO, OHA
MOJKET TPOPBaTh KYJIOHOBCKYIO Omokamy. [loaTomy mnsi Kakaoro OHO3JIEKTPOHHOTO YCTpPOMCTBa
CYIIIECTBYET CBOSI KpPHUTHYECKash TeMIlepaTypa, BBINIE KOTOPOW OHa mepecTaer paboTarth. JTa
TeMmreparypa oOpaTHO MpPOMOPLUUOHANFHA IUIOMAAN TIepexoja: 4YeM MEHbBIIE €ro €MKOCTb, TeM
0OJIbIIIe CKAYOK HATIPSHKEHHMSI U TEM BBINIE Oapbep KYJIOHOBCKOW OJIOKAJIbI.

[lepBBIii TYHHETBHBIH OIHOAIEKTPOHHBIM TPAH3UCTOP, PabOTAIOMIMA TPU CBEPXHU3KHUX
Temmeparypax, 0pu1 moctpoeH B MI'Y um. M.B. JlomoHOCOBa (OZHOBPEMEHHO 3TO K€ CIENNajH
amepukaniibl). OJTHAKO CBEPXHU3KHE TEMIIePaTyphbl BOJIM3H HYJIS 1O IiKane KenbBHHA HEMPUEMIICMBI
MPH MacCOBOM MPOM3BOJCTBE KakmX OBl TO HU Obul0 ycTpoiictB. ['opa3mo Oompmuii wHTEpeC
MIPEJICTABIISIOT TPAH3UCTOPHI, PYHKITMOHUPYIOIINE IPpH KOMHATHOW Temrieparype (oxoio 20 °C). [ns
3TOro TPeOYETCS YMEHBIIUTh Pa3Mephl UX (PYHKIIMOHATBHBIX SJIEMEHTOB JI0 HECKOJILKMX HAHOMETPOB.

Mertoapl, HCIONb3yeMble B 00NAacTH HCCIeNOBaHWUU (TIaBHBIM 00pa3oM, CKaHUPYIOIIAs
TYHHEJIbHAasI MHKPOCKOMHSI), TO3BOJISIOT IONYYUTh OJHOIJICKTPOHHBIN TpPaH3UCTOP TpeOdyeMoro
pa3Mepa. OHAKO TaKUe METOJIbI IPAKTUYCCKH HEBO3MOXKHO MPUMEHHUTh B MAcIITa0ax BCEH IJIACTHHBI
WM XOTS OBbI HA YPOBHE OTACIHHOIO YHIIA M3-3a X OUCHb HU3KOW CKopocTu. PaspaboTka mpoieccos
HAHOTEXHOJIOTMA Ha »JToW ocHoBe s mupousBoactBa CBUC  (Hanpumep, OXHOBPEMEHHOE
CKaHHPOBaHWE HECKOJIBKUMHU OJJIEKTPOHHBIMUA ITydKaMH) OIPENE]ICeHHO NOoTpe0yeT MHOTONETHEH
paboOTBl W OrPOMHBIX (HHAHCOBBIX 3aTpaT. [loaToMy OBLIO Hake BBICKA3aHO OIACCHUE, YTO
MOTEHIIMABHBIE 3aMedaTenbHble BO3MOXHOCTH OJT HuKorma He OyQyT peann30BaHBI H3-3a
TEXHOJIOTHYECKUX W/WITH SKOHOMUYECKHX OrpaHn4eHuni [19].

OZIHaKO BbIXOJ  €CTbh. Hamn g CO3JaHUuA - MHOT'OOCTPOBKOBBIX  OOHO3JICKTPOHHBIX
TPaH3UCTOPOB, PAOOTAIOIINX MPH KOMHATHOHM TeMIiepaType, MPeJIOKEHO MCIONb30BaTh YKa3aHHBIE
BHIIIE Ca-MOOPTaHW30BAaHHBIE HAHOpPA3MEpHBIE CTPYKTYpPHl TOPUCTOTO OKCHAA aTIOMUHUS,
3aMoJIHeHHbIe MeTaioM. Ha puc. 7 moka3aHbl KOHCTPYKIIMA MHOTOOCTPOBKOBBIX OJJHORJIEKTPOHHBIX
TPaH3UCTOPOB, U3TOTABIMBACMBIX 110 YKa3aHHON TeXHOJIOTHH.
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Puc. 7. KOHCprK].[I/II/I OJHOJJICKTPOHHBIX TPAH3UCTOPOB HAd OCHOBC CaMOOPIraHM30BAHHBIX HAHOPA3MEPHbBIX
MaTpull IOPUCTOTO0 OKCHJA aJTFOMUHUSA, 3alI0OJIHCHHBIX METAJIJIOM

Kax BHIHO U3 pUCYHKa, JaHHAs TEXHOJIOTUS MO3BOJSET CO3JaBaTh Pa3lIMYHbIE KOHCTPYKIIUU
ONTHOBJIEKTPOHHBIX ~ TPAH3MCTOPOB, B KOTOPBIX YIPABIAIOMMN  3JEKTpox  (3aTBop) Oyzer
pacmosiaraTbcs B OAHOM IIIOCKOCTHU € JIEKTPOAAMH HCTOK-CTOK MJIM HMXKE HCTOK-CTOKOBBIX oOyacTeit
u (QOpMHUpPOBATBCSA 10 HM3TOTOBJIEHUS MHOTOOCTPOBKOBBIX OJHORJIEKTPOHHBIX MaTpull. JlaHHBIM
CIOCOOOM MHOTOOCTPOBKOBBIE OJIHOAJIEKTPOHHBIE TPAH3HCTOPHI MOTYT CO3JIaBaThCsl OJJHOBPEMEHHO
Ha BCEHW INIaCTHHE H JaXXE€ Ha NapTUX IUIACTUH TPYIIIIOBBIM CHOCO6OM, KaKk U TpaauIIUOHHBIC
NOJYIPOBOAHUKOBBIE CXEMBbl. TpagulMOHHbIE MeTOAbl (QOToIMTOrpaduyu, HCHONb3YEMBbIE B
COBPEMEHHON TEXHOJOIMH MHKPOIEKTPOHUKH, MOTYT OBITH HMCIOJB30BaHBI Ui (OPMHUPOBAHUS
JEKTPOAOB 3aTBOpa, UCTOKAa M croka. Kpome Toro, mpezyaraeMmblii METOJl XOPOILIO COBMECTUM C
TEXHOJIOTHEN TPaJUIMOHHON KPEMHHEBOM MHUKPOVIEKTPOHUKH U TMOIXOAMT Ui HWHTETPUPOBAHUS
TPaH3UCTOPOB B cxeMy. [Ipu 3TOM HET He0OX0IMMOCTH pa3padaThIBaTh HOBBIE MPOLIECCH TEXHOIOTUI
co3manusa MukpocxeMm. Crnenyer ormetuth, uTo CBUC Ha OCHOBE OAHOAIEKTPOHHBIX TPAaH3UCTOPOB,
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CO3/1aBaeMbIX MpeLIaraéMbiM CIOCOOOM, MOTYT CO3/1aBaThCsl HE TONBKO HAa KPEMHHEBOM, HO H
MPaKTHYeCKd Ha JIOOOM OCHOBAaHMM — JWIJNIEKTPUYECKOM WM MeTauimdeckoM. Bce 3T0
MPUHLMITHAIBHO W3MEHSAET MpEeACTaBIeHHEe O KOHCTPYKIMH W TexHoJoruu He Toinbko CBUC, HO m
BOOOIIE PagHodIeKTPOHHBIX m3aenuid [20-45]. DrTo TOmbKO TmepBBI MIAar K  pealbHOMY
ocymecteieHnio Hepopororo OOT, paboTaromiero mpy KOMHATHOW TeMITEpaType 1 MOAXOISIIETO IS
MPOMBIIIUIEHHOTO HCIIONB30BaHUs. B pesynbTaTe BBIMONHEHWS MPOEKTa OXHUIAEeTCA, 4YTO OyayT
pa3paboTaHbl U UCCIIEA0BaHbI ONBITHBIE 00pa3ib OOT.

ELECTROCHEMICAL TECHNOLOGY
FOR MICRO- AND NANOELECTRONIC DEVICES

V.A. SOKOL, S.A. KOSTYICHENKO

Abstract

Results of electrochemical technology creating of micro- and nanoelectronics facilities mainly
hybrid microcircuits and multichip packages are cited. Aluminium substrates, multiple-level system of
interconnections and aluminium frames for VVLSI-circuits technologies are viewed. Results of electro-
chemical technology creating of nanoelectronics facilities such as operated matrix field-emission cath-
odes and transistors, based on single-electron transport quantum effect are presented.
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