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TENMAOOTBOAbI HA TTOAUKPUCTAAANYHECKOM AAMASE
AASl MOLWHbLIX CBY4 MOHOAUTHbBIX MHTETPAABHbIX CXEM

Ilocmynuna é pedaxyuro 21.01.2016

IIpogedernvr pabomor no co30anuto 6a3080U MEXHOA0UU NPOU3BOOCIEA U 00PAOOMKU NePCHeKMUBHO20 MAMepUala 0as npu-
MeHeHUs 8 MEeNnA00maE00ax MOUHbIX NOAYNPOBOOHUKOBBIX NPUOOPOE — NOAUKPUCTIAAIUYECK020 aima3a. Hccaedoeana mexHoao2us
U320MoBAeHUs NAACMUH NOAUKpUcmaniuyeckoeo aimasa memodom CVD-ocaxncdenus. Ilposedenst uccaedosanus no evioopy cno-
coba gpazmeHmuposanus NOAUKPUCMANNUMECKUX AAMA3HbIX NAACMUH, 8 De3yAbmame KOMOpPbiX NPeoa0NCeHbl HOBbLU MexXHOA0-
2UYHDLI CNOCOO N1A3ePHO-NAAZMOXUMUYECKOU Pe3KU NAACMUH 8 2a3080l cpede Npu HU3KOM 0aeAeHUU U Memoo, 3aKAUAUULLC
6 pocme NOAUKPUCMAANUMECK020 AAMA3A HA NpedsapumensHo NpopUAUPOBAHHBIX KPEMHUEBbIX NOOA0ICKAX C NOCAeOVIOUWUM
CMPABAUBAHUEM KPEMHUS.

Karoueevie caosa: menioomeoo, NOAUKPUCMANIUMECKUL AAMA3, NOAUKpUCMaitudecKue aimashble naenku, CVD-ocaxcoenue,
AA3epHas pe3ka, npouAUPOBaHHbIe NOOAONCKU, U30eaUs INCKMPOHHOU MEXHUKU

BBIJIEJICHUE TEeTUIOTHI B aKTUBHOI obnactu CBY TpaH-
3UCTOPA, YTO B CBOIO OYepeab BEIET K MEPErpeBy YCT-
poiicTtBa. Bricokue TemIiepaTypbl B YCTPOMCTBE HeTra-
TUBHO CKa3bIBAaIOTCS HA YACTOTHBIX XapaKTepPUCTUKAX
YCTPOMCTBA, BEIXOIHOM MOILIHOCTU U €r0 HAAEXXHOCTH.

OpHUM U3 IyTeil peleHus IIPOo0IeMbl ITOBBILLIEHUS

BBenenne

B Hacrosiniee BpeMmsl akTyajbHbl BOIIPOCHI pa3pa-
OOTKM TEXHOJIOTUYECKUX MPOLIECCOB M3TOTOBJIECHUS
BBICOKO3((HEKTUBHBIX TEILIOOTBOAOB JIJISI COBPEMEH -
HbIX M3aeauil ayekKTpoHHoN TexHuku (UIT), Takux
Kak ycuiuTean MouHoctd Ha CBY TpaH3ucTopax ¢

BBICOKMMM 3HAUYEHUSIMU BBIXOAHON MOULIHOCTM (je-
catku BarT). OgHol U3 npo0djieM, ¢ KOTOPOil CTaJKu-
BalOTCSl pa3pabOTUYMKU TaKUX YCTPOUCTB, SIBJSIETCS

temnepatypbl B UDT mOBBIIIIEHHONW MOIIHOCTH SIBJISI-
eTCcsl co3laHMe TEeIUIOOTBOIOB. TeIIOOTBO, MPeICTaB-
JIsieT co0oii 00bEMHYI0 KOHCTPYKLMIO U BBITTOJTHSIET
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3amayy paccemBaHUs TEIIOTHI, BBIACNSIOIIEICS TIpU
paboTe MOIIHBIX MOJYIPOBOAHUKOBBIX TPUOOPOB.

BDddexTuBHOE paccerBaHUE TEIUIOTHI OCYIIECTB-
JISIeTCSI 32 CUET BBICOKOM TEIJIONMPOBOIHOCTA MaTepua-
Jla TeII00TBO/Ia, TIepeAalollero TerIoTy OT KpucTaiia
MOJTYTIPOBOAHMKOBOIO MPUOOpa K BHEIIHEN CHUCTEeMe
(KOHAYKTUBHOM, BO3AYLIHON WJIM XKUAKOCTHOM) OXJia-
KIEHMS 3JIEKTPOHHOTO YCTPOICTBA.

I[IpumeHeHMe TeIMI00TBOJAA IMO3BOJISIET CYIIECT-
BEHHO MOBBICUTb 3KCILIyaTallUOHHbIE XapaKTePUCTU -
KM M HaJeXHOCTb 2JIEKTPOHHBIX YCTPOMCTB IOBBI-
LLIEHHOW MolHOCTU, BKIoyass CBY-TtpaH3UCTOPHI U
MOHOJIUTHBIE MHTeTpalbHble cxeMbl (MM C), a Takxe
CBETOM3IYYalOIINe TUONbI, Ja3epHble OMOALI U UX
MAaTpUIILI U T. TI.

OcHOBHOE TpebOBaHME K MaTepHrally TEeIIO0TBOAA —
5TO MaKCHMajJbHOE 3HaueHWE TeIJIOIPOBOIHOCTH.
TpaauiIMOHHO B KayecTBe MaTepuaia sl TeII00T-
BOJIOB UCIOJIb30BAJIMCH aTIOMOHUTPUIHAS K€paMuKa,
OepwuineBas Kepamuka, meab. Ho TemnooTBonbl 13
BbIllIeyKa3aHHBIX MaTepUaIOB, C YYETOM pOCTa MOLII-
HOCTH COBPEMEHHBIX ITOJYIIPOBOIHMKOBBIX IPUOO-
POB, HE Bceraa yIOBJETBOPSIIOT TpeOOBAaHUSIM OTBOJA
TEIJIOTHl OT aKTUBHOI 00jacTu ycrpoiictBa. Ilomumo
3TOr0 MaTepua TeIa00TBOoAA J0JIKEH 00/1a1aTh BHICO-
KUMU BJIEKTPOU3OJISILIMOHHBIMUA CBOMCTBaMHU, UYTOOBI
n30exaTb 00pa3oBaHMs MapPa3UTHON €MKOCTU MEXIy
KPUCTAUIOM UM TEIUIOOTBOAOM. Ha Hacrosiiuuii mMo-
MEHT BpeMeHM Haubosiee MepCreKTUBHBIM MaTepua-
JIOM SIBJISIETCSI MOHOKPUCTANIMYECKUM W TIOJIUKPHU-
CTAJUIMYECKUH ajiMa3 BBUAY ero (U3U4ecKuX v pusn-
KO-XMMUYECKUX XapaKTePUCTUK: TETUIOMPOBOIHOCTU
(Tabu. 1), koadduliMeHTa TEPMUUYECKOTO PACIIUPEHUS
U VICKJTIOYUTETTBHOM XUMUYECKON U TEPMUYECKON cTa-
OUJIBHOCTHU, a TAaKXe C YYETOM CTOMMOCTU U TEXHOJIO-
rmyHocTH [1-5, 6].

st opraHuM3allMd COBPEMEHHOI0 MPOU3BOACTBA
TEIUTIOOTBOJOB M3 MOJMKPUCTALINISCKOTO ajMasa He-

Tabauua 1
Table 1

VaeabHasi TENJIONPOBOIHOCTh MPUMEHSEMBIX MATEPHAJIOB
IS TEIJI00TBOAA

Specific heat conductivity of the heatsink materials

YnenbHasi TEMJIOMPOBOIHOCTD,
Marepuan Bt/(m - K)
Material Specific heat conductivity,
W/(m - K)
CVD-anmas 1000...2000*
CVD diamond
ATIOMOHUTpPUIHAS KepaMuKa 180
Alumonitride ceramic
bepwinueBast kepaMmuka 220
Beryllium ceramic
Mens 400
Copper
* B 3aBUCHMOCTH OT pacCMaTpyBaeMOro AMana3oHa TeMIepaTyp.
* Depending on the range of temperatures.
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00XOIVMMO BBITIOJIHUTD PsIIl TPEOOBAHUI K TEXHOJIOTH-

YECKOMY IPOIIECCY:

e 00eCIeYnTh BBICOKME CKOPOCTH POCTa MOJUKPU-
CTAJUTMYECKUX aJIMa3HBIX TUIACTHH;

e MAaKCHUMAJbHYIO YACTOTY TOJIy4aeMOTO MaTepHaa;

e BO3MOXHOCTb BBIpAIlIMBAHUS TIOJUKPUCTAIUTMIEC-
CKOTO ajMa3a Ha IMOUTOKKaX OOJBIIOro AuaMeTrpa
(=100 mm);

e 00cCrmeunTh MHWHUMAJIBHYIO HEPaBHOMEPHOCTH
TJTACTUH MOJUKPUCTAIUTMIECKOTO ajMasa.
IToMuMoO pa3pabOTKN TEXHOJOTUU M3TOTOBJICHMS

TEIUIOOTBOJOB C BBICOKOM TEIUIOTIPOBOIHOCTBIO,

MPUTOJAHBIX U1 TPUMEHEHMUS B 2JIEMEHTAaX MUKPO- U

HaHO3JeKTPOHUKM, HEOOXOAUMO TakKxkKe pa3padoTaTb

3 deKTUBHbIE CIOCOOBI pa3neleHus] U3rOTOBICHHBIX

Ha TIJIACTMHE TEIJIO0TBOAOB Ha OTHEIbHBIC YMIIHL. Tak-

K€ CJIelyeT YYMTBIBAaTh U S9KOHOMUYECKYIO 11eJeC000-

Pa3HOCTD NP BHIOOPE TEXHOJIOTUH JJISI TIPOU3BOICT-

Ba [7—10].

OcCHOBHBIE PabOTHI MO M3TOTOBJICHUIO AJIMa3HBIX
TETJIOOTBOJAOB BHITIOTHSUINCH B paMKaxX pean3aun
IToctanosneHus ITpaBurenbcTBa Poccuu ot 09 anpens
2010 1. Ne 218, noroBopa Ne 02.G36.31.0005 ot 23 mas
2013 r. mexay AO "HIIIT "Ucrtok" um. Illokuna" u
Muno6pHayku Poccun, porosopa Ne 33/211-13 or
22 despans 2013 r. mexxny MCBUYII® PAH un AO
"HITIT "Ucrok" um. IlokuHa".

JaHHasl cTaThs IMOCBSIIEHA TPEM KITIOUEBBIM 3afa-
YyaM, KOTOphIE pPellajiich B Xoae padoT 1o pa3paboTKe
TEXHOJIOTMYECKHX TPOIIECCOB M3TOTOBICHUS BHICOKO-
3¢ HEKTUBHBIX TEIJIOOTBOAOB M3 TOJIMKPHUCTAIIIIC-
CKOTO ajiMa3a, C TOYKM 3PEeHUs] OpTaHU3allluH UX TIPO-
M3BOJICTBA:

e pa3paboTKa M ONTUMM3AINS CITOCOOO0B BEIpAIBa-
HUS TJIACTMH MOJUKPUCTAJUIMYECKOIO aaMasa;

e paspaboTKa criocoda GparMeHTUPOBaHUS TIACTU-
HbI MTOJIMKPUCTALINYECKOrO ajiMa3a Ha OTAE/IbHbIE
"qunel".

e OITUMU3ALUSI TE€OMETPUU TEIJIOOTBOIOB U3 MOJIU-
KPUCTAJUTMYECKOTO ajiMasa ¢ MOMOIIbIO KOMITBIO-
TEPHOTO MOAETUPOBAHNSI.

Bblpanmnaﬂne HNOJUKPHCTANIHYCCKUX
AJIMA3HBIX IIACTHH

HoBble nepcrnekTuBbl NPUMEHEHMS aiMa3a MOsIBU-
JINCh B pe3yabTaTe pa3pabOTKU TEXHOJOTUM OCaXKIe-
HUSI TTOJUKPUCTAINIMYECKOTO aJIMa3a Mpyu HU3KUX 1aB-
JieHusix u3 raszoBoil (asel (Chemical Vapor Deposi-
tion, CVD). JlaHHast TeXHOJOTUS HAaeT BO3MOXHOCTh
MOJIYYUTh Han0oJIee YNCThIC TIJICHKU TTOJIUKPUCTAIN-
YeCKOro ajiMasa.

CVD-ocaxnenne ajnMasHBIX IUIACTUH BeOETCS U3
aKTUBUpyeMOi Tra3oBoil ¢a3bl (CBY mma3mMbl), Haxo-
IiIeiics mpy NOHMKeHHOM JaBjeHU. OObIYHO ra30-
Basl (paza COCTOMT U3 CMECH BOIOPOAA U JIETyUEro yr-
JiepoJocoepKalllero BellecTsa (MeTaH, maphl alleTo-




Ha, METAHOJIa U AP.) B KOHLIEHTPAIIMU 10 HECKOJIbKUX
MPOLIEHTOB.

AKTUBalMs Tra3oBoii dasbl mpecieayeT ABOSIKYIO
1enb. Bo-mepBBIX, HEOOXOAMMO CO34aTh JOCTATOYHO
BBICOKYIO KOHLIEHTPALIMIO aKTUBHbBIX YIJIEPOJOCOIEP-
Kammx 4Jactuil. Bo-BTophIX, TpebyeTcsa co3maTh pea-
TeHT, MOAABSIONIMI POCT HEaIMa3HbIX (hOPM yIjIepo-
nma (rpaduta, amopgHOro yriaepoaa). Takum peareH-
TOM SIBJISIETCSl aToMapHbIA Bogopoa. CKoOpocTh 00-
paTHOM peakLMy aTOMapHOro BOJOPO/IA C YIJIEPOIOM,
MPUBOASIIEH K 00pa3oBaHUIO JETYUYMX COeIMHEHUN
MpU B3aUMOACUCTBUMU C TrpadUTONOJOOHBIM YIJIepO-
JIOM, 3HAUYUTEIHLHO BBIIIE CKOPOCTH B3aUMOIECTBUS
C yIJIepofOoM B BUIE ajiMasa, YTo obecreyuBaeT Ipe-
MMYILECTBEHHOE CTpaBJIMBaHME HeaJIMa3HOW COCTaB-
Jsoleit mokpeitTusa. KpoMme Toro, aromapHblii BOgo-
pOII y4acTBYeT B PEKOHCTPYKIIMHU CTPYKTYPHI TTOBEPX-
HOCTH PacTyllIel YIJIepoaHON IIACTUHLI, IIpeodpasyst
sz—CBHSI/I B Te€TpasapuuecKue Sp3—CB${3I/I.

Bce ycranoBku, co3gannbie mist CVD-ocaxkaeHus,
MMEIOT OOIIIMe YacTh: peakKIMOHHYI0 KaMepy, BaKy-
YMHYIO CUCTEMY, Fa30BYI0 CUCTEMY MOJAayM peakliu-
oHHoit cmecu, CBY reneparop. CyTb mpoliecca oca-
KICHUS 3aKJII0YaeTcsl B CAeAyIolleM: B BaKyyMHYIO
KaMmepy MojaeTcsl CMeCh yriieBOA0OpoJa, KOTopasl AUC-
couuupyetr B CBY mmasMe, moagepXuBaeMoOi MOIII-
HBIM MUKPOBOJIHOBBIM u3jayuyeHueM. Haubosee pac-
NPOCTPAHEHHOM M MPOCTOM CMEChI, KOTOPYIO MC-
MOJIB3YIOT JUISI CUHTE3a TMOJUKPUCTAIIMYECKOTO aj-
Masa, SBIISIETCSI CMECh METaHa ¢ BOIOPOIOM, IIpUUEM
MoJyyeHe KauyeCTBEHHBIX IUIEHOK OCYIIECTBISIETCS
npu cooTHouleHuu koMmnoHeHTos (0,3...1) % CH, —
(99,7...99) % H,. Bonopon npenHa3HauyeH ISl MPO-
BEICHUS TOMOJUTHYECKUX peaKIdil pacIIeTIeHUS
MOJIEKYJI YIJIEBOAOPOa B Ta30BOi1 (ha3e, B pe3yIbTarte
KOTOPBIX 00pa3yloTcsl peakKlIMOHHOCIIOCOOHbBIE YIJie-
BOOOPOJHBIE paavKajbl. DTU paauKaabl, OCOOEHHO
MeTuwiabHble rpynnbl (CHz), nuddynaupyor K mo-
BEPXHOCTH TTOIOXKHN M BCTYNAIOT B peakInu, obpa-
3ygs C—C-cBg3u, HeoOxoguMble 119 (pOopMUpPOBAHUS
peletku anmasa. [TpoaykTsl pasyioxkeHus (YrjieBoao-
pOIHBIE paauKabl 1 aTOMapHbI BOAOPO) JOCTABJIS-
I0TCS K TIOJJTOXKKE, HAarpeToU 10 BHICOKOM TeMmepaTy-
pbl (Tunmunbie 3HadeHus1 700...1000 °C), Ha KOTOpOIt
U MPOMCXOJUT POCT aJIMa3HBIX MOJUKPUCTATIIMIECKUX
CTPYKTYP.

B 3aBucMMoOCTH OT xapakTepa M HalpaBICHHOCTH
BO3MIEUCTBUS Ha CUCTeMY "KpUCTaJUIM3allMOHHAas cpe-
Jla — KpHUCTaJll' CYILIECTBYIOT JIBa CIIoco0a BO3AEICT-
BMSI Ha HallpaBJeHUE POCTa: BO3AEHCTBUE HA FA30BYIO
¢a3y (roMoreHHbIe XMMUYCCKIE peaKlii) U BO3Ieii-
CTBME Ha MOBEPXHOCTb PACTYILETo KprcTasuia (rerepo-
reHHbIe Tipoliecchl). OgHAKO yallle BCero TMpU poOCTe
CVD-anMa3a cOOTHOILIIEHUE CTeTIeH! BJIUSIHUS Ha ra-
30BYyI0 (pa3y U Ha MOBEPXHOCTh KPUCTAIIM3ALUU SIB-
JISIETCSl MOCTAaTOYHO HeompeaeaeHHbIM. CKOpOCThb poc-
Ta ajiMasa M ero KayecTBO 3aBUCUT OT CTENEeHU aKTH-

BalliM, BUIA M KOHIIEHTPALIMM UCXOIHBIX YIIIePOI0CO-
JepXKalluX COeAMHEHW, TeMrepaTypbl MOUIOXKU U
IPYTHUX IMapaMeTpoB TIpoliecca.

3amaya MOBBIIIEHUSI pa3MepoB (AMaMeTpoOB) ILjIa-
CTUH KPEMHHUS C OCAXKIAEMbIMU HA HUX TJIEHKAMU T0-
JIMKPUCTAJUTMIECKOTO ajiMa3a pelraeTcsl, Ha TIePBBIi
B3IJISI, JOBOJIBHO MPOCTO — HEOOXOAMMO 3aMEHMTh
00BIYHO HcHoJib3yemyto yactoty 2,45 I'Tu Ha 915 MTI'.
Ho nipu 3TOM pe3ko mamaet mIOTHOCTh MOIITHOCTH Ha
nojjoxke. JIjisi KomIeHcaluu 3TOro SIBJIEHUST HEOO-
XOJMMO 3HAUYMTEIbHO YBeJIMYMBaTh MollHocTh CBY
reHepartopa (10 1ecsITKOB, coTeH KwioBatT). [1pu pea-
JIU3alMU TaKUX PEIIeHMI Ha TEePBBbIN IUIAaH BBIXOIUT
SKOHOMUYECKasl 11eJ1eCO00Pa3HOCTb.

B kauecTBe MOMJIOXKU TPU OCAXKIEHUU OOBIYHO
HCTIONIB3YIOT MOJMOIEH WJIM KPEeMHUEBBIE TUIACTUHBI.
OpnHako BO3MOXHO OCax/IaTh aJIMa3HbIe MJIEHKU U Ha
Ipyrue MaTepuajbl, CTOMKHE K HarpeBy B TIPUCYTCT-
BUM aToMapHoro Bogopona BimioTh go 1000 °C, nmo-
CKOJIbKY JIJIsl 00ecredeHUsI ITpoLiecCoB (POPMUPOBAHMUS
aJMa3HbIX MOKPBITUI MOIOXKY HarpeBaloT 0 TeM-
repatypsl 600...1200 °C [1, 2].

Temrmeparypa MOMIOXKHU SIBJISIETCS BaXXHbIM (hak-
TOPOM TIpU MOJYYEHUU HE TOJBKO aJMa3HbIX IJIEHOK,
HO ¥ CTPYKTYp Ha MX OCHOBe. TeMmepaTypa MoaI0XKHN
CUJIbHO BJIMSET Ha coiepKaHue aaMasHoi ¢dasbl B
rieHke. CorjlacHO MOJIEIN POCTa YIJIEPOAHOM MIEHKHU
B npouecce CVD-ocaxaeHus, HaubOoJIblllee coaepxka-
HUe aaMa3Hoi ha3bl TOCTUTAETCS MPU ONTUMATbHOM
TeMmIiepaType MoJJ0XKH1, KOraa, BO-TepBbIX, CKOPOCThb
pocTa KPUCTALIMYECKOTO SP-CBSI3aHHOIO YIJIepona,
ornpejessieMasi KOHLIEHTpalueii 000pBaHHbBIX SP-CBSI-
3eil Ha MOBEPXHOCTU IJIACTUHBI M 3aBUCSIIAS OT Je-
CcOpOLMY BOAOPOJA C MOBEPXHOCTH, MaKCUMaJIbHa, U,
BO-BTOPBIX, CKOPOCTb TPABJICHUS SP-CBA3aHHOTO yT-
Jiepozaa 6oJbliie CKOpocTH ero pocrta. [1pu Temmnepary-
pe TIOIOXKY BBIIIE ONTUMAIBLHOM CKOPOCTh TpaBJie-
HUsI Sp-CBsI3aHHOIO yriepona (rpacdura) CTaHOBUTCS
MEHbIIIe CKOPOCTU ero (popMUpOBaHUS, YTO MPUBO-
IUT K TpacduTU3aluU TIacTUHBL. IIpu MOHMXXEHUUH
TeMIlepaTypbl MOMIOXKN HUXE ONTUMATbHON yCUIU -
BaeTCsd KOHIEHCAIMsl apoMaTUYEeCKUX MOJEKYT Ha
MOBEPXHOCTU TIJIACTUHBI C MOCAEAYIOIIUM UX pas3fio-
XeHHeM U o0pa3oBaHHEM aMOP(HOIro sp3- u Sp2-CBﬂ—
3aHHOTO yriepoda. B 6onbmimHCTBe paboT IO TeXHO-
norun Tepmudeckoro CVD-ocaxageHuss anMa3HBIX
IUIACTUH Ha KPEMHMHU MaKCHUMaJbHOE COlep>KaHue
aJMa3Hol a3kl JOCTUTAeTCsl B AMaria3oHe TeMIlepa-
Typ 500...900 °C [2].

IMoguepkHeM, YTO B HacToOsIEe BpeMsl BHUMaHUE
TEXHOJIOTOB COCPEJOTOYEHO Ha HU3KOTeMIlepaTyp-
HBIX METOMAaX IOJYYEeHHUsI TOJCThIX aIMa3HbIX IIEHOK.
MuHuManbHOU TeMmepaTypoil MOIJIOXKU, OTMEUYEH-
HOM B JIUTepaType, MPU POCTE TOJCTHIX MJIEHOK SIBJISI-
ercst 350...400 °C. CHukeHue TeMrnepaTypbl MO3BOJISI-
€T TIoJIyYaTh aJIMa3Hble TUIEHKU Ha IMOUIOXKKaX IpaK-
TUYECKM M3 JTI0OBIX MaTepualioB [2, 7].
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OnHoli M3 OCHOBHBIX 3a/1a4, IIpUBJIeKaIOIIei K cede
OoJibllioe BHUMAaHUE, SIBJISIETCS MCCIeNOBaHUE MeXa-
HHM3Ma TeTEePO3NMUTAKCHAIBHOTO POCTa, T. €. Hadajlb-
Hble CTAAUM OCaXIEHUsI, BO BpeMsI KOTOPbIX aiMa3 3a-
pokaaeTcs Ha HeajqMas3HbIX momjoxkax. Heckoiabko
SKCMEPUMEHTOB TTOKa3aJIk, YTO TpeaBapUTeIbHas ad-
pa3uBHasl 00paboTKa HeaaIMa3HbIX MOMAJIOXKEK CHUXKAET
BpeMs Havasia 3apoKIeHUs 3epeH ajiMa3a U yBEIUIM-
BaeT IVIOTHOCTb MECT 3apoibllieoOpazoBanus [1]. Dto
Hen30eKHO BBI3BIBACT ITOBBIIICHUE CKOPOCTEH pocTa
ajgMasa, MOCKOJbKY 00pa3oBaHME CILIOIIHOM aaMas-
HOM IJIEHKW — 3TO IO CYIIECTBY MPOLIECC KPUCTALIU -
3alUM, KOTOPBII MTPOUCXOIUT Yepe3 oOpa3oBaHME 3a-
pPOABIIIEN, COMPOBOXIAAEMbBIM TpPEXMEPHBIM POCTOM
MHOTOYMCICHHBIX MUKPOKPHUCTAJUIUTOB BILUIOTH 10 TO-
o MOMEHTA, KOIJla OHU B KOHEYHOM CUETEe COCAUHSI-
I0TCSI B CIUIOIIHYIO IIeHKY. Ilpolecc abpa3uBHOIL
00paboTKM! OOBIYHO MPOBOAMUTCS ITyTEM MexaHW4e-
CKOM TOJIMPOBKU TMOUIOXKKU a0pa3uBHOM MacTo (Kak
MpaBWIO, AJIMa3HBIM MOPOIIKOM C pa3MepaMu 4acTUIl
B nopouke 0,1...10,0 Mxm) 10O C MCIIOIB30BAaHMEM
yJAbTpa3ByKa.

Hauany pocTa anMa3HbIX MOKPHITUI MPEAIIECTBYET
MHKYOallMOHHbBIN MTepUoI, B TeUeHHEe KOTOPOIo Ha Io-
BEPXHOCTH MOJIOXKHN IOKHBI c(hOpMUPOBATLCS 3a-
podblly aaMa3Hoi ¢a3bl. B 3aBUcMMOCTM OT Mmarte-
pUajia MOMTOXKHA M YCIOBUI TIPOBEACHUS Ipoliecca
BpeMsl MUHKYOAlIMOHHOTO Mepuoaa MOXET U3MEPSIThCS
MUWHYTaMU 1 Jaxe yacamu. B 1iess1x obaeryeHust v yc-
KOpeHusi mpoiiecca (OpMUPOBAHUS LIEHTPOB KpU-
CTAJUIA3ALIMU aJIMA3HOM IUIACTUHBI HA HA4YaJIbHOM CcTa-
UM ee PocTa B KauyecTBE 3aTPaBKM HMCIOJIb3YIOT MUK-
pPO- Y HAHOKPHUCTAJLJIbI ajiMa3a, KOTOPLIMU "3aceBaroT"
MOBEPXHOCTb MOMIOXKH [1, 2].

MUKpPOCTPYKTYpOI adMa3HbIX TUIACTMH U pa3Me-
POM KPHUCTAJIUTOB B AMana3oHe OT HAaHO- 10 MUKPO-

Tabnuua 2
Table 2
TexHuyeckue XapakTepUCTHKH YCTAHOBKH
Technical characteristics of the installation
Tun paspsina CBY
Type of discharge Microwave
MolHOCTh pa3psiia Jo 10 xBt
Power of discharge Up to 10 kW
YacroTa 2,45 GHz
Frequency

Tum peakropa Plasma Immersion
Type of reactor

Pabouee naBneHue B Kamepe
Working pressure in the chamber
Wcnonp3yemble paboume rasbl

Used working gases

(2,6...16) kPa

MertaH, BOIOpPOJ, KUCIOPOL, a30T
Methane, hydrogen, oxygen, nitrogen

[MoTpebasiemast aaeKTprYe- 25 kW
cKasi MOLTHOCTh

Consumed electric power

Bpewmst HenpepbIBHOI paboThI 200 h
Time of continuous work

JlnaMeTp poCTOBOI MOMTOXKHU o 100 mm
Diameter of the growth substrate Up to 100 mm
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Puc. 1. CrpykrypHas cxema ycrtaHosku ATB-100-14: / — ceHcop-
HBII 9KpaH; 2 — MPOMBILLUICHHBI KOMITbIOTEDP; 3 — OJIOK MUTAHUSI
CBU reneparopa; 4 — ciayxe0OHbIit 6J0K nutanust +24 B; 5 — ka-
Mepa-peakTop; 6 — BosiHOBOAHBIN CBY TpakT; 7 — ra3oBakyyMHBIN
0s10K; & — OJIOK MarHeTpoHa; 9 — BOISIHOM KOJUIEKTOP C peryJsi-
TOpaMH U JaTYMKAMU MPOTOoKa; /0 — WHGbpaKpacHBI TUPOMETP

Fig. 1. ATB-100-14 installation: 1 — touch screen; 2 — industrial
computer; 3 — power supply unit of the microwave generator; 4 — service
power supply unit +24 V; 5 — chamber-reactor; 6 — waveguide
microwave path; 7 — gas-vacuum unit; § — magnetron; 9 — water
collector with flow controls and sensors, 10 — infra-red pyrometer

METPOB MOXHO 3¢ (DEKTUBHO YIPABJISITh MyTEM U3ME-
HEHUSA YCIOBUU TJIa3MOXMMHYECKOTO OCAXKICHMS, B
YAaCTHOCTHU, IMOCPEICTBOM BBLIOOpA COOTBETCTBYIOLLECH
ra3oBOW Cpendbl.

B xonme Hamux paboT Mo MCCAEAOBAHUIO TEXHOJIO-
run CVD-ocaxaeHus MIeHOK MOJUKPUCTATUIMYECKO-
ro ajMasa MCIIOJIb30BaJlach YCTAHOBKA ILIA3MOXUMMU-
yeckoro ocaxaeHuss ATB-100-14 ¢ mma3zmoxumuye-
ckuM peaktopoM Ha ocHoBe CBY paspsna. HanHas
YCTaHOBKA pOCTa OOecIieurBaeT HapalllMBaHWe aaMas-
HBIX TUIEHOK Ha TTOUTOXKaX OOJBIION TLTOIIAIN, UME-
€T TOBBIIIEHHBIN YPOBEHb aBTOMATU3ALIMHU U YI00CTBA
o0cayxuBaHusl. XapaKTepUCTUKU YCTAHOBKM IpUBE-
IEHBI B Ta0J. 2.

YcranoBka ATB-100-14 cocTouT u3 HECKOJbKHMX
yactei (puc. 1):

1. Croiiky ympaBlieHUSI: KOMIbIOTEP, CEHCOPHbII
9KpaH, 0J0K MHTep(EHCHBIX IIJIAT IS YIPaBICHMUS
BHEIIHMMU ycTpoiicTBaMu, 010K nutanuss CBY rene-
paropa, 610K nuTaHust +24 B 11 371eKTpOHHBIX 1aT-
YUKOB M PacXOJIOMEPOB.

2. bioka-peakTopa: Kamepa-peakTop, ra30BaKyyM-
HBIII MOIyJb C CUCTEMOM yIIpaBIdeMbIX KJAIIaHOB,
CBUY TtpaxT, BKiIoualomuii B ce0s1 0JI0K MarHeTpoHa,
U30JISTOP, TIOHEP, BOJTHOBOIBI, 3JIEMEHThI CUCTEMBbI
OXJIaXKAEHUST YCTAHOBKHU C JaTYUKAMM MPOTOKA BOIBI.

CTpyKTypHasl cxeMa ra30BaKyyMHOTO MOIYJISI 1 Ka-
Mepbl MT0Ka3aHa Ha puc. 2.




IMonnoxkonepxareilb obecnedynBaeT MHOAAEpKa-
HUe OoNpeJeIeHHOIM TeMIepaTyphbl B TeYeHUE MTPOLIeC-
ca pocTa M MOCJEAYIONIeTO OTXKUTa aJIMa3HOM TIIeH-
Kd. B mipoliecce pocta Ha MOJJIOXKKE BBIAESIETCS 3HA-
YUTENIbHOE KOJMYECTBO TEIUIOTHI (B OCHOBHOM 3a
CYET JNEKTPOHHOI 60MOApIUPOBKHM), TSI OTBOAA KO-
TOPOTO MOJJIOXKOAEpKAaTeIb CHAOXEH BOASHBIM OX-
JIAXKICHUEM.

B HameM cnydae ocaxmeHWE MPOBOAMIOCH Ha
KPEMHUEBbIX MOJIOXKAX, HArpeThlX IO TeMIlepaTyp
700...800 °C co ckopoctbio 2...6 mxm/4. CBY moui-
HOCTb cocTaBisia 7,5 kBT, yactota CBY reHepaTopa
cocrasysiia 2,45 I'T, KoHueHTpauus MmeraHa — 2...3 %,
KOHIIeHTpa1us Bogopoaa — 97...98 %, nasieHue B Ka-
mepe — 90 Topp.

B xone ucciaenoBaHuii ObIIM BbIpallleHbl aIMa3HbIe
IUIEHKU Ha moajoxkax Si amameTpom 100 MM B 111a3-
me CBY paspsga ¢ MCIOJNB30BaHUEM PEaKIIMOHHON
cmecu CHy/H, (puc. 3).

KoHTposib pa3zMepoB KpUCTAUTUTOB IJIEHKU TOJIHU-
KPUCTAJUIMIECKOTO ajiMa3a IPOBOIMIICS C ITOMOIIBIO
pacTpoBOro 3JEKTPOHHOro MuUKpockomna Zeiss EVO
MAI10. Ilpu 3TOM ameprypa pacTpOBOTO 3JIEKTPOHHO-
ro MMKpPOCKOIIa yCTaHaBJIMBaJach paBHOU 20 MKM,
yBesmuyeHue cocraniasuio 50 000x. Pasmep 3epHa Kpu-
CTAJUTUTOB OIpenesIsics KaK IIMHA OTPe3Ka JIMHUHN Ha
9KpaHe MUKPOCKOTA, COeIUHSIONIEH 1Be TOUKU C HaU-
OoJIbIIMMU pa3MepamMu Kpuctaiaiuta. Ha puc. 4 u 5
npuBeAeHbI hoTorpaduu ¢ 3KpaHa pacTPOBOTO K-
TPOHHOTO MHMKPOCKOTIa j1sT 00pa3iioB Ne 1 m Ne 2.

11

-
?,

Puc. 2. CTpykTypHas cxemMa ra30BaKyyMHOTO MOJIYJsSl M KaMepbl: a, b, ¢, d — Ta30Bble KaHAIbI; /| — BEeHTWIb MEMOPaHHBIN; 2 — 3JIEKTPOHHBIN
ra3oBblil pacxomomep; 3 — KjlanaH ITHeBMAaTUYeCKuii; 4 — ra3oBbIii CMECUTENb; 5 — Ta30Bblii GUIBTP; 6 — Kamepa-peakTop; 7 — KpeMHUeBast
MOIUIOXKKA; & — MOMIOXKOAepKaTeb; 9 — NaTuuK JaBieHus; /0 — perynsiTop AaBieHUs! B KaMepe, BaKyyMHbIN Hacoc; 11 — (opBaKyyMHbIit
Hacoc; 12 — ¢unbtp raszosslii; /3 — CBY mnasma; /4 — MeaHBI CTON

Fig. 2. Gas-vacuum module and chamber: a, b, ¢, d — gas channels; 1 — membrane valve; 2 — electronic gas flowmeter; 3 — pneumatic valve;
4 — gas-mixer; 5 — gas filter; 6 — chamber-reactor; 7 — silicon substrate; 8 — substrate holder; 9 — pressure sensor; 10 — chamber pressure control,
vacuum pump; 11 — forevacuum pump; 12 — gas filter; 13 — microwave plasma; 14 — copper table

EHT = 2426 KV
WD = 34,0 mm

Signal A = SE1
Photo No. = 1014

EHT = 24 63KV
WD = 10.5 mm

Dato :23 Nov 2016
Time 145437

200 pm
—

Date 8 Jun 2015
Time :11:36:02

Puc. 3. IosepxHocTs (a) U nonepeuynoe ceuenue (H) BbIPAIIEHHOI MJIEHKH MOJMKPUCTAIMYECKOrO aJiMa3a
Fig. 3. Surface (a) and cross-section (b) of a polycrystalline diamond film
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Zone Mag= 362KX

Puc. 4. ®ororpadus nosepxHocTu oopasma Ne 1
Fig. 4. Surface of sample No 1

Puc. 5. ®ororpadus nosepxuoctu odpasma Ne 2
Fig. 5. Surface of sample No 2

BrlllieykazaHHasl ycTaHOBKa ITO3BOJISIET BbIpalliv-
BaTb IUIEHKU MOJMKPUCTAINYECKOTO ajiMa3a Tpedye-
MOl TONIIMHBI U JOCTATOYHO XOPOILET0 KayecTBa Ha
IuiacTuHax 6osbioro nuamerpa (~100 Mmm) u npuroa-
HBIX JJI51 U3TOTOBIEHMUSI TEIJI00TBOAOB. CKOPOCTh poC-
Ta cocTaBuia 2,7 MKM/U.

®parMeHTHPOBAHNE MOJHKPACTALTMIECKAX
aJIMa3HbIX MUIACTHMH, BHIPAIEHHBIX HA MJIOCKHX
H NpoUIMPOBAHHBIX KPEMHHMEBbIX MIACTHHAX

OnHoil u3 po6eM B TEXHOJIOTMU CO3JaHUS Tell-
JIOOTBOJIa, KOTOPAsl OKOHYATEJbHO HE pellieHa 10 Ha-
CTOSIIETO0 BpEeMEHU, SBIseTcs (parMeHTHPOBaHUE
MOJIMKPUCTAIIIMYECKUX aJIMa3HbIX IUIACTUH Ha OT-
neJbHBIe "JUIIBl", Ha KOTOphIX pasmeniaior UOT. Tex-
HOJIOrMYyeckKasi CJIOXKHOCTh padoT Mo (hparMeHTUpoBa-
HUIO aJTMa3HbBIX TUIACTUH OOYCIOBIEHA UCKITIOUUTEIb-
HOI TBEpAOCTbIO JAHHOTO MaTepuaa.

g pellieHus 3TOU MpobiieMbl UCMOJb3YIOT Me-
XaHUYeCKHUe MeTOJbl (hparMeHTUPOBAHMS, JIa3ePHYIO
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pe3Ky ¥ BhIpalllMBaHWe Ha MpeIBapUTEIbHO MPOQWIIN-
POBaHHBIX KPEMHHUEBBIX MOJJI0XKAX C MOCISAYIOIIM
cTpaBiIMBaHVeM KpeMHUs. Ha3BaHHBIE METOIBI — 3TO
KJ1aCChl METOJIOB M MX MOAU(UKALIMU, UMEIOLLIUE CBOU
HUIIA TTIPUMEHEHUS, TOCTOMHCTBA U HEOOCTATKH.

MexaHn4yeckue MeTOIbl OOBEIAMHSIET TO, UTO O0-
paboTKa MpOBOAUTCS AIMa3HBIMU AVCKAMU C IPUMe-
HEHHEeM OXJaXJallUX areHTOB, HO 3TO HE BCermaa
npuemiemo. bonee Toro, B 30He 00pabOTKU Bceraa
UMeeTCs JIOKaJbHbIM MeperpeB, o0pa3yloTcs CKOJIbI
W TPELUUHBI, 3aTPSI3HSIETCS MOBEPXHOCTh IIACTUHBI
CTPYXXKOH M BO3HMKAeT HEOOXOAMMOCTb MOCIEAYIO-
el ouucTKU, caM pe3 (Mmpoduib) UMeeT OOJbIION
pa3dopoc Mo LIMpUHE.

Ha nam B3rsim, meton ¢pparMeHTUpOBaHUS Jia-
3epHOI Pe3KOoii IBIsIeTCS Hauboee MepCIeKTUBHBIM.
JlazepHBle MeTOMBI, KaK MPaBWIO, YCTPAHSIIOT 3HAYM-
TEJIbHOE YKCJIO HEIOCTATKOB, NMPUCYIIUX MeXaHude-
CKMM MeToaaM. Beicokasi KOHLIeHTpalusl MOIABOAUMON
SHEPTUM W JIOKAJTBHOCTb BO3AECHCTBUS ITO3BOJISIOT
MpPOBECTU 00PAOOTKY HEOOJIBIIOTO YYacTKa MaTepua-
Jia ¢ OOJIBIION CKOPOCTBHIO TIPU OUY€Hb MaJOM BpeMEHU
BO3IEUCTBUSI, O€3 HarpeBa OCTaJIbHOI TTOBEPXHOCTU U
6e3 HapYIICHUS ee CTPYKTYPHI U CBOMCTB, UTO MPUBO-
JIUT K MUHUMYMY AedeKToB Ha miactuHe [11].

OpHako ja3epHasl pe3ka He JMIIeHa ClIa0bIX CTO-
poH. OCHOBHBIM M HauOoJiee BaKHBIM HEIOCTATKOM
TPaAULIMOHHOM JIa3epHOI Pe3KU ajiMa3a SIBJISICTCS BbI-
O0poc MoIMMUILIMPOBAaHHOTO MaTepuaia — rpapuTU3m-
POBAHHOTO CJI0S U3 00JIACTU Pe3a U ero OcaxkIeHue Ha
yXe copMUpOBaHHbIE MPUOOPHBIE CTPYKTYPhI, UTO
abCOTIOTHO HEJIOIMYCTUMO TIpU TIepeXoe K TOMOJOTUU
NpubOPOB C HAHOPa3MEpPaMM.

Hamu Obr mpemnoxeH u pa3paboTaH Ja3epHO-
IUIA3MOXUMUYECKUIA METO/I, KOTIa C TIOMOIIBIO Jla3zepa
JIOKaJIbHO, B 00;1acTy pe3a, ¢opMUpPYeETCs Mia3Ma OIl-
pemeIeHHOrO COCTaBa M MPOUCXOMUT "MATKOe" TpaB-
JIeHue MaTepuana 0e3 ero pasopeisruBanug [11, 12].

CyTb JaHHOro MeToJa 3akjloyaercss B TOM, 4TO
Mpoliecc MPOBOIST B IJIa3Me HU3KOTO JAaBJICHUS B aT-
Mocdepe ra30B, KOTOPbIE B MOHU3UPOBAHHOM COCTOSI -
HUM aKTUBHO B3aMMOJEHCTBYIOT C MOBEPXHOCTHIO ajl-
Maza U MepeBOAST ero B JeTyYue COeAUHEHUsI, KOTO-
pble 3BaKyMPYIOTCS M3 PeaKLIMOHHONW KaMephl ¢ T10-
MOIIbI0O BaKyyMHOTO Hacoca. [1na3ma nomkuraercst B
(hokyce nazepHOro Jjiyua M MOXKET IepeMellaTbcsl B
HY>KHOM HAaIlpaBJIeHUU T10 00pabaThIBaeMOii MMOBEPX-
HOCTH JIMOO C TMOMOIIBIO ONTUYECKON CUCTEMBI, JTU0O
MOCPEACTBOM MEXaHUUECKOTO IMepeMelleHUsI CaMOro
o0pasia OTHOCUTEJbHO JIOKAJIbHO T1a3Mbl B (hoKyce
JIa3epHOTO JIyya.

st gaHHOTO MeTona ObLI BIOpaH HamboJjiee Mmoja-
XOASAIINH Ja3ep TSI TTPOBEACHUS SKCIIEPUMEHTOB TI0
pe3Ke TMOJNUKPUCTAJUIMYSCKUX ajIMa3HBbIX IUIACTUH —
Jlasep Ha mapax Meau ¢ JuHoi BoiaHH 0,5...0,6 MKM,
BBIXOAHOI MOIIHOCThIO 20 BT, 4yacTOTOI MOBTOpPEHUS
umnynabcoB 10 kI, ATUTETbHOCTBIO UMITYJIBLCOB 15 HC.




IIpeumyliliecTBO TpemyiaraeMoro Jia3epHO-TUIa3MO-
XMMUYECKOro Crocoba 3aKJoyaeTcss B TOM, YTO CKO-
POCTB PE3KH MO Pa3TUIHBIM KPUCTAJUIOTpapUIeCKUM
HaIpaBJICHUSIM MPAKTUYECKU OJMHAKOBA, TOCKOJIbKY
"ToKambHas" TUIa3Ma WMEET BBICOKYIO TUIOTHOCTH
(1011...1012 CM_I) W pa3nyusl 10 CKOPOCTSIM TpaBlie-
HUS HUBEJIMPYIOTCA. DTO O3HAYaeT, YTO He TpedyeTcs
MOCTOSIHHOM IMEPECTPOMKM COOTBETCTBYIOILETO alllia-
paTypHOro M mporpamMmHoro ob6ecnedeHusi. C 3Toit
TOYKH 3PEHUSI METOI TIPOIIle, HO OH TPeOyeT MCIOJIb-
30BaHMS CIIELMAIbHBIX XUMUYECKUX peareHToB. [lpu
temriepatypax Bbiie 180 °C Bce MPOAYKTHI XMMUYE-
CKMX peakllvil JeTy4yu M JIErKo oTKauuBaloTcs. B 00-
JIACTH CYIIIECTBOBAHUS JIa3¢PHOM TIJIa3MBI TEMITepaTy-
pa npesbiiraeT 180 °C, a 3T0 03Hauaer, YTO Ipoliecc
MIPUMEHWM TSl pellieHWs Halllell 3amauyd — pasiee-
HUS MOMITOXKHU Ha pparMeHTHI ("umrbl"). Huskoe nas-
JieHue, mopsgaka 1 ¢ 1073...1 Topp (0,13...133,32 1a), B
peakTope co3maeTcsl ¢ MOMOIIBIO CIMPAJIBHOTO BaKy-
YMHOTI'O Hacoca.

KauecTBo pe3a onpezaessieTcst pexxuMaMu Ja3epHOi
00paboOTKM M COCTAaBOM TIa30BOi cpenbl. B kauectBe
azMoo0pasylolleli ra3oBoit cpelibl HAMM MCIOJIb30-
BajlaCh M3BECTHAs B TPAAMIIMOHHON IUIa3MOXUMUU
cmech CFy + O,, a Takke cmech O, + Ar. Apro no-
0aBJIsUICSI B CMECh ISl 00JIeryeHUsl epBOHAYAIbHOTO
pooosl.

buImy mpoBeneHBI SKCIEPUMEHTHI IO pe3Ke TuIa-
CTHH C TIOMOIIBIO TAaHHOW TEXHOJIOTWH, B pe3yjIbTaTe
KOTOpO# JIMHMS pe3a Mojyyunachk 6e3 dyaepeHoBoi
da3sl 1 TPpaPUTOBBIX CIIOEB, KOTOPHIE MPUCYTCTBYIOT
MpU TPATUIIMOHHON TEXHOJIOTUU PE3KU.

Busyanuzanusi 5TOoro mpoBOAMJACh C ITOMOIIBIO
pPacTPOBOTO JIEKTPOHHOTO MUKPOCKOTIA.

PesynbraThl TpagULUMOHHONM Jla3epHOM pe3KU U
MPEeAIOKEHHOTO JIa3epHO-ILJIa3MOXUMUYECKOTO METO-
Jla pe3KU IpeaCcTaBIeHbl Ha puc. 6 u 7.

Kak BUIHO M3 mpeacTaBleHHbIX CHUMKOB, pe3Ka
Mo TIpeUIOXKeHHON HaMu TexHoJioruu (puc. 7) obec-
MeYrBaeT OTCYTCTBUE KaKUX-JIMOO MOCTOPOHHUX YT-
JIEPOAHBIX MaTepHaIOB KaK Ha TTOBEPXHOCTH TIIACTH-
HBI, TAK U Ha TOpILIE CAaMOTO pe3a, B OTIIMYME OT Tpa-
TUIIMOHHOM J1Ja3epHOM pe3Ku (CM. pHcC. 6), TIe XOpoIIo
BUJEH BBIOpOC rpacduTa Ha TMOBEPXHOCThb IIACTUHBI
BIIOJIb JTUHUU pe3a.

Takke OBIT TIPeIIOXKEeH KapIMHAILHO APYTOi CITO-
co0 (pparMeHTUpPOBAHUS ILJIACTUH, KOTOPBIA 3aKJIIO-
yaeTcsl B BbIpalllMBAaHUU MOJUKPUCTALIUYECKOTO ajl-
Mas3a Ha ONpo(WIMPOBAaHHON KPEMHUEBOM ITOIIOXKE
[2, 6, 13]. B Hauane mpoliecca MPOBOAST MTOATOTOBKY
KPEeMHMEBOI TTOMIOXKH IPOpe3aHeM Ha Hell KaHa-
BOK C 00pa3oBaHMEM IUIOLIAIKH, COOTBETCTBYIOLIECH
KOH(UTYpalluy TOTOBOTO M3menus. KanaBku mmeror
IIUPUHY, COCTABJISIONIYIO YABOCHHYIO TOJIIIMHY TUICH-
KA TOTOBOTO W3IENWsI, W TIIyOWHY, TPEBBIIIAIONIYIO
IIUPUHY, YTO MO3BOJISIET N30eXKaTh HATBICHUS aJiMa-
3a Ha JTHO KaHaBoOK [6]. 3aTeM B aTMOochepe cMecH Me-

Puc. 6. Pe3yabTaT TpaauuMoHHO# Ja3epHOii pe3Ku
Fig. 6. Traditional laser cutting

Puc. 7. Pe3yabraT J1a3epHO-IIa3MOXMMIYECKOTO METOIA PE3KH
Fig. 7. Laser-plasma-chemical method of cutting

TaHa ¥ BOAOPOIA IMPOBOIUIOCH BHIpPAIIMBAHUE TTOJIM-
KPUCTAVIMYECKON alMa3HOM IUIEHKM Ha MOBEPXHO-
CcTU Npo(UINPOBAaHHON KpeMHMEBOM MOT0XKU. [To-
CKOJIBKY B KaHaBKaX IJIEHKA MOJUKPUCTAUIMYECKOTO
ajMasa OTCYTCTBYET, a IJIOlIafKaM MeXIy KaHaBKaMu
ObLIM M3HAYaJIbHO MpUAaHbl (popMa U pa3Mepbl ro-
TOBBIX U3JEIUN, yIaJeHUE KPEMHUEBON MOIJIOXKHU,
HampuMep METOJOM XUMHUUYECKOTro TpaBjieHUs, Mpu-
BOJUT K MOJYYEHUIO TOTOBBIX U3AEIWI 0€3 UCIOJIb-
30BaHMsI KaKMX-JIMOO peXylIMX MHCTpyMeHToB. Ha
c(OPMUPOBAHHON MOJUKPUCTALINYECKON TJIaCTUHE
(TeImI00TBOAE) BIIOCIEACTBUY (POPMUPYIOT TpeOyeMbIe
nonynpoBogHukoBbele CBY npubopsl.

Ha puc. 8 (cM. BTOpyto CTOpOHY OOJIOXKKHU) TTPUBE-
JneHa QoTorpadusi MIACTUH TOJUKPUCTALIMYECKOTO
ajMasza, BBIPAIleHHOTO Ha MPO(UINPOBAHHBIX KpPeM-
HUEBBIX MOMIOXKAX C PA3IMYHONU TOMOJOTUEN.
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ITpuMeHeHreM JTaHHOM TEXHOJIOTUU PellaeTcs TeX-
HUYecKasl 3ajaya MOBBILIEHUS TMPOU3BOAUTEILHOCTU
npoiiecca MojJydyeHus U3aeauil u3 noJMKpucTaainye-
ckoro anMasa. TexHu4yecKuil pe3yabTaT OT MUCIOIb30-
BaHMSI MPEMIOKEHHOTO TEXHOJOIMYECKOro mpoliecca
3aKJII0YAETCs B YIPOIICHUM U YACIICBICHUU MOJyYe-
HUSI TOTOBBIX U3AEIUIA U3 TTOJUKPUCTAIIMYECKOTO aJl-
Maza. JlaHHas TeXHOJIOTHS TO3BOJSET TaKKe YMEHb-
1IaTh TEPMUUECKME HAMIPSIKEHUS PU POCTE aiMa3HOM
IUIEHKW U JeJlaeT BO3MOXHBIM BBIpalllMBaHUe OoJee
TOHKMX CJIOEB ajiMa3a 0e3 TpellMH U MPOrruooB.

B Hacrosiiiee Bpemsi METO pocTa aiMa3HbIX MOJIU-
KPUCTAJUIMUECKUX CJI0EB Ha MPeIBapUTEIbHO TTPpodu-
JIMPOBAaHHBIX KPEMHUEBBIX TUIACTMHAX C MOCIeIyIo-
LIMM TIOJTHBIM XMMUYECKHM CTPaBIMBAaHUEM KPEMHUS
sIBJIsIeTCsl Haubosiee MpopadOTaHHBIM METOIOM LIS
pa3fenieHus] M3TOTOBJIIEHHBIX MOJMKPUCTAINYECKUX
aJMa3HbIX TUIACTUH Ha OTHEJbHbIE TETIOOTBOIbI.

CrenyeT OTMETUTb, YTO BCE UCCIEoyeMbIe CIIOCO-
Obl (pparMeHTHPOBAHUS TUIACTUHBI TTOJUKPUCTAIIIN-
YECKOro ajiMa3a MMEIOT CBOM KakK MpeuMYIIecTBa, Tak
u HegocTatku. [ToaToOMy BHIOOP TOrO WM MHOTO CIIO-
coba He OYeBUICH, U JajbHElle UCCIeq0BaHUs 10
JTAHHOMY BOIIPOCY SIBJISIIOTCSI aKTyaJIbHbIMMU.

OnTumMu3anmsi KOHCTPYKIIMHM TEMJIOOTBOIA
M3 NOJHKPHCTAINYECKOro ajMasa
¢ MOMOMIBI0 KOMNBIOTEPHOTO MOAETUPOBAHUS

OavH U3 BaXHBIX MOMEHTOB MpU OpraHU3aluu
MMPOM3BOACTBA TEIUIOOTBOAOB M3 TOJIMKPUCTAIINYE-
CKOro ajaMasa — 9TO OIpelesieHue UX reoMeTpuye-
CKHX pa3MepoB I101 TpeOoBaHMS K KOHKpeTHbIM U OT.
Haubonee sppeKTuBHBIM crIOCOOOM BbIOOpa OITH-
MaJIbHBIX Pa3MepOB TEIJIOOTBOMAA SIBJSIETCSI CO3MaHNe
YHCJIEHHOI Moaenu KoHCTpyKuuu Bcero UBT ¢ mo-
CIeIyIOIIUM UCTIOJIb30BaHUEM CPEACTB YMCIEHHOTO
moaenupoBaHus [10, 14]. Ha puc. 9 (cMm. BTOpylo cTo-
pOHY 00JIOXXKHW) MpuBeAeHa Mozaeab molrHoro CBY

T T
800 1000 1200 1400 1600
h, pm

Puc. 10. 3aBucHMOCTb TEIJIOBOTO COMPOTHBJIEHUS OT TOJIIHHbLI Te-
IJI00TBOJA

Fig. 10. Dependence of the thermal resistance on the thickness of a
heatsink
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TpaH3MCTOpa Ha TETUIOOTBOAE M3 IMOJMKPHUCTAJLTAYE-
ckoro ainMasa [10].

M3MmeHeHue TeruioBoro pexuma padboThl MOILHBIX
MOJIyITPOBOAHUKOBBIX ITPUOOPOB XapaKTepU3yeTcs Te-
IUIOBBIM CONPOTUBIeHNEM R.. TeraoBoe conpoTusIie-
HUe R, ABIAETCA XapaKTepHOW BETMYMHOM I Kax-
JIOTO THTIA TIpUOOpa M 3aBUCUT OT ILIOIIAAN TOJIYIIPO-
BOJHUKOBBIX KPUCTAJLJIOB, TIJIOIIAAN, TOIIIUHBI U TH-
Ma MaTepHalioB MEXIY KpUCTaJJIaMM M OCHOBaHUEM
Kopmyca, a TakXke OT TeXHOJOTMYeCKOro mnpoliecca u
KayecTBa M3rOTOBJEHUSI, OHO CBS3bIBAET IpeAebHbIC
9JIEKTPUYECKKME BO3MOXKHOCTU MO Mepenaye MOIIHO-
CTU C YCJIOBUSIMU TEILJIOBBIX OTpaHUUYeHUt. YeM HIKe
BEJIMYUHA R, TeM ObICTpEE OTBOAUTCA TEILIOUA, U TEM
MEHBIIIEe TIeperpeB Bcero ycrpoiictna [§, 10].

I'pacduk, npuBeaeHHbIN Ha puc. 10, AeMOHCTpUpPY-
€T 3aBUCHMOCTb TETUIOBOTO CONPOTHBICHUS OT TOJ-
IIMHBI AJIMa3HOTO TeTI00TBOAA. PazMephl TemIo0TBO-
Ja paBHBI 7,6 X7,6 MM [10]. 3HaueHMe TOMILKMHBI pac-
CUYUTBIBAJIOCh A0 3HayeHud 1,4 mm. Ha rpacduke Bua-
HO, UTO B cllyyae JaHHOW Moaeau U ajst nanHoro UOT
YBEJIMUEHUE TOJIIIMHBI TTO3BOJISIET YMEHBIIUTD TETIO-
BO€ COIMPOTUBJIEHUE MOAEIM, HO MPU TOJLIUHE OoJiee
800 MKM TEILIOBOE COIIPOTUBIEHUE IIePECTAeT YMEHb-
1IAThCSI U HAUMHAET MEIJICHHO PacTHu.

B paGore [9] oTMeueHO, 4TO HaMOONbIINE 3HAYE-
Hus BeixogHoi CBY MOIIHOCTH JOCTUTHYTHI IIPU KUC-
MOJIb30BAHUHU TEIJIONPOBOASIINX MOIJIOXEK U3 Kap-
oupa xpemHus1. [1py1 3ToM JOCTUTHYTa MOIIHOCTh 0
80 Bt B HempepbiBHOM U 10 400 BT B MMITyJIbCHOM
pexuMax paboThl B quanaszoHax 4acTtoT 4...8 I'Tu u
8...12 I'Tu. JJanpHeliliee MOBBIIIEHNE YPOBHS BBIXO/I -
Hoit CBY MOIIHOCTM MOXET OBbITh AOCTUTHYTO TpU
KCIIOJIb30BAHUM B MOIIHBIX HUTpuA-TamneBeix CBY
TpaH3ucTopax nomioxek u3 CVD nonukpucraminye-
CKOro ajiMasa.

B pesynbTaTe npoBeneHHOTO aHaiu3a padoThl [9]
YCTAHOBJIEHO CJIeaylollee:

e IIpuMeHeHue B HuTpua-rauimeBbeix CBY TtpaH-
3UCTOpPaxX TEIUIONPOBOAALINX MOMIOXKEK Ha OCHO-
BeE IoJIMajiMasa, BbIpallleHHOTro Ha KpeMHUHM, obec-
MeyuBaeT 3HAYe€HUs TEMJIO0BOIO COIPOTUBIIECHUS
TPaH3UCTOPHOU CTPYKTYpbl MeHbllue, yeM y CBY
TPaH3MCTOPOB TEIJIOMPOBOASIIMMHU TTOMIOXKKAMU
Ha OCHOBE KapOuaa KpeMHMSI TIPU TOIIIMHAX KPeM-
HueBoro ciaosg MeHee 10 MKM;

e HaHECEeHWE CJIOS M3OJIMPYIOIIero IMojihaaMasa Ha
MOBEPXHOCTh MEXIY UCTOKOM, 3aTBOPOM U CTOKOM
Hutpua-rajauesoro CBY tpaH3ucropa mpu ToJj-
1mrHe KpeMHus 40 MKM yMeHbIIaeT TeIrIoBoe CO-
MIPOTUBJICHNE TPAH3UCTOPHOI CTPYKTYpHI Ha 18 %,
a IpoOMBHbBIE HaNpsXeHUs yBennuuBaer Ha 20 %.
CnenoBarebHO, 1Jist Haubosee 3¢ (GeKTUBHOrO MpH-

MEHEHUSI TETJIOOTBOAA U3 MOJMKPUCTAJINYECKOTO ajl-

Ma3a HeoOXOIMMO, MOMHUMO OTPaOOTKW TEXHOJOTHMU

M3TOTOBJIEHMS TETUIOOTBO/A, TAKXKE MOAOUPATh COOTBET-




CTBYIOLIMI TUIOpa3Mep TEIUIOOTBOAA IO KOHKPETHOE
HNDOT u 1o KOHKPETHEBIE eT0 PeXXKUMBI PabOTHI.

3akio4yeHune

Metonom CVD-ocaxpeHuss Ha  yCTaHOBKE
ATB-100-14 B cmecu CHy/H, nosydyens! nonukpu-
CcTaJuIMYyecKre ajiMa3Hble TJIEHKU Ha KPEMHMEBBIX IO/~
JIoXKax auameTrpoMm 95 MM. OrnpeznesieHbl ONTUMAaJb-
Hbl€ YCJIOBUSI OcaxaeHusl (pocTa) IMJIaCTUH MOJUKPU-
crajuimyeckoro anamasa. [losydeHbl TUIACTUHBI TOJ-
muHoi 100...600 MKM, 111€POXOBATOCTb IOBEPXHOCTU
KOTOpBIX HE IPEBBIIAET 5 MKM. TeIOnpoOBOTHOCTD
nmojiydeHHbIX riactuH gocturaet 1000 Br/(Mm « K).

[IpoBeneHbl KCIIEPUMEHTHI MO PA3NETICHUIO aMa3-
HBIX TIJIACTUH C TIOMOIIIBIO JIa3epa. BBISIBICHBI OCHOB-
Hble MPOOJEMBI, CBSI3aHHbBIE C 3arpsI3HEHUEM TTOBEPX-
HOCTHU pe3a ¢ oO0pa3oBaHUEM MO OGokKam IpadUTOBON
(hba3bl, HEraTUBHO CKa3bIBAIOLIEMCS HA XapAKTEPUCTU-
Kax ruiactuHbl. [ToaToMy paspe3aHHasi Ha OTAEbHbIC
3arOTOBKH TUTACTMHA TpeOyeT MOIMOJTHUTEILHOM OYM-
CTKM, YTO MPUBOAUT K YAOPOXKAHUIO TEXHOJOTUU Jia-
3€pHOI pe3KHU.

IIpennoxeH na3epHO-TIIIA3MOXMMHMUECKUIT METOH
(bparMeHTUpOBaHUST TOJUKPUCTANIMYECKUX aiMas-
HBIX TIJIACTHH.

IIpennoxeH HOBBIMA cHoco0 (parMeHTUPOBAHUS
IJIACTUH TMOJMKPUCTAUIMYECKOIO ajMasa IyTeM UX
BbIpalllMBaHUsI Ha MpeABapUTeIbHO MPO(PUINPOBaH-
HBIX KpeMHHUEBbIX IuiacThHax. [Ipu cTpaBiMBaHUU
KPEMHUSI OCTAlOTCSI TOTOBbIE ajMa3Hbie TMOMJIOXKMU,
KOTOpBIE YK€ HEe HaZo OOIMOJHUTEILHO pa3pe3aTh UIn
pasiaMbiBaTh. [ToMMMO 3TOrO JaHHOE pelleHue Io-
3BOJISIET YMEHbBIIATh TEPMUYECKUE HAMPSKEHUS TIPU
pOCTe aJIMa3HOU MJIACTUHBI U JeJaeT BO3MOXKHbBIM Bbl-
paiuBaHue 0ojiee TOHKHX CJIOEB ajiMasa 0e3 TpellvuH
u nporu6os. [1pou3BOAUTENBLHOCTD MO CPABHEHUIO C
MEXaHWYECKUMM 1 JTJa3epHBIMU METOIAMM Pa3IesIeHUS
3HAYUTEIBHO YBEIUYMIACD.

CoBpeMeHHbIN YpPOBEHb TEXHOJOTUM TPOM3BOACT-
Ba MOJMKPUCTAIMYECKMX aJIMA3HBIX IIJIACTUH IO3BO-
JIIeT TMoJlyyaTh MX C pa3MepaMM M CBOMCTBaMU, IpH-
TOAHBIMU JUISI UCTIOJIb30BaHUS B 3JIEKTPOHUKE.

TemnooTBOA HA OCHOBE METAJNIM3UPOBAHHOTO TTO-
JIMKPUCTAJUTMYECKOTO ajMa3sa IJaHUuPYeTCs UCTIOIb30-
BaTbh B paMKax IMPOU3BOACTBA aKTUBHbIX KOMITOHEHTOB
9JIEKTPOHHOM TEXHUKM B TAKUX 00JIACTAX, KaK yCTPOIi-
CTBa PaIUOJOKALMM, CUCTEMbl CIYTHUKOBOW CBSI3M,
KOMMYHUKAIIMOHHBIE KOMITAaKTHBIE YCTPOWMCTBA, IIPO-
yye aKTUBHbIE 2JIEMEHThI. B 4aCTHOCTH, MIaHUpYyeTCs
pa3paboTaTb MU M3rOTOBUTbH ajMa3Hble TEIIOOTBOIbI
anst kpemHueBbix CBY TpaH3ucTOpOB, paboTaolinx
B muara3oHe 4yacTotT 1...2 I'T1, aJMa3HBIX TETIOOTBO-
OB IJIsI TIpEABAPUTENBHBIX YCUJIUTENE MOIIHOCTH
IUIST aKTUBHBIX (pa3sMpOBaHHBIX aHTEHHBIX PEIIETOK,
paboTtatoniux Ha yactorax 8...12 I'Tu, anMa3HbIX Ten-
JIOOTBOJIOB IS KapOUaoKpeMHUeBbIX auoaos LloTt-

K1, TPaH3UCTOPOB Ha aJIMa3HOM TCIJIOOTBOAEC OJId UM-
ITYJbCHBIX UCTOYHMWKOB SJICKTPOIIUTAHUA.

Paboma evinosnena npu @urancosol noddepiicke
Munobprayku PD (coenawernue o npedocmasaenuu cyo-
cuduu No 14.607.21.0011, ynukanvubiii udenmughuxamop
npoexkma RFMEFI60714X0011).
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Diamond-Based Heatsink for the Power Microwave MIC

This paper presents the results of development of the technology for production and processing of a promising material for ap-
plication in the heatsinks of power semiconductors — polycrystalline diamond. Research was done of the technology for manufacture
of the wafers of the polycrystalline diamond by CVD deposition. The research included selection of the fragmentation method of the
polycrystalline diamond plates, as a result of which new technological laser-plasma-chemical plates cutting method in a low pressure
gaseous environment was proposed. This method consists in growing of a polycrystalline diamond on a pre-shaped silicon substrate,

with a subsequent etching of silicon.
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Introduction

Development of the technology for manufacturing of
highly effective heatsinks for the electronic technology prod-
ucts (ETP) — power amplifiers on microwave transistors with
high output power (tens of watts) is an important task. One
of the problems encountered by the developers is generation
of heat in the active zone of the microwave transistor, which
leads to overheating of the device. High temperatures have a
negative influence on the frequency characteristics of the de-
vice, its power and reliability.

One of the ways to solve the problem of overheating in
ETP of higher power is development of a heatsink, which has
a volumetric design and disseminates the heat generated dur-
ing operation of the powerful devices. An effective disper-
sion of heat is carried out due to high heat conductivity of
the material of the heatsink, which transfers heat from a
crystal of the device to the external cooling system (conduc-
tive, air or liquid).

Application of a heatsink allows us to improve the char-
acteristics and reliability of the electronic devices of higher
power, including the microwave transistors and monolithic
integrated circuits (MIC), light-emitting and laser diodes,
their matrixes, etc.

The main requirement to a heatsink is the maximal heat
conductivity. The traditional materials for this are alumoni-
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tride ceramics, beryllium ceramics and copper. But, with ac-
count of the increasing power of the semi-conductor devices,
the heatsinks from such materials not always meet the re-
quirements of the modern devices. Besides, the material
should have high electric insulating properties, in order to
avoid formation of a parasitic capacity between a crystal and
a heatsink. At the present moment, the most promising ma-
terial is the monocrystal and polycrystalline diamond due to
its physical and chemical characteristics: heat conductivity
(table 1), coefficient of thermal expansion and exclusive
chemical and thermal resistance, and also important factors
are its cost and adaptability to manufacture [1, 6].

For organization of production of the heatsinks from the
polycrystalline diamonds it is necessary to meet a number of
requirements to the technological process:

e high growth rates of the plates;
e maximal cleanliness of the materials;
e possibility of a growth on the substrates of a big diameter

(2100 mm);

e minimal non-uniformity of the plates.

Besides the manufacturing technology for the heatsinks
with high heat conductivity suitable for micro- and nanoe-
lectronics, it is also necessary to develop effective ways for di-
vision of the heatsinks on a plate into separate chips and to
take into account the economic feasibility in selection of the
manufacturing technology [7—10].




The main works related to manufacture of the diamond
heatsinks were carried out within the framework of the De-
cision Ne 218 of the Government of Russia of April, 09, 2010,
Contract Ne 02.G36.31.0005 of May, 23, 2013, between
NPP Istok Co. named after Shokhin Co. and Ministry of
Science of Russia, Contract Ne 33/211-13 of February, 22,
2013, between IUHFSE RAS and NPP Istok named after
Shokin Co.

The given article is devoted to three key problems, which
had to be solved during development of the technological
processes for manufacture of highly effective heatsinks from
polycrystalline diamonds, from the point of view of organi-
zation of their production:

e development and optimization of a method for growing of
plates;

e development of a method for fragmentation of the plates
into separate "chips"”;

e optimization of the geometry of the heatsinks by means of
computer modeling.

Growing of the polycrystalline diamond plates

Prospects for application of diamonds appeared as a result
of development of technology for deposition of the polycrys-
talline diamonds at low pressure from a gas phase (Chemical
Vapor Deposition, CVD). The technology makes it possible
to produce the purest films.

CVD deposition of the diamond plates is done from the
activated low pressure gas phase (microwave plasma). Usu-
ally the gas phase consists of a mixture of hydrogen and vol-
atile carbon-containing substances (methane, acetone vapors,
methanol, etc.) with concentrations up to several percent.

Activation of the gas phase pursues two aims. Firstly, it is
necessary to achieve a rather high concentration of the active
carbon-containing particles. Secondly, it is necessary to cre-
ate a reagent, which suppresses the growth of the non-dia-
mond forms of carbon (graphite, amorphous carbon). Such a
reagent is atomic hydrogen. The speed of the back reaction of
the atomic hydrogen with carbon, leading to formation of the
volatile compounds during interaction with the graphite-like
carbon, is considerably higher, than the speed of interaction
with the carbon in the form of a diamond, which ensures pri-
mary etch removal of the non-diamond component of the
coating. Besides, the atomic hydrogen participates in recon-
struction of the surface structure of a growing carbon plate,
transforming spz—bonds into tetrahedron sp3—b0nds.

All the installations for CVD deposition have: a reaction-
ary chamber, a vacuum system, a gas system for supply of a
reactionary mixture, and a microwave generator. The depo-
sition boils down to the following: a mixture of hydrocarbon
is supplied to the vacuum chamber, where it dissociates in
the microwave plasma supported by a powerful microwave
radiation. The most widespread and simple mixture for the
synthesis of the polycrystalline diamonds is the mixture of
methane with hydrogen, at that, obtaining of qualitative
films is carried out with the correlation of the components
(0,3...1) % CHy — (99,7...99) % H,. Hydrogen is intended
for carrying out of homolytical reactions of splitting of the hy-
drocarbon molecules in the gas phase, as a result of which the
reactive radicals are formed. These radicals, especially the
methyl groups (CH3), diffuse to the substrate surface and also

form C—C bonds for formation of a diamond lattice. De-
composition products (the hydrocarbonic radicals and the
atomic hydrogen) are delivered to the substrate heated up to
the temperature of 700—1000 °C, necessary for the growth of
the diamond polycrystalline structures.

Depending on the character and direction of the influence
on the environment-crystal crystallization system there are
two ways to influence the growth direction: influence on the
gas phase (homogeneous chemical reactions) and influence
on the surface of the growing crystal (heterogeneous). How-
ever, most often, during the growth of CVD diamonds the
correlation of the degree of influence on the gas phase and on
the crystallization surface is rather uncertain. The diamond
growth rate and its quality depend on the degree of activation,
the kind and concentration of the initial carbon-containing
compounds, the substrate temperature and other parameters.

At first sight, the task to increase the dimensions of the
silicon plates with the diamond polycrystalline films depos-
ited on them can be solved simply enough — it is necessary
to replace the traditionally used frequency of 2,45 GHz with
915 MHz. At that, the power density on the substrate falls
sharply. For compensation of the phenomenon it is necessary
to increase the power of the microwave generator (up to tens
and even hundreds of watts). Realization of such solutions re-
quires economic feasibility studies.

A substrate used for the deposition is usually molybde-
num or silicon plates. It is possible to deposit diamond films
also on other materials resistant to heating in the presence
of atomic hydrogen up to 1000 °C, because the formation of
the diamond coatings requires heating of the substrate up to
600...1200 °C [1, 2].

The substrate temperature is an important factor for ob-
taining of the diamond films and structures on their basis. It
influences the content of the diamond phase in the film. Ac-
cording to the growth model of a carbon film during CVD
deposition the greatest content of the diamond phase is
reached at the optimal temperature of the substrate, when,
first, the growth rate of the crystalline sp-bounded carbon, de-
termined by the concentration of the torn off sp-bonds of the
plate surface and depending on the desorption of hydrogen
from the surface, is maximal, and, second, the speed of etch-
ing of the sp-bounded carbon exceeds the speed of its growth.
At the temperature of the substrate over the optimal level the
speed of etching of the sp-bounded carbon is less than the
speed of its formation, which leads to graphitization of the
plates. At a fall of the temperature of the substrate below the
optimal level the condensation of the aromatic molecules on
the plate surface intensifies, with their decomposition and
formation of amorphous sp3— and spz—bounded carbon. In
most works on the technology of the thermal CVD deposition
of the diamond plates on silicon the maximal content of the
diamond phase is reached within the range of 500...900 °C [2].

It should be underlined, that the technologists concentrate
their attention on a low-temperature reception of thick dia-
mond films. The minimal substrate temperature for the
growth of thick films encountered in literature is 350...400 °C.
A decrease of the temperature allows us to receive diamond
films on the substrates from any materials [2, 7].

One of the tasks, deserving attention, is research of the
mechanism of heteroepitaxial growth, that is, the initial stages
of deposition, during which a diamond arises on non-dia-
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mond substrates. Several experiments demonstrated that an
abrasive processing of the non-diamond substrates reduces
time of the beginning of origin of the diamond grains and in-
creases the density of the places of nucleation [1]. This inev-
itably increases the growth rates of the diamond, because for-
mation of a continuous diamond film, in essence, is the proc-
ess of crystallization, which occurs through formation of the
nuclei, accompanied by a three-dimensional growth of nu-
merous micro crystalline particles up to the moment, when
they incorporate into a continuous film. The abrasive process-
ing is usually done by mechanical polishing of a substrate with
an abrasive paste (a diamond powder with the sizes of par-
ticles in the powder of 0,1...10,0 um) or with the use of ul-
trasound.

The growth of the diamond coatings is preceded by the in-
cubatory period, during which nuclei of the diamond phase
should be generated on the substrate surface. Depending on
the substrate material and conditions, the time of the incu-
batory period can be measured by minutes and hours. With a
view to accelerate the formation of the crystallization centers
of the diamond plate, at the initial stage the micro- and na-
nocrystals of diamonds are used as "the seeds planted" in the
substrate surface [1, 2].

The microstructure of the diamond plates and the size of
the crystalline particles from nano- up to micrometers can be
controlled by changing the conditions of the plasma-chemical
deposition, in particular, by means of selection of the gas en-
vironment.

During our research of CVD deposition of the polycrys-
talline diamond films we used ATB-100-14 installation for
plasma-chemical deposition with a plasma-chemical reactor
on the microwave-discharge basis. The installation ensured
growing of the diamond films on big-area substrates, it had an
improved level of automation and convenience of service. The
installation’s characteristics are presented in table 2.

ATB-100-14 installation consists of several parts (fig. 1):

1. Control racks: a computer, a touch screen, a unit of in-
terface boards for control of the external devices, a power sup-
ply unit for the microwave generator, +24 V power supply
unit for the electronic sensors and flowmeters.

2. Unit-reactor: a chamber-reactor, a gas-vacuum module
with a system of control valves, a microwave path including
a magnetron unit, an insulator, a tuner, wave guides, cooling
elements of the installation with water-flow sensors.

Structure of the gas-vacuum module and chamber is pre-
sented in fig. 2.

A substrate holder maintains the temperature during the
growth and the subsequent annealing of the diamond film. In
the course of growth a significant amount of heat is generated
on the substrate (basically due to the electronic bombard-
ment), because of which the substrate holder is supplied with
a water cooling system.

In our case the deposition was done on the silicon sub-
strates heated up to 700...800 °C with a speed of 2...6 um/h.
The microwave power was equal to 7,5 kW, frequency —
2,45 GHz, concentration of methane — 2...3 %, concentration
of hydrogen — 97...98 %, pressure in the chamber — 90 Torr.

During the research the diamond films were grown on Si
substrates with diameter of 100 mm in the microwave-dis-
charge plasma with the use of the reactionary mix of CH,/H,

(fig. 3).
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The control of the sizes of the crystalline particles of the
polycrystalline diamond films was implemented by means of
Zeiss EVO MAI0 raster electronic microscope. The aperture
of the raster electronic microscope was set equal to 20 um, the
magnification was 50 000x. The size of the grain of the crys-
talline particles was defined as the length of a piece of the line
on the screen of the microscope, connecting two points with
the biggest sizes of the crystalline particles. Fig. 4 and 5
present photos from the screen of samples Ne 1 and Ne 2.

The installation allows us to grow the polycrystalline dia-
mond films of the demanded thickness and sufficiently high
quality on the big-diameter plates (~100 mm) and suitable for
the heatsinks. The growth rate was 2,7 um/h.

Fragmentation of the polycrystalline diamond plates grown
on flat and profiled silicon plates

One of the still unsolved problems with development of
the heatsink is fragmentation of the polycrystalline diamond
plates into separate "chips", on which ETP are placed. The
technological complexity of fragmentation of the diamond
plates is explained by the exceptional hardness of the given
material.

The problem can be solved by the use of the mechanical
methods of fragmentation, laser cutting and growing on the
preliminary profiled silicon substrates with etching of sili-
con. The above methods are classes of methods and their
versions, which have their niches of application, advantages
and drawbacks.

The mechanical methods have one thing in common —
the processing is done by diamond disks with application of
coolants, which is not always acceptable. Moreover, in the
processing zone there can be a local overheat, and splits and
cracks are formed, the plate surface is dirtied with shavings
and requires cleaning, the profile itself has a spread by width.

In our opinion, fragmentation by laser cutting is the most
promising method. The laser methods eliminate considerable
number of the drawbacks inherent in the mechanical meth-
ods. High concentration of the brought energy and locality of
the influence allow us to process a small site of a material,
with a high speed and short time of influence, without heating
of the other parts of the surface and without infringement of
its structure and properties, which means a minimum of de-
fects on a plate [11].

However, the laser cutting is not perfect. Its main draw-
back is emission of a modified material — a graphitized layer
from the cut area and its deposition on the already formed in-
strument structures, which is inadmissible in transition to the
topology of the nano-sized devices.

We suggested and developed a laser-plasma-chemical
method, when by means of a laser locally, in the cut area,
plasma of a certain structure is formed and a "soft" etching of
the material occurs without splashing [11—12].

The method boils down to the following: the process goes
on in low pressure plasma, in the atmosphere of the gases,
which in the ionized state interact actively with the diamond
surface and transform it into the volatile compounds, which
are evacuated from the reactionary chamber by means of a
vacuum pump. Plasma is set on fire in the focus of the laser
beam and can move in the necessary direction on the proc-
essed surface by means of an optical system or by means of




a mechanical movement of the sample in relation to the local
plasma in the focus of the laser beam.

For this method we chose the laser, most suitable for the ex-
periments of cutting of the polycrystalline diamond plates —
the laser on copper vapors with the wavelength of 0,5...0,6 pm,
output power of 20 W, frequency of the pulse repetition of
10 kHz, and duration of pulses of 15 ns.

An advantage of the proposed method is that the cut-
ting speed in various crystallographic directions is prac-
tically the same, since the "local” plasma has high density
(10”...1012 cm_l) and the etching speed differences are lev-
eled out. Constant reorganization of the hardware and soft-
ware is not required. From this point of view, the method is
easier, it demands special chemical reagents. At temperatures
above 180 °C the products of chemical reactions are volatile
and can be easily pumped out. In the area of the laser plasma
the temperature exceeds 180 °C, which means, that the
process is applicable as solution to the problem of division
of a substrate into fragments ("chips"). Low pressure, about
1-1073...1 Torr (0,13...133,32 Pa), in the reactor is created by
means of a spiral vacuum pump.

The quality of the cut is determined by the modes of the
laser processing and composition of the gas environment. The
plasma-forming gas environment was the mixture, well-
known in traditional plasma chemistry, of CF, + O,, and also
O, + Ar. In order to alleviate the initial breakdown argon was
added.

Experiments were done for cutting the plates, and as a re-
sult, a cutting line was obtained without a fullerene phase and
graphite layers, which present in the traditional cutting tech-
nologies.

Visualization was done by means of a raster electronic mi-
croscope. The results of the traditional laser cutting and of
the proposed laser-plasma-chemical method are presented in
fig. 6 and 7.

As one can see in the pictures, cutting by the proposed
technology (fig. 7) ensures absence of the extraneous carbon
materials on the surface of a plate and at an end face of the
cut itself; unlike the traditional laser cutting (fig. 6), where the
graphite emission on the surface of the plate along the cutting
line is well visible.

Also a cardinally new way of fragmentation of the plates,
which consists in growing of the polycrystalline diamonds on
the profiled silicon substrate [2, 6, 13] was offered. At the be-
ginning a preparation is done of the silicon substrate by cut-
ting flutes on it with formation of a platform, corresponding
to the configuration of the finished product. The flutes have
the width of the doubled thickness of the film of the finished
product, and the depth exceeding the width, which allows us
to avoid a diamond deposition on the bottom of the flutes [6].
Then, in the atmosphere of a mixture of methane and hydro-
gen the polycrystalline diamond film is grown on the surface
of a profiled silicon substrate. Since in the flutes the polycrys-
talline diamond film is absent, and the platforms between the
flutes initially had the forms and the sizes of the finished prod-
ucts, removal of the silicon substrate, for example, by the
method of chemical etching led to reception of the finished
products without use of any cutting tools. The required semi-
conductor microwave devices were subsequently formed on
the produced polycrystalline plate (heatsink).

Fig. 8 (see 2-nd side of cover) presents a photo of the
polycrystalline diamond plates, grown on the profiled silicon
substrates with different topology.

Application of the technology solves the problem of in-
creasing the productivity of reception of the polycrystalline
diamond products. The technical result from the use of the
proposed process consists in simplification and cost-reduc-
tion of obtaining of the finished products from the polycrys-
talline diamonds. The given technology also allows us to re-
duce the thermal stress during the growth of a diamond film
and makes it possible to grow thinner diamond layers without
cracks and deflections.

The method of growing of diamond polycrystalline layers
on the preliminary profiled silicon plates with the subsequent
complete chemical etching of silicon is the most well-devel-
oped method for division of the produced polycrystalline dia-
mond plates into separate heatsinks.

It is necessary to point out, that all the methods of frag-
mentation of the polycrystalline diamond plates have their
advantages and drawbacks. Therefore, the choice of a method
is not obvious, and the further research is necessary.

Optimization of the design of a polycrystalline diamond
heatsink by means of computer modeling

One of the important factors in production of the poly-
crystalline diamond heatsinks is determination of their geo-
metrical sizes in accordance with the requirements to ETP.
One of the most efficient ways to select the optimal dimen-
sions of a heatsink is development of a digital design model
of all ETP with a subsequent use of the means of digital mod-
eling [10, 14]. Fig. 9 (see 2-nd side of cover) presents a model
of a powerful microwave transistor on a polycrystalline dia-
mond heatsink [10].

Change of the thermal mode of the powerful semi-con-
ductor devices is characterized by thermal resistance R,
which is a characteristic value for each type of the device and
depends on the area of the semi-conductor crystals, the area,
thickness and materials between the crystals and the case ba-
sis, and also on the process and quality of manufacture. It
binds the limiting electric possibilities for power transfer with
the conditions of the thermal restrictions. The lower is R, the
faster the heat is taken away, and the less is overheat of the
whole of the device [8, 10].

The diagram in fig. 10 demonstrates the dependence of the
thermal resistance on the thickness of the diamond heatsink.
The dimensions of the heatsink are 7,6 X7,6 mm [10]. The
thickness was calculated up to 1,4 mm. It is obvious that for
the given model and ETP an increase of the thickness allows
to reduce the thermal resistance, but at the thickness more
than 800 um the thermal resistance ceases to decrease and
starts to grow.

In [9] it is noted, that the greatest values of the output mi-
crowave power are reached due to the use of the heatsink
substrates from silicon carbide. At that, the power is reached
up to 80 W in the continuous mode and up to 400 W in the
pulse operating mode in the frequency ranges of 4...8 GHz
and 8...12 GHz. The further increase of the output microwave
power can be reached due to the use of the substrates from
CVD polycrystalline diamonds in powerful nitride-gallium
microwave transistors.
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As a result of the implemented analysis of the work [9] the
following facts were established:

e application in the nitride-gallium microwave transistors of
the heatsink substrates on the basis of polydiamond on sil-
icon ensures the values of the thermal resistance of the
transistor structure lower, than those of the microwave
transistors with the heatsink substrates on the basis of sil-
icon carbide with the thickness of the silicon layer less
than 10 um;

e deposition of a layer of isolating polydiamond on the sur-
face between the source, the gate and the drain of the ni-
tride-gallium microwave transistor with thickness of sili-
con of 40 micrometers reduces the thermal resistance of
the transistor structure by 18 %, and increases the dis-
charge voltage by 20 %.

Hence, for the most effective application of a polycrystal-
line diamond heatsink, besides development of the manufac-
turing technology for production of the heatsink, it is neces-
sary to select the corresponding dimension type of the heat-
sink in accordance with concrete ETP and its concrete oper-
ating modes.

Conclusion

Polycrystalline diamond films on silicon substrates with
diameter of 95 mm were received by the method of CVD
deposition on ATB-100-14 installation in CH,/H, mixture.
The optimal conditions for deposition of the polycrystalline
diamond plates were defined. The plates with thickness of
100...600 um and surface roughness not exceeding 5 pm were
obtained. Heat conductivity of the received plates reached
1000 W/(m * K).

Experiments were done for division of the diamond plates
by means of a laser. The basic problems were revealed con-
nected with the dirt on the surface of a cut with formation of
a graphite phase on each side of it and telling negatively on
the plate characteristics. Therefore, a plate, cut into separate
workpieces, demanded additional cleaning, which raised the
cost of the laser cutting technology.

A laser-plasma-chemical method was proposed for frag-
mentation of the polycrystalline diamond plates by their
growing on the preliminary profiled silicon plates. Etching of
silicon produced ready diamond substrates, which required no
cutting or breaking. This solution allowed us to reduce the
thermal stress during the growth of a diamond plate and made
it possible to grow thinner layers of diamonds without cracks
and deflections. In comparison with the mechanical and laser
methods of division, the productivity was considerably higher.

The level of production of the polycrystalline diamond
plates allows us to obtain them with the sizes and properties,
suitable for use in electronics.

The heatsink on the basis of the metalized polycrystalline
diamond is expected to be used in manufacture of the active
components of the electronic technologies, in the radar de-
vices, satellite communication systems, compact communi-
cation devices, and other active elements. In particular, it is
planned to develop and manufacture the diamond heatsinks
for silicon microwave transistors in the range of frequencies of
1...2 GHz, for power preamplifiers, for the active phased an-
tenna lattices on frequencies of 8...12 GHz, for Shottky sili-
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con-carbide diodes, for the diamond heatsink transistors for
the pulse sources of power supply.

The work was implemented with the financial support
of the Ministry of FEducation ana] Science (grant agree-
ment No 14.607.21.0011, unique project identifier of
RFMEFI60714X0011).
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I Bentopyccknil HalMOHATBHBII TeXHHUECKHUIA YHUBEpCHUTeT, T. MUHCK, Berapych
2 benopycckuii rocynapcTBeHHbI YHUBEpCUTET, I. MUHCK, benapych

TEHAOOTBOA HA OCHOBE AAMA3A CO BCTPOEHHbIM

AATYHUKOM TEMIIEPATYPbI

Ilocmynuna e peadkyuro 30.10.2015

Ha ocnose cunmemuueckoeo aimasa muna Ib uzeomoenern menioomeod co 6CMpPOCHHbIMU MePMOPEIUCIOPAMU MUKDOMEM -
posbix pazmepos. Tennoomeod npedcmaeasiem co60l AIMA3HYI0 NAACMUHY, YCMAHOBAEHHYI0 Ha MedHbld paduamop. Pacnpedene-
Hue memMnepamypbi 6 AIMa3HOM Meni0omeode om "moueuro2o " ucmouHuka meniomol mouwHocmoto 0,7 Bm uzmepero ¢ nomouwsvio
MepMOpe3UCmopo8 U paccHumaHno mMemooom 4ucieHHo20 modeauposanus. Iloayueno xopouiee coomeemcmeue mexcoy 3Kcnepu-
MEHMANbHBIMU U PACYEMHbIMU OAHHbIMU. YCMaHoe1eHOo, Ym0 KuHemuka Hazpeea umeem "ovicmpyro” u "MeoneHHyo " cocmaensio-
wue, XapaKkmepusyruue pazoepes aiMAa3Hol NAACMUHbL U MeOH020 paduamopa coomeemcmeerto. Bpems ycmanoenenus Keasu-
CMAUUOHAPHO20 PACAPeOeseHUs MeMnepamypbl 6 diMa3HoM menioomeode cocmaeasiem ~I10 mc.

Karoueevie caosa: cunmemuueckuii aimas muna Ib, menioomeod, mepmope3ucmop, KUHemuKa Haepesa, YucierHoe modeau-

poeanue

BBenenne

OpHuM u3 (HakKTOpOB, OrpaHUYMBAIOIINX MUHMA-
TIOPU3ALINIO TTOTYITPOBOTHUKOBEIX TPUOOPOB, SIBJISIET-
csI BBICOKAS TUIOTHOCTD BBIACISIEMON MOIITHOCTH, UYTO
MIPUBOIUT K TiepeTpeBy mpubopa. s peleHusT 3Toi
Mpoo6JaeMBbl TpeOyeTcsl paccpelOTOYUTh KOHIEHTPU-
POBaHHBIN TEMJIOBOI MOTOK Ha OOJbIIYIO IUIOLIAdb.
Bbicokasi TerionpoBOAHOCTh ajMa3a oOecreyuBaeT
s dekTUBHOE pacnpeneieHue TernoTsl [1—3] ot "To-
yeyHBIX" MCTOUHUKOB. KpoMe Toro, aima3s BciaencTBre
HU3KOM 3JIEKTPOIIPOBOTHOCTH ITO3BOJISIET HM30JUPO-
BaTh ITOJYIIPOBOAHUKOBBIM KPUCTAUT OT METaJIde-
ckoro kopmyca. Mcronb3oBaHne aiIMa3HbIX TETIOOT-
BOJIOB 1IEJIECOO0PA3HO TAKXE B CUCTEME OXJIaXKICHMS
MpUOOPOB, YYBCTBUTEIbHBIX K UBMEHEHUIO TeMIIepa-
TypHOro pexwuma. as Takux ImpuOopoB TpedyeTcs
CcTabuaM3auus W HENpepbIBHBIA KOHTPOJbL pabdoueit
TeMreparypbl. MecToM Ijig ONTUMAIbHOTO PACIOJIO-
JKeHUS JaTINKa TEMIIePATyphl B 3TOM CIyJae SIBJISIeTCS
camMa MpUOOpHAsT CTPYKTYpa, a THe 3TO HEBO3MOXHO,
JATINK TeMIIepaTyphl pa3MellaeTcsl B MaTepraje Tell-
JiooTBoJa (anMase). MHTerpupoBaHHBIN B ajiMa3 aatT-
YUK TeMIIepaTypbl UMEET MpPakKTUYEeCKU MIeaTbHbIM
TEIJIOBO KOHTAKT C TEIJOOTBOJIOM M, C YY€TOM BbI-
COKO TEeTUIONPOBOAHOCTH ajMasa, BHICOKOE OBICTPO-
neiicrBue [4].

YyBCTBUTENBHBINA NAaTYMK TEMIIEpaTypbl B aaMas-
HOM TIJITACTUHE MOXET OBITh M3TOTOBJIEH METOJIOM MM-
MJIaHTaUMX MOHOB 6opa [5—8]. TexHonorus co3nanus
JIETUPOBAHHBIX OOPOM TEPMOUYBCTBUTEIBHBIX CIIOEB
XOpolLIo pa3paboTaHa Uisi KpUCTA/UIOB aiMasa tuna Ila
C HU3KUM (MeHee 10'8 CM_3) coaepxaHueM azota. On-
HaKO OOJIBIIMHCTBO MPUPOIHBIX Y CUHTE3UPOBAHHBIX

METOIOM BBICOKHX HABJICHUI W TemmepaTyp (MeTon

HTHP) anMazoB conepxar ropasno 6osbliie azoTa (60-

nee 101 CM_3). B Takux anmazax He ygaeTcsl HOIyYUuTh

BBICOKME 3HAUYEHUS MPOBOAMMOCTU U DHEPTUM aKTH-

BallMy TIPW MaJIbIX J03aX WUMILJIaHTAllMd MOHOB 6opa.

DTO CBS3aHO C TEM, UTO aKIIeNTOpHasl MpUMech Oopa

KOMIIEHCUPYETCSI AOHOPHOU NpuMechio azoTa. C yBe-

JIMYEHUEM J03bl UMITJIAHTALIMY B OKPECTHOCTH MTPOEK-

LIMOHHOTO TMpo0era MOHOB MapajuleiIbHO pa3BUBAIOTCS

IIBa TIpoliecca:

e DPACTET YMCJIO CTPYKTYPHBIX HApyLIEHUI, KOTOpbIE
MpU OTKUTE CTUMYJIMPYIOT TpaduTHU3aLMIO;

e (dopmupyeTcs TepeKpblBaloIlIasicsl C BaJeHTHOM
npuMecHasi (CBsI3aHHasi ¢ MpUMechlo Oopa) 30Ha
IIpoBOAUMOCTH [5].

I[Ipy 3TOM NPOBOAUMOCTH WMMILIAHTUPOBAHHOTO
CJI0S1 BO3pACTaeT, a SHEPIUsT aKTUBALIMKM TTPOBOANMO-
CTUM YMEHbIIIAeTCsl, YTO MPUBOIUT K CHUXKEHUIO TEp-
MOYYBCTBUTEJILHOCTH [6, 7]. AIbTepHATUBOM MOHHOM
WMIUTAaHTaUMU Oopa sl co3maHus MPOBOAMMOCTHU B
ajMas3e MOXeT ObITb ero "JerupoBaHue" nedekramu,
COITPOBOXKIAIOIIMMU MOHHYI0 UMILIaHTauuio [9, 10].
Tun MMIIAHTUPOBAHHOTO HMOHA B 3TOM Cllydyae He
MMeEET CYIIECTBEeHHOro 3HadyeHus [11].

Ilenb paboThl — M3rOTOBJIEHME AaJIMa3HOTO TEILIO-
OTBOZIa CO BCTPOCHHBIM JATYMKOM TEeMIIEPATyphl, MC-
cliefoBaHWe U MOJIEIMPOBAHUE ITPOLIECCOB TEIIOMNe-
peHoca B HEeM.

N3roroBjienue N1aTIMKOB TEMIEPATYPHI
B AJIMA3HOM TEILVIOOTBOJIe C MCNOJIb30BAHHEM
HMILIAHTau HOoHOB (hocdopa

TernooTBoAbl OBLIM M3rOTOBJICHBI U3 KPUCTAIOB
aiMa3a, cuHTe3upoBaHHbIX MeTogoM HPHT B PVII
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AMa3Hadg IIacTHHA
Diamond

Puc. 1. Cxema aimasnoro tepmopesucropa; BT u Pt — cion anmasa,
HMMILIAHTHPOBaHHbIE HOHAMK O0opa u ¢ocdopa cOOTBETCTBEHHO

Fig. 1. Diamond thermistor; Bt and P* — layers of a diamond,
implanted with boron and phosphorus ions, respectively

"Apamac BI'Y" [12—15]. CpenHsisi KOHLIEHTpALUST OC-
HOBHBIX TEXHOJIOTMYECKUX IpUMeECEeil B ajiMa3ax Co-
crassina 4+ 10" u 2-10'8 em™3 s asora u Hukens
COOTBEeTCTBEHHO. KpucTamibl pa3pe3aauch ajiMa3Hbl-
MU IMCKaMU IapajuienbHo miaockocTtu (100) Ha 3aro-
ToBKM ToawuHOK 400...500 MKM U MeXaHUYECKU TTO-
JIMPOBAIMCH C ABYX CTOPOH OO ITOJYYEHMs ILIOCKO-
napajjieIbHbIX TUIACTUH TOJIIMHOM okKojo 300 MKM.
IIlepoxoBaTOCTh TOJUPOBAHHOW TMOBEPXHOCTU TIIa-
ctuH cocraBwia ~10...15 um. /11T U3roToBIeHUS TEIl-
JIOOTBOJOB MCIOJIb30BAIM TUTACTUHBI, BEIpE3aHHBIE U3
LIEHTPAJIbHOM YacTu KpUCTajllla, pa3MepoOM He MeHee
4x4 mM. Ha ogHO#l 13 MOBEpPXHOCTE! MIACTUH Me-
TomaMu ¢oroauTorpadruy U MOHHOM MMILIAHTAIIUU
¢dopMupoBazach MaTpulia TepMope3nucTopoB. Cxema-
TUYECKOE M300paKeHHEe TePMOPE3UCTOpa IIPUBEICHO
Ha puc. 1.

KoHTakTHBIE 00JIACTH TEPMOPE3UCTOPOB pa3MEPOM
200x200 MKM co3gaBaJiMCh MMILIAHTalleil MOHOB
Oopa ¢ Bapuainueit aHepruu B nuanasose 25...100 kaB
W CyMMapHO# 1o30it 2 1016 cm2. AKTHBauus Npo-
BOJAMMOCTU BHEJIPEHHOTro 6opa JOCTUTANIACh OTXKUTOM
B BaKyyMHOM Ieuu ¢ rpauMTOBBIM HarpeBaTesaeM IpU
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1450 °C B TeyeHue ogHoro 4yaca. HaGop sHepruii um-
MJIAHTALlMU MCTOJIb30BAJICS IJIs1 CO3MaHMsI KBa3WOAHO-
POMHOIO JIETMPOBAaHHOTO OOPOM CJIOSI TIYOUHOI OKO-
Jo 0,2 MKM, KOTOPBIi MOJHOCTBIO HE YHaJsics Mpu
XUMMYECKO 00paboTKe IMJIACTUH Mocjie oTXura. Bbi-
COKasl 103a UMILIaHTALlMM HUCIIOJIb30Bajach as Ghop-
MUPOBaHUS TIPU OTXKUIe MPUMECHON 30HBI, KOTOpas
MepeKphIBajach C BaJICHTHOM 30HOI U MMela OJIM3KYIO
K HYJIIO SHEPIUIO aKTUBALIMU IIPOBOIUMOCTH |3, 6, 11].

PacrnionoxeHHbIe MeXAy KOHTAKTaMU TE€PMOUYYBCT-
BUTeIbHbIE 00acTu pazmepom 200 X 200 MkM opmMu-
pOBaJIMCh UMILJIaHTaLMe HOHOB (pocdopa ¢ aHeprueit
180 k3B mosoii 1-10° em™2 ¢ MOCIEAYIOIINM OTXKHU-
rom nipu 500 °C. dakTopoM, ONpEIesSIOIINM BbIOOD
HOHOB (¢ocdopa, Oblla BeIMUMHA UX DHEPTUU UM-
IUTAaHTAllMMd B CTAaHJAPTHOM TEXHOJIOTMUYECKOM IMpPO-
lecce, TMO3BOJISAIONIAS CO3/aBaTh CIOU CTPYKTYPHBIX
HapylIeHUil JocTaToyHo Tayooko (0,2 MKM) OT To-
BepxHOCTU. Jlo3a uMIUIaHTalMM Oblja BbIOpaHa M3
aHaJIM3a J030BbIX 3aBUCHMOCTEM MPOBOIMMOCTU U OT-
>KUTa UMILIaHTUpoBaHHOro cjost [9, 10]. PesyabTaThl
HCCIIeIOBAaHMI TTPUBEIEHBI Ha puUC. 2.

Kak BugHO Ha puc. 2, a, Ha4YMHasl C J03bl 10 CM_2,
HaOJroAaeTCsl ObICTPBIM POCT MPOBOAMMOCTH UMILIAH -
TUPOBAHHOIO CJIosl (CIUIOLIHASL JIMHUS), COIpPOBOXK-
JALIUICS YyMEHbIIEHNEeM 9HEePruM aKTUBallMM MPO-
BoauMOCTU (wITpuxoBas JuHuUs). Ilpm moszax um-
mianTaimu Mexee 101 cM™? mpoBoIMMOCTD 1 SHEP-
T'UsI aKTUBAILIMK CJ1A00 3aBUCST OT JO3bI UMILIAHTALINH,
a pazdpoc ATUX MapaMeTpoB B Ipeaesiax Jaxe OTHOM
IUIaCTMHBI O4YeHb BeluK. Hampumep, mpoBOAMMOCTH
HEKOTOPBIX PE3UCTOPOB BCIECACTBUE HEOTHOPOIHOTO
pacnipeesieHUs1 TipuMmeceil U n1eeKToB B aJMa3HOM
mwiactuHe [13—15] MoxeT pasnuyaTbes Ha IOPSIAOK.
Bce aT0 3aTpynHsieT ynpaBieHue TPOBOAUMOCTBIO U €€
SHEpTHe aKTWUBALIMM TyTeM WM3MEHEHMS TO3Bl MM-
TUIAHTALIU .

0 200 400 600 800 1000 1200 1400 '
Temneparypa, °C
Temperature, °C

10* T !

/ L I

- {03 !

10* I ! |

< oo 'I“ & % > |

G an “o; / n,‘z§ & :

§.§' 5 J 2 3 ‘

‘a F .\

2 ¥ S

ST e 018 § |
Syoe B L SRR R &g

S.U‘IU E r ¢ & S I

= Y g = |

10—1:! ?“g.....‘ ........ algo :

|

|

|

|

|

|

Puc. 2. 3aBucumoctb NpoBOAUMOCTH U JHEPrdd AKTHBAIMH NPOBOAUMOCTH MMIUVIAHTHPOBAHHOIO HMOHAMM d)ocd)opa CJiosd OT: @ — J03bl UM-

IUIAaHTAlUK; b — TeMIepaTypbl U30XpOHHOro (60 MUH) OTXMra Ul 03bl UMILIAHTALIUK 101 em™

2

Fig. 2. Conductivity and the activation energy of conductivity of the layer implanted with phosphorus ions from: a — implantation dose; b — temperature

of isochronal (60 min) annealing for implantation dose of 107 em™2
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Bonee TouHoe ympapiaeHre TPOBOAUMOCTBIO M SHEP-
rMeil akTMBallMM MOXET OBITb OCYIIECTBJICHO Bapbu-
pPOBaHMEM YCJIOBUI OTXKUra MUMIUIAHTUPOBAHHBIX CJIOEB.
Oxa3anocs [9, 10], yTo XxapakTep U3MEHEHUS JIEKTPU -
YeCKMX MapaMeTpoB UMITJIAHTUPOBAHHBIX CJIOEB ajiMa-
3a TIPU OTKUTE OTIPENEIISIETCS 10301 UMITJIAaHTUPOBaH-
Ho#i ipuMecu. Hampumep, B CJI0SX, UMITJITAaHTUPOBaH-
HBIX MOHaMu ¢ocdopa mo30i 1014 CM_Z, MpPOBOIM-
MOCTbh YMEHBIIIAETCSI C POCTOM TeMIepaTyphbl OTXKUTa.
YMeHbIlIeHHe TIPOBOIMMOCTH aBTOPHI paboThl [16]
CBSI3BIBAIOT C OTSKUTOM pamvallMOHHBIX Je(hEeKTOB MEXK-
JIOY3eJIbHOTO TUIIa U BOCCTAHOBJIEHUEM KpHUCTaINYe-
CKOW peleTKH anMasa. st 10361 101 em2 (puc. 2, b),
Hao00pOT, HAOMIOJAETCSI PE3KUIl POCT MPOBOJMMOCTHU
C OJHOBPEMEHHBIM YMEHbIIEHHEeM YHEpPruM aKTHUBa-
UMy npu Temmeparypax orxkura peie 500...600 °C.
PasznuyHbIi X04 KPUBBIX OTXHUIAa OOYCJIOBJIEH TEM,
yto no3a 1014 cm™2 nexur HUXeE, a 1012 cm™2 — Bbime
KpUTHYECKOM 103kl amopduszanuu anmasza [11]. Tlpu
oTXure 6e3 CTaOUIU3UPYIOLLETO NaBIeHUsT aMOP(MHBII
clioii ajimasza TpaHcgopMmupyeTcs B TpaduUTONOn00-
Heiii. ITlepecTpoiika KpUCTAJLIMYECKON pPEILIeTKU CO-
MPOBOXIAETCS MOBBIIEHUEM MPOBOIMMOCTU U CHU-
KEHUEM DHEPIUMM aKTUBALIMUA TIPOBOAUMOCTA B MM-
IUIAHTUPOBAHHOM CJIO€.

Takum oOpa3zom, mMIIaHTaLein MOHOB ¢ocdopa
JI03aMHM BBIIIE KPUTUYECKOM M MOCIEAYIOIIUM TePMU-
yecKuM oTxurom B cuHTeTuyeckomMm HPHT anmaze
ObLIU C(hOpMUPOBAHBI TEPMOPE3UCTOPHI C MapaMeTpa-
MU, TIPUTOIHBIMM JUIST IPAKTUYECKOTO ITPUMEHEHMSI.

Pacnpeneienne TeMnepaTypbl B aJIMa3HOM
TEIVIOOTBOE. DKCIEPUMEHT W MOJEIHPOBAHHE

HccnenoBaHust XapakKTepUCTUK aIMa3HOTO TETUIOOT-
BOJIa TIPOBOJIAJIN B YCJIOBUSIX, UMUTUPYIOLIMX YCJIOBUS
9KCIUTyaTallMd MOILHBIX TTOJYTPOBOAHUKOBBIX TPHOO-
poB. Ilnactuna HPHT anmasza ¢ tepMope3ucTopamu
(puc. 3, a, cM. TPeTbIO CTOPOHY OOJIOKKM) YCTaHABJIM -
Bajach Ha MeIHBIM paguaTop. ToluHa aaMa3HOM
IUIACTHHBI cocTaBisiia 360 MKM, ruiomans — 16 Mm2,
pasMepsl MeTHOTO pamuartopa — 62X42x%4.9 mMm. Te-
IUIOBOM KOHTAKT MEXIY aIMa3HOW IJIaCTUHOM U ME] -
HBbIM paJuaTopoM OOeCIieunBajCs CJIOEM TeIIONpo-
Bomsiueil mactel Mapku KIIT-8 TommuHoit 10 MKM.
TertoBbIAeIeHHE OT paboTaloliero npudopa MMUTH-
poBaJla OfHA M3 KOHTAaKTHBIX IUIOLIANOK TEPMOpPE3U-
cTopa, KOTopasl UCIoJIb30Bajach B Ka4eCTBe HarpeBa-
tesig. C MOMOLIbIO UTOIbYAThIX 30HAOB K KOHTAKTHOM
IUIOILIAKE TMOABOIMIIACH BJEKTpUUYECKass MOIIHOCTh
0,7 Br. JInuTeabHOCTh HapacTaHUSI 3JIEKTPUUYSCKOIO
CUTHaJla cocTaBiisia He 6onee 1 Mkc. MaTpuua tep-
MOPE3UCTOPOB BOKPYI HarpeBaTesisl MO3BOJIslIa HC-
clieloBaTh pacrpenesieHde TeMIepaTypbl B aJiMa3HOM
mwiactuHe. s momydyeHus1 aOCOMIOTHBIX 3HAYeHUN
TEMITepaTypbl TEPMOPE3UCTOPHI MPEABAPUTENBHO Ka-
JIMOpOBaIMCh Ha pa3pabOTaHHOW HAaMMW aBTOMAaTU3H-

POBaHHOM YCTAHOBKE IJISI U3MEPEHUS TeMIIePaTyPHBIX
3aBUCUMOCTel mpoBoguMocTu [17].

Ha puc. 3, b (cM. TpeTbiO CTOPOHY OOJIOXKH)
MOKa3aHO YCTaHOBMBILIEECS pacrlpeaesieHue TeMmIie-
paTyphbl BOKPYT "TOUEUHOro" HarpeBaTelisl pa3MepoM
200 %200 mxM npu BbiaeaeHur MolitHocTH 0,7 BT, no-
JIY4EHHOE METOIOM YHWCJICHHOTO MOICSIMPOBAHUS C
HUCIOJb30BaHUEM MPUKJIAAHOrO MPOrpaMMHOTO Ma-
keta ANSYS s Temnepatypbl OKpyXKawollei Cpeabl
20 °C. ®opma u pa3Mephbl aIMA3HOM IIACTUHBI U M-
HOTO pajuaropa B KOMITBIOTEPHOU MOAEIU COOTBETCT-
BYIOT 3KCIIepMMEHTaJIbHOMY 00pa3ily. 3HaYeHUsI TeIl-
JIO(PM3NIECKUX TTapaMeTpOB, UCITOIb3YEMBIX TIPU MO-
JIeIMpOBaHUM, MpUBeAeHHI B Tabnuie. Kak BugHO Ha
puc. 3, b, pacCUMTaHHbBII MaKCUMAaJbHbII Ieperpes
aJIMa3HOTO TEIUIOOTBOJA OTHOCHUTEIBLHO TEeMITepaTy-
pBI OKpYXeHUs1 cocTaBnser 2,4 °C, a nepemnaj TeMIie-
patypsl B Tpeneiax aJMa3HOM TIACTUHBI He TIPEBHI-
mraet 1,4 °C.

PaccunranHoe 1 n3MepeHHOE SKCIIEPUMEHTAIEHO C
MoMO1IbI0 TepMOpe3ucTOpoB NeNe 1—7 (cM. puc. 3, a)
pacripefieieH!sI TeMIIepaTypbl B aJIMa3HON IIJIaCTHUHE
npuBeneHsl Ha puc. 4, a. CHIXKEeHUE TeMIlepaTyphl
MpH yOAJIEHWH OT MCTOYHHWKA TETUIOTHI HAOIOMAETCST
IJ1s1 00eunx 3aBUCUMOCTei. [laHHbIe pacyeTa IpeBbIlla-
0T BKCHEPUMEHTAJIbHO M3MEPEHHbIE. X0/ 3KCIepu-
MEHTAJIbHOM M PaCcCUMTAHHON KPUBBIX XOPOILO OIU-
ChIBaeTCs CTeNMEHHBIMU QYHKUIUSIMU C MOKazaTeJeM
crerrenn —0,36 1 —0,20 COOTBETCTBEHHO. DKCTPAIoO-

3Havenus Temno¢pu3MIECKUX NMapaMeTpoB
Thermophysical properties used in the simulation
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St | Ry
Parameter Val Lit
alue iterary source
[lnoTHOCTS, Kr/M3
Density, kg/m3
Anmas 3515 [18]
Diamond
Menb 8900 [19]
Copper
KIIT-8 1500 [19]
KPT-8
TemnnonpoBonuocts, Br/(M * K)
Thermal conductivity, W/(m - K)
AiMa3s 2000 [18]
Diamond
Menb 400 [19]
Copper
KIIT-8 2 [19]
KPT-8
YnaenbHast TermoeMKocTh, JIx/(kT + K)
Specific heat, J/(kg* K)
Anmas 515,5 [18]
Diamond
Menp 395 [19]
Copper
KIIT-8 500 [19]
KPT-8

211



Paccroauue, MM
Distance, mm
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Puc. 4. IleperpeB aima3noii niaacTuHbl OTHOCHTENBHO 20 °C Ha pa3jMYHBIX PACCTOSAHUAX OT HarpeBaTelisi (a), KHHETHKH HArPeBa Y4aCTKOB aJi-
Ma3HOii IJIACTHHBI B MeCTaX pacnoJioxkeHus tepmopesuctopo NeNe 1, 3, 5, 7 (b). Toukm — 3KCnepUMEHT, JIMHHH — PACYET

Fig. 4. Overheating of the diamond plate relatively to 20 °C at the different distances from the heater (a), the heating kinetics of the areas of the
diamond plate at thermistors’ locations NeNe 1, 3, 5, 7 (b). Points — the experiment, line — the calculation

JISILUS SKCIEPUMEHTAIbHOM KPHMBOM K Hayajly OCH
abcuucc (00J1acTU TEIIOBBIAEIEHMsI) TTI03BOISIET OLe-
HUTb MaKCHMAaJIbHYIO TEMIIepaTypy IeperpeBa aamMas-
HOTO TeIUIOOTBOJA, KOTopasi cocTapinsieT Bcero 1,8 °C,
a Iepernan TeMmIlepaTypbl IO IUIACTMHE COCTaBJseT
okono 1,0 °C. ITo mepe ynaneHus1 OT UCTOYHUKA Te-
IUIOTHl Pa3HOCTb MEXAY JaHHBIMU 3KCIEPUMEHTA U
pacueTa MOHOTOHHO Bo3pactaeT (¢ 0,15 10 0,29 °C mnsa
OJIVKHEro M IajbHEero TepMOPE3UCTOPOB COOTBETCT-
BeHHO). Haubosiee BEepOATHBIMM MNPUUYMHAMHU STHUX
pPacXoXAEeHUI MOTYT ObITh HE YUYTEHHbIE B MOJIEIU
Mpolecchl KOHBEKIIMOHHOTO M M3JIy4yaTeJIbHOIO Ter-
JIooOMeHa ¢ OKpyxXalolllell cpeloil u np.

Ha puc. 4, b npuBeaeHbl KUHETUKU HarpeBa pas-
JIMYHBIX yYAaCTKOB aJIMa3HOM IIJIACTWUHBI, M3MEpeH-
Hble ¢ momolbio TepMope3uctopoB NeNe 1, 3,5, 7 u
MTOJTyYeHHBIE METOIOM YWCJICHHOTO MOIEIUPOBAHMSI.
BumHo, 4TO 3KCIIepMMEHTAIBHO M3MEpPEHHBIE U pac-
CYMTAaHHBIC KPUBBIE HAarpeBa MMEIOT TTOMOOHBIN BUI U
cojepkaT AB€ COCTaBIIsIONINe. BBICTPHIN poCcT TemIe-
patypbl uepe3 30...40 Mc CyllleCTBEHHO 3aMeIsieTcs.
Hanee HabGiomaeTcss MEIJIEHHOE TOBBIILIEHUE TeMIIe-
paTypel C BBIXOJAOM Ha KBa3WCTallMOHApHBIE 3Haue-
HUS, U KOTOPBIX U3MEPEeHHAsI M pacCUYMTaHHas TeM-
nepatypnl pasznuuarorcsd Ha 0,15...0,29 °C. Cneposa-
TEJIbHO, YMCICHHOE MOMAEIUPOBAHNE KUHETHMUECKMX
MPOLIECCOB, B IIEJIOM, ITPABWJIBHO OMUCHIBAET MTEPEHOC
TEIUIOTHI B UCCIIEAYEMOM CTPYKTYPE M MOXET OBITh UC-
MOJIb30BAHO JUISl pacyeTa M ONTUMU3AIMKU CUCTEM OX-
JIaKAeHUS.

7151 KoTMYeCcTBEHHOTO OMMCAaHUs TTPOLIECCOB Iepe-
HOcCa TEeIIOThl B CUCTeMe "ajiMa3Hasl IJlacTuHa — Te-
IUIONPOBOASIIIAs MacTa — MeTaUIMYecKuil paguarop”
OblIa MpoBeAeHa anMpoKCUMalrs KUHETUKM Harpena
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B KaXIOU JIOKAJIbHOI OOJIaCTU aJIMa3HOI IJIACTUHBI
CYMMOM JBYX 3KCITOHEHIUAIbHBIX (DYHKIIWIA:

T=T,+ Al[l - exp[;—tjj + Az(l - eXp(_—t j, (1
1 T

rne T, — TeMmmepaTypa OKpyXalollei cpeibl; A; U
A, — BecoBble KO3 GULUUEHTHI "ObICTPOI" U "MeIEH-
HOW" COCTABJIAIONIMX; T U Ty — MOCTOSIHHBIE BPEMEHU
Harpesa.

ITocrosiHHas BpeMeHu HarpeBa t [20] vcnonb3o-
BaJlach JJI1 KOJWYECTBEHHON OLIEHKU OBbICTpOAEHCT-
BHSI aIMa3HBIX TEPMOPE3UCTOPOB. PaccumTaHHBIE U3
(opmynbl (1) 3HaUEHUSI MOCTOSTHHOM BpeMeHU "ObICT-
poii" 1 "MeIIeHHOM" COCTaBISIOIINX ITpoliecca Harpe-
Ba pa3nyaloTcs 0ojiee YeM Ha MOPSIIOK U COCTABISIOT
10 1 450 MC COOTBETCTBEHHO.

st aKCepuMEHTabHOrO MOATBEPXKIECHUST MpPU-
ponpl "MemIeHHON" COCTaBIAIONIeHT KNHETUKY Harpe-
Ba ajqMasHas IJIaCTMHA yCTaHaBAMBaJIach Ha pa3HbIe
pagmaTopbl. Ha puc. 5 moka3aHbI KpUBBIE HAarpeBa ajl-
Ma3HOM TUIACTMHBI TIPYU MCIOJb30BAaHUU PaauaTOpPOB
13 KOPPO3MOHHO-CTOMKOM cTamu u Menu. "breicTphie”
COCTaBJISIIOIIME KMHETUKHA B OOOMX CIIydasix Ipak-
TUYECKM ONMHAKOBbIE, a "MeMJIEHHbIe" pa3inyaroTcs.
Hcrions3oBanue pamparopa M3 KOPPO3MOHHO-CTOM-
KoM cTanu (2X2 ¢cM) OPpUBOIUT K HEMPEPHIBHOMY T10-
BBIIIIEHUIO TEMIIePATypPhl CUCTEMBI "aTMa3Hasl TUTaCTH -
Ha — paguarop", Torjaa Kak paguarop u3 meau (3 X3 cm)
¢ 6oJree BBICOKOH TETJIOTIPOBOTHOCTEIO OTBOAMWT TeTI-
JIoTy Oosiee 3(PPEKTUBHO M IPeIoTBpallacT Ieperpen
CHCTEMBI.

Hanuuue "ObicTpoii” M "MeIeHHOR" COCTaBJIsIIO-
X B KUHETUKE HarpeBa MMeeT cieayloliee (Gpu3n-
yeckoe obbsicHeHue. [locne BKIOYEeHUs HarpeBaTe-
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HO# NMJIACTHHDBI NPH WCHOJIb30BAHNH PA3HBIX PAIMATOPOB

Fig. 5. Experimental heating kinetics of the diamond plate using different
radiators

JIsl, BCJEACTBUE BBICOKOI TETUIOMPOBOAHOCTU ajiMasa,
MPOMCXOMUT OBICTpOE TpOrpeBaHue aIMa3HOM IiIa-
CTUHBI. XapaKTepHOe BpeMsl BHIpaBHUBaHUS TeMIiepa-
TYpBI {| B aJIMA3HOM IUIACTUHE OBLIIO OLIEHEHO 110 (op-
myie [21]

2
1~ 2B, )
A
rae r, ¢, p, A — JUHEUHBIA pa3Mmep, yAeIbHas TEIUIO-
€MKOCTb, IIJIOTHOCTh U KO3(h(GULIMEHT TEIJIONPOBO/I-
HOCTHU TJIACTUHBI COOTBETCTBeHHO. PacueTHoe 3Have-
Hue f; = 14 MC XOpOLIO COINIaCyeTcs CO 3HAYEHUEM Ty,
MMOJTYYeHHBIM TP alllPOKCUMAIINKM SKCIIEpUMEHTATb-
HbIX NaHHbIX. JajbHeHIUil pocT TemmepaTypbl ai-
Ma3HOH TJIACTUHBI BO3MOXEH ITOCTIe TIPOTPEeBaHMS pa-
JuaTopa. DTOT IMpoliecc ornpeaesieT "MeIJIeHHYI0" co-
CTaBJISIONIYI0O B KUHETHMKe HarpeBa. OlieHKa BpeMeHU
BBIDAaBHUBAHMSI TeMIIepaTypbl B MEIHOM paauaTope
Ha PacCTOSIHUSIX, CPABHUMBIX C TOJILIMHON paauaropa,
Jaer 3HaueHue f, = 210 Mc, YTO ABIAETCS BEIUUYUHON
OJIHOTO IOpSIZIKA C T, U3 SKCIEPUMEHTA.

OTBOA TEIJIOTHl OT AIMAa3HOMN IJIACTUHBI K METHO-
My paavaToOpy OCYILECTBJSIETCS 4epe3 CJIOM IacThl
KIIT-8, TermionpoBOAHOCTh KOTOPOI CYIIECTBEHHO
MEHbIIIe, 4YeM TEIJIONPOBOJAHOCTh ajiMaza WU Meau,
BCJIEACTBUE YEro Ha TpaHUIlE ajiMa3 — [acra co3aa-
eTcsl bapbep JJIs1 pacrpocTpaHeHus TerioThl. [ToTok
TETUIOTHI j Yepe3 CI0M MacThl ONPeaeIsIeTCs 3aKOHOM
®dypre:

j= xfl—f& (3)

rme A — Ko3(DOUIIMEeHT TeTIONMPOBOIHOCTH MACTHhI;
dT — pazHoCTb TeMMepaTyp Mexay "BepxHeil" u "HUX-

HEN TITOBEPXHOCTAMM I1aCThI, dx — TOJIIMHA CJIOS
nacThl; S — IIolaab KOHTaKTa ajMa3 — rmacra — pa-

nuatop. IloBeIIeHNe TeMmepaTyphl aaiMa3HON Tiia-
CTUHBI MPEKPATUTCS MOCJE TOro, KaK MOTOK TEIIOThI
OT UCTOYHMKA CTAHET PaBHBIM TEIUIOBOMY ITOTOKY Ye-
pe3 KOHTAKTHYIO TTOBEPXHOCTh ajiMa3 — racta — pa-
auatop. I1pu 3amaHHOM 3HaYeHUU KO3 ULIMEHTa Te-
TUTONIPOBOAHOCTH TaCThl, KOTOPOE OOBIYHO HE MPEBbI-
wmaet 2...7 Br/(m * K), dopMupyemasi pa3HOCTh TeMIle-
patyp dT Gynet onpeaeaaThCs IIOIIAAb0 KOHTAaKTa S
W TOJIIMHON cjosl macThl dx. s TOro 4ytoObl pas-
HOCTh TeMIIepaTyp MeXIy aiIMa30M M MEIHBIM paaua-
TOPOM Oblla MUHUMAJILHOM, YTO SIBJISIETCSI BaKHBIM
(hakTopoM sl oxJaxaeHus pubopa, Hy>)KHO yBeJIU-
YMBaTh IUIOIIAAb KOHTAKTA, T. €. pa3Mep caMoil aMas-
HOI TUIACTUHBI, UM/WJIU MUHUMU3UPOBAThH TEMJI0BOE
COIPOTHUBJICHUE TIePEXOAHON 0O0JacTHM ajiMa3 — pa-
JuaTop.

3akmoueHune

Ha ocHoBe cuHTeTMYecKOro aiamasa tumna Ib m3-
TOTOBJIEHBI 9KCIIepUMEHTaIbHbie 00pa31ibl TETJI0O0T-
BOJIOB CO BCTPOCHHBIMU HATYMKAMU TeMIIEPATypHI.
KuHerka HarpeBa ajamMa3HOIO TeIUIOOTBOAA COAEP-
JKWT JIBE COCTABIISIONINE, XapaKTepHU3YyIOIIne pa3orpen
aTMa3HOM TUTACTUHBI M METAJIMYECKOTO paamaropa
COOTBETCTBEHHO. Bpems ycTaHOBIEHUS KBa3WCTa-
IIMOHAPHOTO pacIIpeAesieHUs] TeMIlepaTypsl B ajaMas-
HOM TEIUIOOTBOJAE COCTABISIET AECATKA MUJUTUCEKYHII.
B ycnoBusax, UMUTHPYIOIIUX paboTy "TOYEYHOTO" TT0-
JIYIIpOBOJHUKOBOro Iipubopa MmoiHocthio 0,7 BT,
MaKCHMAaJbHBIN TIeperpeB ajIMa3HOM IIACTUHBI TIIO-
wanpo 16 Mv2 1 TonmmHoi 0,36 MM, YCTaHOBJIEHHOM
Ha MeIHbIi paguaTop, coctapisieT 1,8 °C, a mepenaf
TeMIIepaTyphbl MO MOBEepXHOCTU IacTUHBL — 1,0 °C.

YncneHHOEe MOIEIMPOBAHKME ITPOIIECCOB PaCIIPO-
CTpaHEHMS TEIJIOTHI C UCTIOJIb30BAHMEM TTPOTPaMMHO-
ro nakera ANSYS KOppeKTHO OITMCHIBAET CHUCTEMY
"aTMa3Has TUTACTMHA — TETUIONPOBOAMAIIAS TIacTa —
MEIHBI pamuaTop”, 4To MO3BOJISIET MPOrHO3UPOBATH
BEIMUMHY M KWMHETHUKY HarpeBa aJIMa3HOTO TEIJIOOT-
BOJA, ONTUMM3UPOBATh CUCTEMbI OXJIAXKICHUS.

CnHcoK JauTeparypsl

1. Mopsikos O. C. AiMa3HbIe TEIJIOOTBOABI B KOHCTPYKITUU
TTOJTYTIPOBOIHUKOBBIX TIPUOOPOB // OG30pHI MO 3JIEKTPOHHOM
texHuke. Cep. 2. "[lTonynpoBogHuKOBbLIE TpUOOpHI". M.: Diek-
TpoHuka, 1982. Bein. 1 (857). C. 1—46.

2. Jlanun B., Tenem E. AnmasHble TEIJIOOTBOABI IJIs1 U3/E-
JIMI 9JIEKTPOHUKU MOBBILLIEHHON MolliHOCTH // CuioBast 3yeK-
tponwmka. 2008. Ne 3. C. 120—124.

3. Pambyenko B., Koo B. CVD-anmassl. [IpumeHeHue B
aJIeKTpoHMKe // DnexkrpoHuka: Hayka, TexHonmorus. busHec.
2007. Ne 4. C. 58—67.

4. Bopmamos B. C., Byra C. I'., baank B. JI., Ky3ne-
noB M. C. u np. BeicTponeiicTBylolMe TepMOPE3UCTOPHl U3
CHHTETUUYECKHUX MOHOKPUCTAIIIOB anMasa // [1pubopsl U TeXHU-
ka skcrniepumenTa. 2009. Ne 5. C. 134—139.

5. MeabhukoB A. A., 3aiineB A. M., Kypranckmii B. HU.,
IMnnos A. f. u ap. [ToxynpoBOZHUKOBBIE CTPYKTYPHI p-THUTIA Ha
MPUPOAHOM ajMase // Aima3 B 3JIEKTPOHHOU TeXHUKe. M.:
DHeproatomusaat. 1990. C. 228—238.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 4, 2016 213



6. Job R., Denisenko A. V., Zaitsev A. M., Werner M.,
et. al. Temperature Sensor On Boron Ion Implanted Diamond //
MRS Proceedings. 1995. Vol. 416. P. 249—254.

7. Werner M., Job R., Zaitsev A. M., Fahrner W. R., et. al.
Relationship between Resistivity and Boron Doping Concentra-
tion of Single and Polycrystalline Diamond // Phys. stat. sol. (a).
1996. Vol. 154. P. 385—393.

8. 3a0mok K. H., Mutsarun A. 0., Tammnos H. X., Yyue-
Ba I'. B. u ap. TexHonorust co3maHusi JIeTHPOBaHHBIX OOpOM
cioeB Ha anMase // TexHoNOrWsI 1 KOHCTPYUPOBaHUE B BJIEK-
TpoHHOM armapartype. 2012. Ne 5. C. 39—43.

9. Pycenxuii M. C., Kaswouun H. M., Ka3ziouun B. H., Ha-
ymusk E. B. ®opmupoBaHue TepMOYYBCTBUTEIBHBIX JIEMEHTOB
B CMHTETUYECKOM ajiMa3e C HCITOJIb30BAaHUEM DAaTUaIliOHHBIX
nedeKToB MOHHOM MMIUIaHTaluu // Marep. 4-it MexmayHapon-
HOIl Hay4YHO-TeXHMUYeCcKoil KoHdepeHnuu "[Ipubopoctpoe-
Hue—2011". M.: BHTY. 2011. C. 393—394.

10. Rusetsky M. S., Kazuchits N. M., Naumchik E. V. The
use of ion implantation damage for thermosensitive layer forma-
tion in HPHT diamond // Proc. of 4™ International Conference
"Radiation Interaction With Material and Its Use in Technolo-
gies 2012". Kaunas. 2012. P. 320—323.

11. 3e3nn P. B., Xpaoposa T. B., Mopsaxkos O. C., Jloda-
HoB @. U. [TonynpoBogHuKoBbie anMassl // OO30pHI O 3JIeK-
TpoHHOIM TexHuke. Cep. 2. "[lomymmpoBOAHUKOBEIC TTPUOOPHI".
M.: Daektponuka. 1985. Boim. 2 (1097). C. 1—48.

12. ConoBnes B. C., I'ycakos I'. A., Kpekorenp O. B., Ce-
menoB E. A. u n1p. CoctaB 1 mpoCTpaHCTBEHHOE pacIipesesie-
HUE aTOMOB IpHUMeceil B MOHOKpHUCTalaX CUMHTETUYECKOTO
anmma3sa // BectH. benopyc. yu-ta. Cep. 1. 2000. Ne 2. C. 31—-37.

13. Kazounny H. M., Pycenkmii M. C., Haymunk E. B.,
Maprunosuy B. A. MeToarka BU3yaJIbHOM OIIEHKU pacrpese-

JleHus npuMeceit u negpekroB B cuHTeTnyecknx HPHT anma-
3ax // Marep. VIII MexnyHap. HaydHO-TIpaKTHUECKOU KOHD.
"AKTyaJbHbIe TPOOJeMBl COBpeMeHHBIX HaykK—2012". Ilmre-
MbIcTb: Hayka u o6pasoBanme. 2012. T. 44. ®usuka. XuMus u
xumuyeckue texHojgoruu. C. 32—35.

14. Kaswouunn H. M., KonoBanoa A. B., Azapxo WU. WU.,
Akouyk ®. ®. u ap. BiausiHue ycioBuii CHHTE3a Ha IIPUMECHBIIA
CcOCTaB MOHOKpHUCTA/UTOB anMasa Mapku CTM "Anmasor” // He-
oprannueckue mMatepuansl. 2014. T. 50. Ne 2. C. 1449—1461.

15. Gaubas E., Ceponis T., Jasiunas A., Kalendra V., et. al.
Lateral scan profiles of the recombination parameters correlated
with distribution of grown-in impurities in HPHT diamond //
Diamond and Related Materials. 2014. Vol. 47. P. 15—26.

16. Kalish R., Reznik A., Prawer S., Saada D., et. al. Ion-
Implantation-Induced Defects in Diamond and Their Anneal-
ing: Experiment and Simulation // Phys. Stat. Sol. (a). 1999.
Vol. 174. P. 83—99.

17. Pycenknit M. C., Ka3ziounn H. M. ABTOMaTM3upoBaH-
Hasl yCTAaHOBKA JUUIS UIBMEPEHUST TeMIIepaTypHBIX 3aBUCUMOCTEM
nposoaumoctu Ha 6aze WMIIIIII-1 // Matep. 7-it MexnyHap.
HayuyHO-TexH. KoH}. "[lpubopoctpoenne—2014". M.: BHTY.
2014. C. 131—133.

18. ®dusuueckue cpoiictBa anmmasa: CrpaBoynuk / Ilom pen.
H. B. HoBukosa. Kues: HaBykoBa nymka. 1987. 189 c.

19. TOCT 28626—90 Tepmope3ncTopbl KOCBEHHOTO ITOMI0-
rpeBa C OTPUIIATEIbHBIM TEMIIEPATYPHBIM KO3(hMUIIMEHTOM CO-
npotuieHus. OOLMe TeXHUYECKHUE YCIOBUSI.

20. TemnonpoBoAHOCTH 1 TETUIODU3NYECKUE CBOMCTBA BEILIECTB
U MatepuayioB: cripaBouHUK. URL: http://thermalinfo.ru/

21. JIsikoB A. B. Teopus TeronpoBogHoct. M.: Bricmiast
umikona. 1967. 392 c.

V. A. Martinovichl, Ph. D., Associate Professor, valeriiam@yahoo.com, 1. A. Khorunzhiil, Ph. D.,
Head of Chair, igor.khorunzhii@newmail.ru, M. S. Rusetskyz, Senior Researcher, rusetsky@bsu.by,

N. M. Kazuchitsz, Head of Laboratory, kazuchits@bsu.by

! Belarussian National Technical University, Minsk, Belarus

2 Belarussian State University, Minsk, Belarus

Diamond Heat Sink with an Embedded Temperature Sensor

The micron-sized embedded thermoresistors were manufactured for the heat sink made of Ib type synthetic diamond. The heat
sink consists of a diamond plate installed on a copper radiator. The temperature distribution inside the diamond heat sink from a
"point” heat source with power of 0,7 W was measured with the use of the thermoresistors. In addition, it was calculated by the meth-
od of numerical simulation. Good correlation between the experimental and calculated data was obtained. It was discovered that
the heating kinetic of the diamond heat sink had a 'fast" and a "slow” components, which characterized heating of the diamond
plate and the copper radiator, respectively. Time to reach a quasi-stationary temperature distribution in the diamond heat sink

was about 10 ms.

Keywords: synthetic diamond of Ib type, heat sink, thermoresistor, heating kinetic, numerical simulation

Introduction

One of the factors limiting the miniaturization of the sem-
iconductor devices is high density of the allocated power,
which leads to overheating of the device. To solve the problem,
it is needed to disperse the concentrated heat flux over a larger
area. The high thermal conductivity of a diamond provides ef-
ficient distribution of heat [1—3] from the "point" sources.
Furthermore, a diamond due to the low electrical conductiv-
ity allows to isolate the semiconductor chip from the metal
housing. The use of a diamond heat sink is also advisable in
the cooling system of the devices, which are sensitive to tem-
perature changes. They require stabilization and continuous
monitoring of the operating temperature. The instrumental
structure is the optimum place for arrangement of the tem-
perature sensor, and where this is not possible, the sensor is
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placed in a heat sink material (diamond). The diamond-in-
tegrated temperature sensor has a near perfect thermal con-
tact with a heat sink and, taking into account the high thermal
conductivity of a diamond, has a high-speed performance [4].

The temperature sensor in the diamond plate may be fab-
ricated by implantation of boron ions [5—8]. The technology
for creating of boron-doped heat-sensitive layers is well de-
signed for the diamond crystals of Ila-type with low nitrogen
content (less than 10'8 cm_3). However, the most of natural
diamonds and diamonds synthesized at high pressures and
temperatures (HTHP method) contain more nitrogen (more
than 107 cm73). They cannot obtain a high conductivity and
the activation energy at low doses of ion implantation of bo-
ron. This is caused by the fact that the acceptor impurity of
boron is compensated by the donor impurity of nitrogen. With




the increase in the implantation dose, two processes develop
in the vicinity of the projection range of ions: i) the number
of structural defects increases, which at annealing stimulate
the graphitization process; ii) the valence’s overlapping im-
purity conduction band becomes formed (associated with the
boron impurity) [5]. At this, the conductivity of the implanted
layer increases, while the activation energy of the conductivity
decreases, resulting in lower temperature sensitivity [6, 7].
The boron "doping" with the defects is an alternative to the bo-
ron ion implantation to establish the conductivity in a diamond
[9, 10]. The type of implanted ion is not significant [11].

The objective of the article is manufacturing of the dia-
mond heat sink with built-in temperature sensor, research and
modeling of heat transfer in it.

Production of temperature sensors in a diamond heat sink
using implantation of phosphorus ions

The heat sinks are made of diamond crystals synthesized
by HPHT in RUE "Adamas BSU" [12—15]. The average
concentration of the main impurities in the diamonds was
4-10" and 2+ 10" cm™3 for nitrogen and nickel, respec-
tively. The crystals were cut by the diamond blades parallel
to the plane (100) on the workpieces with the thickness of
400...500 pm and were mechanically polished on the both
sides to obtain a plane-parallel plates with the thickness of
about 300 um. The roughness of the polished surface of the
wafer is ~10...15 nm. The plates from the central part of the
crystal with the size not less than 4 X4 mm were used to man-
ufacture the heat sinks. The matrix of thermistors was formed
on one surface of the wafer by photolithography and ion im-
plantation. The schematic representation of the thermistor is
shown in fig. 1.

The contact areas of the thermistors with the sizes of
200 %200 pm were created by ion implantation of boron with
the variation in the energy range of 25...100 keV and the total
dose of 2+10'® cm™2. Activation of conductivity of the im-
planted boron was achieved by annealing in a vacuum furnace
with a graphite heater at 1450 °C for one hour. The set of im-
plantation energies was used to create a quasi-uniform boron-
doped layer with the depth of about 0,2 um, which was not
completely removed at chemical processing of plates after an-
nealing. The high dose of implantation was used to form an
impurity band during annealing, which was overlapped with
the valence band and had an activation energy of conductivity
close to zero [5, 6, 11].

The heat-sensitive areas with the sizes 200x200 pm lo-
cated between the contacts were formed by implantation of
phosphorus ions with the energy of 180 keV by the dose of
1-101 ¢m™2, followed by annealing at 500 °C. The implan-
tation energy in a standard technological process became the
factor determining the choice of phosphorus ions, allowing to
create a layer of structural defects sufficiently deep (0,2 pm)
from the surface. The implantation dose was selected from the
analysis of dose dependences of conductivity and annealing of
the implanted layer [9, 10]. The results of the study are shown
in fig. 2.

As shown in fig. 2, a, starting from a dose of 101° cm™2
there is a rapid increase in the conductivity of the implanted
layer (solid line), accompanied by a decrease in the activation
energy of conductivity (dashed line). At the implantation dos-
es less than 10" ¢cm™2, the conductivity and activation energy
weakly dependent on the implantation dose, and the spread
within the parameters of even of one plate is very large. For

example, the conductivity of some resistors due to the inho-
mogeneous distribution of impurities and defects in the dia-
mond plate [13—15] can vary by an order of magnitude. All
this makes it difficult to control the conductivity and its ac-
tivation energy by changing the implantation dose.

More precise control of conductivity and activation ener-
gy can be accomplished by varying the annealing conditions
of the implanted layers. It was found [9, 10] that the behavior
of the electrical parameters of the implanted layers of a dia-
mond upon annealing is determined by the dose of the im-
planted impurity. For example, in the layers implanted by
phosphorus with the dose of 10" cm ™2, the conductivity de-
creases with increasing of the annealing temperature. Reduc-
tion of the conductivity, the authors of the article [16] asso-
ciate with annealing of the radiation defects of the interstitial
type and restoration of the crystal lattice of a diamond. For
a dose of 10!5 cm™2 (fig. 2, b), on the contrary, there is a
sharp increase in conductivity while simultaneous reducing
the activation energy of annealing at the temperatures above
of 500...600 °C. Various shapes of the annealing curves are
caused by the fact that the dose of 104 em2is lower, and the
dose of 101> cm ™ is above the critical dose of diamond amor-
phization [11]. The amorphous diamond layer transforms into
graphite at annealing without the stabilizing pressure. The re-
structuring of the crystal lattice is accompanied by an increase
in the conductivity and decrease in the activation energy of
conductivity in the implanted layer.

Thus, the thermistors with the parameters suitable for
practical use were formed by implantation of phosphorus ions
above the critical dose, followed by annealing in synthetic
HPHT diamond.

Temperature distribution in the diamond heat sink.
Experiment and modeling

The studies of the characteristics of the diamond heat sink
were held in conditions simulating the operation of the high-
power semiconductor devices. HPHT diamond plate with
the thermistors (fig. 3, a) was placed on a copper heat sink.
The thickness of the diamond plate was 360 pm, the area —
16 mmz, the dimensions — 62X42x4.9 mm. The thermal
contact between the diamond plate and the heatsink was en-
sured by the layer of thermal paste KPT-8 with the thickness
of 10 um. The heat from the operating unit was simulated by
the one of the contact pads of the thermistor, which was used
as a heater. The electric power of 0,7 W was supplied with the
needle probes to the contact pad. The duration of the rise of
the electric signal was less than 1 um. The matrix of the ther-
mistors around the heater allowed to investigate the distribu-
tion of temperature in the diamond plate. To obtain the ab-
solute values of the temperature, the thermistors were pre-cal-
ibrated on the developed automated unit for measuring of the
temperature dependence of the conductivity [17].

Fig. 3, b shows the temperature distribution around the
"point" heater with the size of 200x200 um at allocation of
power of 0,7 W, obtained by the numerical simulation using the
software application package ANSYS for the ambient temper-
ature of 20 °C. The shape and size of the diamond plate and the
heat sink in the computer model are suit to the experimental
sample. The thermophysical parameters used in the simula-
tion are shown in the table. As can be seen from fig. 3, b, the
maximum calculated superheat of the diamond heat sink rel-
atively to the ambient temperature is 2,4 °C, and the temper-
ature gradient within the diamond plate is not over 1,4 °C.
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The temperature distributions in the diamond plate cal-
culated and experimentally measured using thermistors
NeNe 1—7 (fig. 3, a) are shown in fig. 4, a. A decrease in tem-
perature at a distance from the source of heat is observed for
both dependencies. The calculation values exceed the exper-
imental ones. The course of the experimental and the calcu-
lated curves is well described by a power function with an ex-
ponent — 0,36 and — 0,20, respectively. Extrapolation of the
experimental curve to the top of the x-axis (the heating zone)
allows to estimate the maximum temperature of the diamond
heat sink overheating, which is only 1,8 °C, and the temper-
ature gradient over the plate is about 1,0 °C. As the distance
from the heat source, the difference between the experimental
value and the calculation value monotonically increases (from
0,15 to 0,29 °C for the near and far thermistors, respectively).
The convection and radiative heat transfer with the environ-
ment and others which did not accounted in the model are the
most likely causes of these differences.

Fig. 4, b shows the kinetics of heating of the various re-
gions of the diamond plate, measured by the thermistors
NeNe 1, 3, 5, 7, and obtained by the numerical simulation. It
can be seen that the experimentally measured and calculated
heating curves have a similar look and contains two compo-
nents. The rapid increase in temperature after 30...40 ms sig-
nificantly slowed down. The next there is a slow increase in
temperature with the yield to the quasi-stationary values for
which the measured and calculated temperatures differ by
0,15...0,29 °C. Consequently, the numerical modeling of the
kinetics, in general, correctly describes the transfer of heat in
the structure and can be used for calculation and optimization
of the cooling systems.

An approximation of the kinetics of heating in each local
area of the diamond plate by the sum of two exponential
functions was carried out for a quantitative description of the
heat transfer in the system of "diamond plate — the thermal
paste — metal radiator":

=T, +A1(1—exp(;—f)) +A2(1—exp[;—:)), @))
where T;, — the ambient temperature; A, and 4, — weights
of the "fast” and "slow" components; t; and T, — heating time
constants.

t [20] was used to quantify evaluate the diamond thermis-
tors (1). Time constant of "fast" and "slow" heating compo-
nents calculated from the formula differ by more than an or-
der of magnitude and are 10 and 450 ms, respectively.

To confirm the "slow" component of the heating kinetics,
the diamond plate was installed on different radiators. Fig. 5
shows the heating curves of the diamond plate using radiators
from corrosion-resistant steel and copper. The "fast" compo-
nents of the kinetics in both cases are almost identical, but the
"slow" ones are different. Using of a radiator made of corro-
sion-resistant steel (2x2 cm) leads to a continuous increase
in the temperature of the "diamond plate — heat sink" system,
while the radiator made of copper (3%3 cm) with a higher
thermal conductivity more effectively removes heat and pre-
vents the system from overheating.

Presence of the "fast" and "slow" components in the heat-
ing kinetics have the following explanation. After turning on
the heater, due to the high thermal conductivity of a dia-
mond, a rapid heating of the diamond plate occurs. The char-
acteristic time of temperature equalization ¢, in it is estimated
by the formula [21]:

2
o rep

<2, @
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where r, ¢, p, L — the linear size, specific heat capacity, den-
sity and the coefficient of thermal conductivity of the plate,
respectively. The estimated value of # = 14 ms is in good
agreement with the value 1, obtained by approximation of the
experimental data. A further increase in the temperature of
the diamond plate is possible after heating of the radiator.
This process determines the "slow" component in the heating
kinetics. The estimation of time of the temperature recovery in
the copper heat sink at the distances comparable with the thick-
ness of the radiator, gives the value of #, = 210 ms, which is the
same order of magnitude with t, from the experiment.

Removing of heat from the diamond plate to the copper
heat sink is made through a layer of paste KPT-8, which ther-
mal conductivity is less than the diamond and copper, where-
by a barrier for spreading of heat is created at the boundary
of diamond and paste. The heat flow j through a layer of past
is determined by the law of Fourier:

j=2508, 3)
where A — coefficient of thermal conductivity of the paste;
dT — temperature difference between the "top" and "bottom"
paste’s surfaces; dx — the thickness of the layer; S — contact
area of diamond — paste — radiator. Increasing the temper-
ature of the diamond plate will stop when the flow of heat from
the source will be equal to the heat flow through the contact
surface diamond-paste-radiator. At a given thermal conductiv-
ity of the paste, which usually does not exceed 2...7 W/(m - K),
the formed temperature difference d7 is determined by the
contact area .S and the thickness of the layer of paste dx. To
the temperature difference between the diamond and copper
radiator was minimal, which is important for cooling of the
unit, it is necessary to increase the contact area, i.e. the size
of the diamond plate and/or to minimize the thermal resist-
ance of the transition region of the diamond-radiator.

Conclusion

The samples of the heat sinks with built-in temperature
sensors are made on the basis of the synthetic Ib-type dia-
mond. The heating kinetics of the heat sink comprises two
components, which characterize the heating of the diamond
and the metallic radiator plate. The time for establishing of a
quasi-stationary temperature distribution in the diamond heat
sink is the tens of milliseconds. In the conditions, simulating
work of a "point" semiconductor device with the power of
0,7 W, the maximum superheat of the diamond plate with the
area of 16 mm? and the thickness of 0,36 mm, mounted on
a copper heat sink is 1,8 °C, and the temperature difference
across the surface of the plate is 1,0 °C.

The numerical simulation of the heat propagation using
software package ANSYS correctly describes the system "dia-
mond plate — thermal paste — copper heat sink" that allows
to predict the value and heating kinetics of the diamond heat
sink and to optimize the cooling systems.
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MEPCIEKTUBbI 3AMEHbI APCEHUAHbIX MUC HA HUTPHUAHDIE

Ilocmynuna ¢ peadkyuio 21.01.2016

IIposedennt pacuemrno-anarumu4eckue Uccae008aHUs NPe0esbHbIX G0ZMONCHOCMEL NOACEbIX MPAH3UCIOPOB C BbICOKOU NOOBUIIC-
HOCMbI 21eKMPOHOE8 HA APCEHUOHbIX U HUMPUOHBIX HaHozemepocmpykmypax. [Iokazano, umo oepanu4enus Ha npedenvhble Yacmomol
C653aHbI C KOHCMPYKYUeU npubopos, a He co C80UCMEamu noaynpoeooHuKos. Takce NOKa3ano, 4mo y0easHasi MOUWHOCHb HUMPUOHBIX
MPAaH3UCMopo8 npu 3a0axHOU pabo4eli yacmome onpedessemcs MoAWUHOU 6apbepHO2O €05 HAHO2eMepOCPYKMYpbl.

Karouesnie caosa: modeaupoganue, mowHocms, GaN, nanocemepocmpykmypol, HEMT, npobuenoe HanpsisceHue, npedenvras

uacmoma

Bsenenue

OcBoeHHME TepareploBOro IMalia3oHa B ITOCIEI-
Hee JeCSITUIeTUE SIBJSETCS ONHUM M3 CaMbIX IPU-
OPUTETHBIX HAIlpaBJICHUI Pa3BUTUS MOJYITPOBOIHU-
koBbIXx CBY npu6opos. YacToTHBIE TTapaMeTphl T10J1e-
BbIX TPAH3UCTOPOB C IBYMEPHBIM 3JIEKTPOHHBIM Ia30M
(HEMT) Ha 06a3e apCeHUIHBIX HAHOI€TEPOCTPYKTYpP
(In, Ga, Al, P)As Ha nomnoxkax InP [1—3] u Hutpua-
HbIXx HaHoreTepocTpykTyp (In, Ga, A1)N Ha momiox-
Kax Al,O3, SiC u Si (nanee apceHUIHbIE U HUTPUIHBIE

HEMT cooTBeTCTBEHHO) B 9TU IrOJibl BO3pACTAIU HAU-
O0osnee BbhicOKMMU Temnamu (puc. 1) [4]. Dro crano
BO3MOXHBIM B Pe3yJibTaTe pa3BUTUSI TEXHOJOTUU U3-
TOTOBJICHUSI TPAH3UCTOPOB, @ UMEHHO CHIDKEHUS CO-
MPOTUBJICHUSI OMUYECKUX KOHTAKTOB IMYyTEM OCBOE-
HUS TEXHOJOTMU MOBTOPHOTO BhIPALIMBAHUST BBICOKO-
JIETUPOBAHHOIO KOHTAaKTHOIO CJIOS n"-InGaAs wim
n"-GaN, coszaHust Kak IS apCeHUAHBIX, TaK W UIS
Hutpugaeix HEMT camocoBMellleHHOM TE€XHOJOTUHU
M3rOTOBJIEHMS 3aTBOPOB Y KOHTAKTOB, YMEHbIIAIOLIEH
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Puc. 1. /lunaMuka NOBbIIIEHAS NMPeAEIbHBIX YACTOT APCEHUIHBIX H
nurpuaasix HEMT

Fig. 1. Dynamics of growth of the limiting frequencies of the arsenide and
nitride HEMT

COIPOTHUBJIEHUE KaHaJIa TPAaH3UCTOPA A0 (PU3NUECKOTO
MUWHUMYMa, a TAK>K€ YMEHbIIEHUS JUIMHBI 3aTBOPOB 10
20 am [4, 5].

OnpHako, Kak MOXHO BMAETh M3 puc. 1, poct
NpeeJbHOM 4YacTOThl yCuJeHus 1o Toky fr InP
HEMT ocraHoBWiIcs Ha oTMeTKe fr = 688 I'Tw yxxe B
2011 r. [3], a autpunHele HEMT nocie moctmkeHus
J7 =454 I'Tu B 2013 r. [4] TakXke, MO-BUANMOMY, UC-
yeprnaid BO3MOXHOCTU i1 pa3BuTusi. B Hacrosiuei
paboTe aHaIU3UPYIOTCS MPUUYMHBI CJIOXUBIIEHCS CU-
TyalluM ¥ BO3MOXHOCTH HaJbHEHIIEeTO IOBBIIICHUS
4acTOT apceHUAHbIX U HUTpuAHBIX HEMT, a Ttakxke
IIPOBOIUTCS CPpaBHEHME NOCTIDKMMBIX TTapaMeTPOB.

IIpeneannbie CBY napameTpsl nojieBbIx
TPAH3UCTOPOB C JBYXMEPHBIM JIEKTPOHHBIM ra3oM

Ananui mnpenenbHbix CBY mapamerpos HEMT
yIOOHO TPOBOAUTHL HA OCHOBE €ro 3KBUBaJEHTHOM
cxeMbl (puc. 2) [5]. DaeMeHTbI cXeMbl JeJISIT Ha BHYT-
peHHue u BHelrHue ("nmapa3uTHbie"). OOBIYHO CUMTA-
I0T, YTO f7 TIOJEBOTO TPAH3UCTOPA ONPEAEIAETCH
CYMMapHbIM BPEMEHEM TIE€PE3apsAaKH T,,, BHYTPEHHUX
U BHEIIHMUX €MKOCTeH, T.e. fr= 1/2nt,, tIe 1., =
+1,.,+ 1,,.MOXET ObITh IPENCTABICHO CIAEAYIO-

= Tint ext par
muM obpaszoMm [4]:
T = Cgs,i+ Cga’.i + Cgs.ext+ ng.ext +
tot G . ]
m.i m.i
Gds
+ (Ry+ Ry)| Cyy+ (Cyy + ng)Gml_ ; (D

rae G,, ; — BHYTpeHHsAd KpyTtusHa; G, = 1/R;; — BbI-
XoznHast IPOBOAUMOCTb, Coy = Coq oy + Cpq ; — OOILIAS
€MKOCTb 3aTBOP—CTOK, paBHasl CyMM€ BHEIIHEW U
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BHYTpeHHeil cocTaBIsIONX; Cog = Coq oy T Copi —
00111as1 eMKOCTb 3aTBOP—MCTOK, paBHasi CyMMe BHeElI-
Hel ¥ BHYTpEHHEN cocraBiusgiomux; R, R; — conpo-
TUBJICHUS] MCTOKA U CTOKa COOTBETCTBEHHO.

O4YeBUIHO, YTO ISl MOBBIILIEHUST OBICTPOAEHCTBUS
HEMT Heo0xoauMo YyMEHbBIIATh €r0 Hapa3uTHBIE eM-
KOCTM U COMPOTHBIICHUsI, a TAaKXKe MOBBIIIATh BHYT-
PEHHIOI KPYTU3HY G, ;, HA YTO U HALIEJIEHO B ITOCJIE/I-
HUE TO/Ibl PA3BUTHE TEXHOJIOTUHU KaK apCeHUIHBIX, TaK
u HutpuaHeix HEMT.

Hcnonp3ys dopmyiy (1), mociie HECIOXHBIX IIpe-
00pa3oBaHMii C yUeTOM U3BECTHBIX COOTHOILIEHUI

Gm.i _ Vdr L
C

_ G
=7 W Cyi= e,
gs.i B

Lg
MOXHO TIOJIYUYUTh CJIeAYIOlllee BbIpaKeHUEe, OMNKMCHI-
BalOILIEE 3aBUCUMOCTD NPOU3BENACHNUS [ HA JIMHY 3a-
tBOpa L (koodduuumenTta kayectea HEMT) or ac-
TEKTHOTO COOTHOWEHUA Kp = L;/1p:

v
frLle= 5-‘:{ 1+ (R, + R)Gy +

+ ng(l + (Rs + Rd)( Gm.i + Gds)) + Cgs.ext( Rs + Rd) Gds -1 2
; Q)

G
€0€p WGt_
B

rae V;. — sddextuBHag apeidoBasd CKOPOCTb dJI€K-
TPOHOB O[] 3aTBOPOM TPaH3UCTOPA; fg — PaCCTOsA-
HHE OT 3aTBopa A0 ABYXMEPHOIO 3JIEKTPOHHOTO rasa
(MpUMEpHO PaBHO TOJIIMHE O0APbEPHOTO CJIOS1 HAHO-
TE€TEPOCTPYKTYPHI); &) — AUIJICKTPUUECKAS ITOCTOSAH-
Hasl; € g — AUBJIEKTPUYECKAs IIPOHULIAEMOCTh Oaphepa;
W, L — 1mMpuHa U JUIMHA 3aTBOPA COOTBETCTBEHHO.

DKcnepuMeHTaIbHbIE 3aBUCUMOCTH MTPOU3BEIECHUS
JrL G oT Kp NIMPOKO MCHONB3YIOT M1 CPAaBHEHUS Ka-
YecTBa TPAH3UCTOPOB MPU OTPAbOTKE UX TEXHOJIOTHM.
OnHako B SBHOM BUJI€ BbIpaxxeHue (2), TO-BUAUMOMY,
TpeACTaBICHO BIEepBble B HacTosilel padore. Ilpo-
aHaJIM3MpyeM ero MpUMEHUMOCTb JJIsSI aHaIu3a peaslb-
HBIX TPUOOPOB HA OCHOBE UMEIOLLIMXCS JIMTEPATYPHBIX

Substrate

Puc. 2. DkpuBanentnas cxema HEMT ¢ napasuTHbIMH 31€MEHTAMH
Fig. 2. Equivalent circuit of HEMT with parasitic elements




JaHHBIX. 71 3TOI 1Ien UCIOIb3yeM pe3yabTaThl pa-
60THI [6], TIe HAa OCHOBAHMHU aHaJKM3a MHOTOYKCIIEH-
HBIX 3KCHEPUMEHTAIbHBIX HAHHBIX IS HATPUIHBIX
HEMT nojydeHO SMOUPUYECKOE BBIPAXKECHUE:

- 19,8
ITu] = 2 . 3
JriTTul L g[MkM] + 5,17 p[MKM] 3
YMHOXUB 00e yacTtu BelpaxeHusd (3) Ha L, 1o-
JTYYUM:

- 19,8

Jrle = m [[Tix - MrM]. (4)

Kpome Toro, B paGote [6] nmpuBeneH rpaduk sKc-
NEPUMEHTANBHOI 3aBUCUMOCTU Ry, oT Kp = Lg/1p,
KOTOpas Obl1a 3KCTPANOJUPOBAHA HAMU CJIEAYIOLIUM
SMIIMPUYECKHUM BbIpaKEHUEM:
0,065K,
Ry =6,5-10 [OM * MM]. %)

HMcronesyeM 3TOT pesynbrar, noactasus Gy = 1/R
B Gopmyay (2). lannas 3aBucuMocthb R, oT Kp yuu-
THIBAeT B SIBHOM BHII¢ KOPOTKO-KaHaJIbHbIE 3 (MEKTHI,
MPOSIBIsiEMble TTPU YMEHBIIEHUU JUIMHBI 3aTBOPA TPaH-
suctopoB. Kpome Toro, Beipasum cymmy (R; + R;) B
dopmyie (2) yepes yaeabHOE COMPOTUBICHUE OMUYE-
CKUX KOHTAaKTOB R, [OM *MM]| 1 yaeabHOE CI0EBOE
COIIPOTHUBJIEHUE HAHOTETEPOCTPYKTYpHl Rgy, [Om/O],
B BUJE

RS + Rd = 2R0hm + dRSh [OM N MM],

rae d — cyMMa pacCTOSTHUIM MCTOK—3aTBOp M 3aTBOP—
CTOK TpPaH3MCTOpa B MWJJIMMETpaxX. YUTEM TakKxXe

L
yAesbHOe 3HaYeHne eMKocTeil Cyq ;= gpe BTQ [mD/mm].
B

OKOHYATETHHO MONTYYUM BbIPAXEHUE ISl TIPOU3BEE-
HUA frL g B cienyommeM BUje:

frle =
-1
V b(K
= 10—52_dr{1 +a(Kp) + ( 3)} [ITwu - Mkm], (6)
n B
rae
2R+ dRg,  —0,065K
a(Kp) = —2—==2 %,5 - 10 7
b(Kp) =
_ ng(l +G, (2R, +dRg) + a(Kp)) + Cgs.exta(KB)
0,008835 5 '

Cunraem, 4TO BoIpakeHue (6) TOJKHO ObITh TPUTO/I-
HO KakK ISl apCeHUIHbIX, TaK U HUTpuaHbIx HEMT.
D10 OyJeT B JaJbHENIIEM MPOBEPEHO MyTEM CpaBHe-
HUSI pacUyeTHBIX JaHHBIX C 3KCTIEPUMEHTAIbHBIMU Pe-
gyabratamu. [1pu 3TOM MakcUMalbHO OyJIeM UCIOJIb-
30BaTh MapaMeTpbl TPAaH3UCTOPOB, NMPUBEIECHHbBIC B
COOTBETCTBYIOLIMX paboTax WJIM TUIIMYHBIC IJIS aHa-
JIOTUYHBIX MprbopoB. Habophl Mcnoab30BaHHBIX pac-
YETHBIX TTapaMeTPOB MPUBEACHBI B TAOJUIIE.

Hurpuansie HEMT

Hna BapuaHTa 1 BbIOpaHBI MapaMeTpbl PacyeToB
Ha HaWIy4lliee COOTBETCTBUE C (popmyoii (4), ocHO-
BaHHOI Ha 3KCTPAIMoJISILMKA MapaMeTpoB OOJbIIOrO
konmuectBa HUTpUAHBIX HEMT [6]. OTKIoOHEeHWMS
MPOU3BENEHNN 7L ;, MONy4eHHBIX 110 hopMmynaM (4)
u (6), He nmpesbiano 1 % B nuanazoHe Lg/tp ot 1
mo 100. Kak BugHO M3 JAaHHOW TaOJIMIIBI, UCITOJb-
30BaHHbIE B pacueTe 3HayeHusa R, = 0,4 OM - MM,
Ry, = 300 Om/0, d = 2 Mmxm u G, ; = 400 MCm/MM,
XapakTepHbl 111 HUTpUIHbIX HEMT, U3rotoBiaeHHBIX
1o "cTapoil” TeXHOJOTHH C BXXUTAaeMBIMU OMUIECKIUMU
KOHTaKTaMu. DTO HEYAUBUTEIbHO, MOCKOJILKY Ha MO-
MEHT ITyOJUKamny paboThl [6] HUKaKOW Apyroit Tex-
HOJIOTUM ellle He cyllecTBoBajgo. CieayeT OTMETUTh,
yTo "moaroHoyHas" npeiidoBas CKOPOCTh BJIEKTPO-
HOB V. = 1,216+ 107 cM/c TakKe 6:1M3Ka K 3HAYEHUIO
1,24 - 107 cM/c, TIpuBeIeHHOMY B paborte [6].

B BapuaHTe 2 uHcnojib3oBaH HabOp MNapameTpoB
moAroHku ¢opmyibl (6) K 6ojice COBPEMEHHBIM pe-
3yabrataM Wil HuTpuaHbix HEMT, npuBeneHHBIM B
pa6ote [7]. B naHHOM clly4yae yxKe MCIIO0Jb30BaIl CO-
BPEMEHHYIO CAMOCOBMEIIEHHYIO TEXHOJIOTUIO C He-
BXXMTaeMBIMU OMYECKUMM KOHTaKTaMU C JOpalliBa-
HUEM CUJIbHOJIETMPOBAHHOTO KOHTAaKTHOIO n"-GaN
CJI0S1 B YCTAaHOBKE MOJIEKYJISIDHO-JTyYEBOM SMUTAKCUHU,
XapaKTePU3YIOIILYIOCS TIPENeTbHO MaJTbIMU 3HAYCHUS -
MU KOHTaKTHOTO COnpoTuBIeHUS (0Kojo 0,1 OM * MM),
BBICOKOI BHYTpPEHHEN KpyTUsHOU G, ; = 1 CM/MM n
MaJIbIMU PACCTOSIHUSIMM UCTOK—3aTBOP U 3aTBOP—CTOK
(0,12 mxm). Kak BugHO U3 puc. 3, pe3yabTaT pacyeToB
o ¢opmyiie (6) C TaKUMU MapaMeTPaMMu XOPOILIO COB-
nagaerT ¢ 3KCIEePUMEHTAIbHBIMU NaHHBIMM, MpPUBE-
JIeHHBIMU B pabote [7].

OrMeTUM XapakTepHbIA XOA 3aBUCUMOCTHU frLg
OT aCMEKTHOro COOTHOWEHUS L;/fp, @ UMEHHO NpaK-
TUYECKN TIPOTOPIMOHAIBHOE TMaJeHNE ITPON3BEIC-
HUs frL; IpY HU3KUX 3HAYEHMAX aCIIEKTHOIO OTHO-
HIeHUs. DTO 03HAYAET, YTO POCT f7 MPU YMEHBIIEHUH
L ; pakTUYeCKM MpeKpaLIAeTcs. DTO OTYETIIMBO BUI-
HO Ha puc. 4, Te B SBHOM BUIE MOCTPOSHBI 3aBUCH-
MOCTU f7 OT L 111 paCCMOTPEHHBIX BbIILIE BapUaH-
TOB | 1 2. 3aBUCUMOCTH f7 0T L ; OJTy4€eHBI IPOCTHIM

ITapamerpst HEMT, ucnosib30BaHHbIE B pacyeTax
HEMT Parameters Used in Calculations

TMapamerp BapugHT 1 BangHT 2 BangHT 3 Bapy@m 4
Parameters Version 1 | Version 2 | Version 3 Version 4
(AL, Ga)N | (Al, GaN) | (AL, Ga)N | (In, Al, Ga)As
Ropmy @ - mm 0,4 0,1 0,085 0,05
Ry, ©/B 300 300 320 150
d, pm 2 0,12 0,1 0.1
G, » S/mm 0,4 1,0 1,25 2,5
Cyq> PF/mm 0,23 0,23 0,85 1,5
ng_ext, pF/mm 0,12 0,12 0,12 0,12
€p 10 10 10 13
Ve 107 cmy/s | 1,216 1,5 2.8 4
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Puc. 3. Pacuernnie 3aBUCHMOCTH frL; OT aCHEKTHOrO OTHOMIECHHMS
Lg/tg: 1 — sMnupuyeckasl 3aBUCUMOCTb M3 paboThl [6]; 2 — Ba-
puaHT 1; 3 — BapuaHT 3; TOUKU — JaHHbIe PabOTHI [7]

Fig. 3. Calculated dependences of fL ¢ on the aspect correlation of L;/tp:
1 — empirical dependence from [6]; 2 — version 1; 3 — version 3;
points — the work of data [7]
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Puc. 4. Pacuetnsie n 3kcniepumMenTaiibabie (Touku [7]) 3aBucumocTu
Jror Lg: 1 — Bapuant 1; 2 — Bapuanr 2; 3 — Bapuanr 3; 4 — Ipe-
nenbHas Kpusad npu R, = Ry, =0

Fig. 4. Calculated and experimental (points [7]) dependences of f on
Lg: 1 — version 1; 2 — version 2, 3 — version 3, 4 — limiting curve
at Ry, = Ry, = 0

JeJleHueM JIeBOM U IpaBoii vacteit opmysibl (6) Ha
L. JIononHUTEeNbHO TIpUBEleHa aHAJIOTUYHAs 3aBU-
CUMOCTb, TMOJIydYeHHas Ajsl rapaMeTpoB (CM. Tabyu-
11y, BapuaHT 3) peKOPAHOTO MO YaCTOTe HUTPUIHOIO
HEMT (f7= 454 TTu, f,.x = 444 I'Tu), noapo6Ho
OIIMCAHHOIO U HcciegoBaHHOro B padorte [7]. Ha puc. 4
TakXe MPUBEIEHBl TOYKHU, MOJyYeHHbIE SKCIIEPUMEH-
tanbHO. Kak BUmHO U3 puc. 4, HU O0JHA U3 IIOCTPO-
eHHBIX 3aBMcUMoOcCTelt He nocturaeT 1 TI'1, gaxe nmpu
YMEHbILIEeHUU JUIMHBI 3aTBopa A0 10 HM. MHTepecHO,
YTO eCJIM Aaxe "OOHYJIHTh" B BhIpaxkeHUU (6) BeIM4M-
Hbl R, 1 Rgy, (TEXHONIOTMYECKUI TIPEMIEN), TO MOJIy-
YHM 3aBUCUMOCTb BUA:

-1
fr= 10—5Vi’r L +JL
T 21 (797 0,00885¢:,)
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Kotopasg mnpu L;=0 pgaer KOHEYHOE 3HavYeHUE
@0,008858 B

27'[ ng

Ecam MBI BOo3bMEM TONIIKMHY Gapbepa peKOPIHOTO
HEMT [7] t5 = 0,006 mMxMm, a Cgq = 0,85 n®/MM u3
COOTBETCTBYIOLIMX MOATOHOYHBIX MMapaMeTpoB (Bapu-
aHT 3), TO MOJYYUM 3Ha4YeHUe fr, = 774 I'Tu, yro
3HauuTeabHO MeHbllie 1 TTu. CneayeT oTMETUTD, UTO
“noxroxouHast" BenmyunHa Cyy ISl BApUAHTA 3 Kaxer-
Cs1 aHOMAJIbHO BBICOKOi, MOCKOJIbKY 3HaueHUe Cgy;
IS Mozeseit mpeneabHbiXx Mo yactore HEMT mocnie
meeMmoenauHra (de-embedding), mpuBeneHHOE B pa-
oore [7], mpumepHo B 7—8 pa3 Humxke. OmHAKO MPU-
BeleHHbIe B pabore [7] mapaMeTpbl Moaelel s
HEMT ¢ L; = 20 HM He 4BIAI0TCA MacluTabupye-
MBIMU, T. €. HE TO3BOJISIIOT IOJYYUTh M3MEPEHHBIC
3HaueHus fr npu GonblIUX 3HaYeHUsX Lg = 40, 60 u
80 HM, a clemoBaTeIbHO, BBI3BIBAIOT OIpeIe/ieHHbIE
coMHeHMd. "YIIOXUTL" BCe 3TH TOYKM Ha OIHY KpU-
BYIO yIaJ0Ch TOJBKO MpU ng = 0,85 n®/mm. Ilpn-
YeM BCE OCTaIbHBIE ITapaMeTPhl pACYETOB B TOUHOCTH
COOTBETCTBYIOT JaHHBIM paboThl [7]. IloaToMy 3Haue-
HUE ng = 0,85 n®/mMm mpencraBiasieTcs 6ojee g0C-
TOBEPHBIM.

Takum 006pa3oM, OCHOBHBIM IPETNATCTBUEM Ha ITy-
T NoBbILIEHUST TpeneabHblx yactoT HEMT Ha Hut-
PUIHBIX HAHOTeTEPOCTPYKTypax 6osee 1 TI'1 saBasgeTcs
CITMIIKOM Oobluoe 3HaueHue npousseneHust rpCoy.
B03MOXHOCTh €€ MUTHMMHU3ALIMH 332 CYET YMEHBIIICHUS
TOJIIIIWHEBI 0apbePHOTO CJI0SI HUTPUIHBIX HAHOTETEPO-
CTPYKTYp OyIeT pacCMOTpeHa HIXKeE.

friim =107

Apcenuansie HEMT na nognoxkax InP

Hns apcenuaabix HEMT 1 pHEMT Ha nmoaioxkax
InP, xak u B ciyyae HutpuaHeix HEMT, poct 3Haue-
HUA f7 ¢ YMEHBLIEHUEM JUIMHBI 3aTBOPA TAKXE 3aMe]l-
nsgetcs. g mpuMepa MOXKHO TTPUBECTH SKCIIEPUMEH-
TaJbHblE 3aBUCUMOCTU (pUC. 5), MpencTaBjieHHbIC B
paborte [1], ¢ pe3ynprataMu pacdeToB 1o opmyite (6)
(Bapuanr 4). K coxaneHuio, BBUIY OTCYTCTBMS IOCTa-
TOYHOTO 00BbeMa IKCIIEPUMEHTAIbHBIX JaHHBIX, B Iep-
BYIO ouepellb 3TO KacaeTcsl yueTa KOPOTKOKaHAaIbHbIX
3¢ (HEKTOB, TOUHOCTD MPOBEIEHHBIX PACUETOB HEBEJIU -
Ka, HO OOIIMA XOI 3aBUCHMOCTH TIOATBEPKAAETCS.
O4YeBUIHO, YTO IJIT YMEHBIIEHUS] KOPOTKOKAHAIbHBIX
3¢ (heKTOB HeOOXOAMMO MPUOIMXKEHWE 3aTBOpa K Ka-
HaJly TPaH3UCTOpa, T. €. CHUXKEHUE TOJLIUHBI Oapbep-
Horo cyosi. OnHaKo B HAHOTETEPOCTPYKTypax ¢ pe-
KOPIHBIMM 4YacTOTHhIMU NapameTrpamu pHEMT Ha
noanoxkax InP yxe ucnonb3yercs npeaeabHO TOHKUH
G6apbepHbIil cioii InP, TomumHoit Bcero 2 HM [3], KO-
TOPBII PacHoONIOXEeH HEINOCPEACTBEHHO HajJ KaHaJIoM
InAs toymuHoiIf 5...10 HM, obecIieunBarOIINM MaKCH-
MaJIbHO BO3MOXHYIO Ipeii(hOBYI0 CKOPOCTh 3JIEKTPO-
HoB (3...4) - 107 CM/C B COBOKYITHOCTHU C OYEHb BBICO-
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Puc. 5. 3aBucumocTs f7 0T AjunbI 3aTBOpPA A apcennanbix HEMT
u pHEMT na nonnoxkax InP [1]. JIuausa cruiomnas — pacyer no
¢opmyae (6), Bapuant 4 (Tadiuna)

Fig. 5. Dependence of fr on the gate length for the arsenide HEMT and

PHEMT on InP substrates [1]. Solid line — calculation using formula (6),
Version 4 (table)

KOI TMOABMXKHOCTBIO p, = 13 000 B/(CMZ'C) [8, 9].
DTo U O0YyCIOBIMBAET PEKOPAHbIE YACTOTHbIE Mapa-
MeTpsl pHEMT c kaHasiom InAs, KoTopble Ha cero-
JIHSIIHUIA I€Hb SBISIOTCS HEMPEB30WIEHHBIMU. XOTS
TeparepUOBbIi Npeaes Ul 3HAYeHUH f TaK U OCTaeT-
Csl HETIPEOOJEHHBIM, TTO-BUAUMOMY, BCIAEACTBUE HE-
BO3MOXHOCTH M30aBUThCS OT 3aJAepKeK BpEeMEHHU,
CBSI3aHHBIX C Mepe3apsaKoin ng.

3aBHCHMOCTb MOIIHOCTHBIX MAPAMETPOB
aarpuanbix HEMT ot Toimmnbl 6apbepHOro cJios
HAHOTETEPOCTPYKTYP

Takast 3aBUCUMOCTb OJKHA 00513aTE€IbHO YYUTHI-
BaThCs MPU BbIOOpE pabouero MaTepuraia ajisi U3BTOTOB-
JIeHuss npuOOpOB C 3aJaHHBIMM CBolcTBaMu. BBumy
OTCYTCTBUS pa3BUTON Teopur HUTpUAHBIX HEMT wuc-
MOJIb30BAJIM AMIUPUUECKUE TaHHbIE, OCHOBAaHHbIE Ha
YCPEeIHEHU MHOTOYMCICHHBIX 3KCIEPUMEHTATbHBIX
pe3yabTaToOB, MpeACTaBIeHHBIX B pabote [6].

Kpome yxe MCnonb30BaHHBIX BbIIE 3MIIUpUYE-
CKUX 3aBUCUMOCTEN f70T L; 1 tp, a TakKe R, OT ac-
MEKTHOTO OTHOLUEHUSA L;/tp, BaXHBIM PE3YJILTATOM
pabotsl [6] sBIsIETCS TpaduK 3aBUCUMOCTHM HaIlpsuKe-
Hust 1pobost Upg oT Kp, MpencTaBieHHBbIl Ha puc. 6,
KOTOpBIf HaMH OBUT alllPOKCUMUPOBAH CJIEAYIOIINM
BbIpaXkeHUEM:

Upk = 7,3(Kg — 2,5)%> [B]. (7)

Kak wu3BecTHO, MakcMMajabHas BBIXOJHAs MOILII-
HOCTB, KOTOpask MOXET ObITh ITOJTydeHa JIJIsT UAeaTbHO-
ro TPaH3UCTOpa, paBHA

Pmax _ Isat( UBK_ Usat) , (8)

8
e Iy, — ToK HacbleHus; Ugg — HaNpsKeHHue Tpo-
6os; U, — HanpskeHue HacblueHus. [Ipu atom co-

MIPOTUBJIEHNE, COOTBETCTBYIOIee HATPy30YHOM TIps-

MOW MPUA MAKCUMAJIbHOW MOIIIHOCTH, MOXHO OITUCHI-
BaTb COOTHOLLIEHUEM:
R — UBK B Usat (9)
load.max Vi :

sat

PeanbHblil TpaH3UCTOP UMEET BBIXOIHYIO TPOBOAM -
MoOCThb Gy, KOTOpasi YYUTBIBAETCS 100ABIEHUEM B MO-
JIeJIb UJEATTBHOTO TTOJIEBOTO TPAH3UCTOPA COMPOTUBJIE-
HusA Ry, mapajuienbHoro Harpyske. Takum oGpasowm,
COIPOTUBJIEHWE, OIPEIENSIONIee HArpy30YHYIO TIpsi-
MYIO Rj, .4 max> OLHOBPEMEHHO [OJKHO YIOBJIETBO-
pSTh COOTHOLIEHUIO:

— RdSR[O(ld (10)

R ,
load.max Rds n Rload

rae Rj,,; — CONPOTUBJIEHUE HArpy3Ku; R;, — BHYyT-
peHHee CONPOTUBIIEHUE TPAH3UCTOpPA, OMpeaesiollee
€r0 BBIXOAHYIO MPOBOAMMOCTb. B 9TOM ciiyyae nmosiHas
MOIITHOCTb pacrpenessieTcsi MeXIy MOILIHOCTBIO, Bble-
JsieMoit B Harpy3ke ("'mose3Hast") 1 MOLIHOCTBIO, KOTO-
pas oTOMpaeTcd conpoTusieHueM R, ("mapasutHas”).
ITyreM HECIOXHBIX IIPe0OdpPa30BaHUI MOXKHO ITOJYYUTh,
YTO MOILHOCTh, BblAEsiEMass B Harpyske, ¢ Yy4eTOM
ypaBHeHuii (7)—(10) onuceiBaeTCsl BhIpakeHUEM:

Ploadop = ==L | 1 - =pmat]. iy

sat
IIpu 3TOM oNTUMAaTBHOE CONPOTUBICHUE HATPy3KU
ornpenessiercs: Kak

-1
I 1

Rivad.opt = [—”’ ——) : (12)
oad.opt UBK_ U Rds

sat

IMpu R, — oo Beipaxkenud (11) u (12) npeobpasy-
10Tcd B ypaBHeHUs (8) 1 (9) COOTBETCTBEHHO.

225

Puc. 6. 3apucumocTb npoOuBHOro HanpsukeHust Upyp HUTPHAHBIX
HEMT ot acnektHoro orHomenus Lg/tp (TOYKM — IKCHEPUMEH-
TallbHble 3HAYEHHS U3 PadoTnl [6], MMHMS — anmpoKcHMAaUs MO
bopmyae (7))

Fig. 6. Dependence of the breakdown voltage of Ugy of nitride HEMT
on the aspect correlation of L/t (points — experimental values from
the work [6], the line — approximation of (7))
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IMponnddepenuuposas Beipaxenue (11) mo Ry,
MOXHO II0Ka3aTb, YTO MaKCUMajbHasi MOILIHOCTb B
Ugk- U

1
9TOM Ryyu4 opr = Rys» @ BbIpkeHMe (11) cBommTest K
cliemyIolieil MpocToi hopmyJie:

Harpyske JIOCTUTaeTcsa npu Ry =2

2
I, .R
Pload.max = %@' (13)

Ecin cyuraTh, 4yTO TOK HachbllleHus /g, Mporop-
uuoHajneH W, conporusnenue R ; 06paTHO Ipomop-
LMOHANbHO W, a HanpskeHus 1po0os Ugy 1 HACHI-
weHus Ug,, He 3aBUCAT OT IUMPUHEI 3aTBOPA, TO MYTEM
MOJICTAHOBKYM COOTBETCTBYIOIIEH anmpokcuManuu (5)
B opmyiy (13) moayunm ciiemyioiiee BRIpaXKeHUE JIJIst
MaKCHMaJIbHOU yIEJIbHOW MOIIHOCTU B HArpy3ke:

2 0,065K,
. (14)

Pload.max = "3% 6,5+ 10

OueHb BaXHO OTMETUTb WHTEPECHBIM pe3yJibTar,
KOTOPBIA Mbl MOJYYWJIM: MakKCUMaJlbHas yleJibHas
MoirHocTh HUTpuaIHbix HEMT onpenesnsiercst He TOJb-
KO MaKCHUMAaJbHBIM yIEJbHbIM TOKOM, T. €. IapaMeT-
paMy HaAHOTETEePOCTPYKTYPbI, HO U ACMEeKTHbIM COOT-
HoweHneM Lg/tp. KpoMe TOro, mockosbKy Ipu 3a-
JAHHOM 4acToTe f7 OMHOBPEMEHHO 3ajlaHa U Tpedye-
Mas JIMHa 3aTBopa L, TO €IMHCTBEHHBIM CIIOCOO0M
MOBBIEHUA Py, 00 ABIAETCS YMEHBIIEHUE TOJLIM-
Hbl HAHOTETEPOCTPYKTYPHI 75 MPU YCIOBUU COXpaHe-
HUA Iy, 4TO CTUMYIUPYET pa3paboTKy 3 HEKTUBHBIX
HaHoreTepocTpyKTyp (Al, Ga, In)N.

DTOT pe3yabTaT HalJIIIHO MOKa3aH Ha puc. 7, Tae
MOCTPOEHbI OJIHOBPEMEHHO BO3MOXHBIE PACUETHbIE
rnapaMeTpbl TPaH3UCTOPOB C MCIIOJb30BAHWEM BbIpa-
xenuit (3) u (8) B koopauHarax fp — L. Kak MoxHO
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Puc. 7. Kapra usomummii f; u Py, nna aarpuaieix HEMT npn
I, = 1,6 A/mm
Fig. 7. Map of isolines of fr and P, for nitridle HEMT at
I, = 1,6 A/mm
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Puc. 8. 3apucumocTs npoOuBHLIX Hanpskennii Upy OT MAKCHMAJIb-
HO# YaCTOTHI YCHJIEHH: 110 TOKY f7 1151 CBY npubopos Ha pasiMynbIxX

Marepuajiax (CIUIOmHbIe JuHMM — pacdeT Aus HATpuaHsix HEMT
npu tp = 3, 6, 7,5 u 15 um)

Fig. &8 Dependence of the breakdown voltages of Ugg on the value of
cutoff of strengthenings on current frfor the microwave devices on various
materials (solid lines — calculation for nitride HEMT at tg = 3, 6, 7,5
and 15 nm)

BUIICTh, JJIS TTOBBIIICHUS MPEAeTbHBIX YaCTOT, YICTb-
HBIX MOIITHOCTEM ¥ TPOOHMBHBIX HAMPSIKECHUI HUTPUI -
Heix HEMT cnenyetr nmpuMeHsITh 60jiee TOHKKME HAaHO-
reTepOCTPYKTYPhI, JOIYCTUMAas TOJILMHA OGapbepa fp
KOTOPBIX PE3KO YMEHBIUAETCS IIPU IOBBIILIEHUU f7.
Tax, ecnu anss W-puanazona (75...110 TTi) MoxHO
UCI0JIb30BaTh HAHOTETEPOCTPYKTYPHI C fp OT MUHHU-
MaJIbHO BO3MOXHBIX 3HAYeHW 10 22 HM, TO IJIS
noctuxeHud foonee 400 I'Tu HEOOXOAMMO UCTIONb-
30BaTh TOJBKO HAHOTETEPOCTPYKTYPHI C fp < 6 HM.
DTO XOpOIIO COrjlacyeTcsl ¢ rmapaMeTpaMyd HaHOTeTe-
POCTPYKTYp, MPEACTaBIEHHBIMU B COBPEMEHHBIX pa-
ootax [4, 5, 7], npy MoJiydueHUU TPeAeTbHBIX YaCTOT-
HBIX ITapaMeTpoB HUTpUAHbIX HEMT.

Bricokue HanpsaxKeHus npooos U fr ABIAIOTCA OC-
HOBHBIMU KadyeCTBaMU TPaH3UCTOpA MPHU yCUJIECHUU
MOIIHOCTU. B 3TOM 1j1aHe BaxXHOI XapaKTepUCTUKOMN
saBnsercs Kputepuit JIxxoncoHa (Johnson’s figure of
merif), KOTOPBIi ONpeeNAeTCd KaK MPOUu3BeAeHUE fr
Ha Upg. Ha puc. 8 mpencrasieHa 3aBUCUMOCTb Upg OT
Jr nna CBY npubopoB Ha OCHOBE Pa3IMYHBIX MaTe-
puanioB. BunHo, 4To yMeHbllIeHWe TOJIIUHBI Oapbep-
HOro cj0s1 HaHoreTepocTpyKTypbl AlGaN/GaN mnpu-
BOIUT K YBEJIMUYEHUIO KaK fr, TaK U HAINpPSXKEHUs
npobosi. 113 aToro clieayeT, 4To UCII0JIb30BaHKUe Ooyee
"TOHKNX" HUTPUIHBIX HAHOTETEPOCTPYKTYP BHITOJHO B
IUIAHE TIOJIYYCHUS] BBICOKUX 3HAYEHUU BBIXOTHOU
MOIIIHOCTU Kak Ha 0ojbiuux yactotax (100 I'Ti u 60-
nee), Tak 1 Ha Majbix (1...10 I'T1). B 3ToM oTHOILIEHUHA
HutpugHeie HEMT, kak BuaHO U3 puc. 8, HE UMEIOT
ceOe paBHBIX, ITO KpaliHEil Mepe B AWAaIia30HE YacTOT
no nopsiaka 400 I'Tu npu 75 = 6 M u 1o 700 I'T npu
tg = 3 um. IlpaBna, nmosyyeHne Takux BHICOKUX pabo-
yux yacToT a1 HuTpuaHeix HEMT B miaHapHoit reo-
METPHUHU, KaK ObLJIO MOKa3aHO BbIlIE, HEBO3MOXHO.




3akioueHune

ITokazaHo, 4YTO ¢ GOJBIION YBEPEHHOCTbIO MOXXHO
yTBEPXIaTh, UTO YacToTHbIN Mpeaea HEMT Ha apce-
HUAHBIX WM HUTPUIHBIX HAHOTETEPOCTPYKTYpax YxKe
JocTUTHYT. OrpaHUYeHUs] Ha TMpeaeSbHbIE YacTOThI
uMeloT (pU3NYECKU XapaKTep, CBSI3aHHbII ¢ KOHCT-
pyKlLMed MmpubopoB, a HE CO CBOWMCTBAMHU MOJYMPO-
BOIHUKOB. B 4YacTHOCTH, ompeneisiommM IapamMeT-
POM B [JAHHOM Cllyyae ABJSETCS IIPOU3BENEHUE fp HA
ng, TEXHOJOTMYECKME BO3MOXHOCTM MWHUMU3ALUU
KOTOPOTO, MO-BUAMMOMY, YX€ McUeprnaHbl. ¥CTaHOB-
JIEHO, YTO HauboJjee ObICTPOACHCTBYIOIIMMU TPaH3U-
cropamu sBisitorcs pHEMT Ha nmomnoxkax InP, a
HauOoJiee MolIHBIMU — HEMT Ha HUTpMAHBIX HAHO-
rerepoctpykTypax Ha SiC. OnHako NMpoOMBHbBIE HANPSI-
XKEHUS U yaeJbHble MOIIHOCTHBIE ITapameTpsl HEMT
Ha HUTPUIHBIX HAHOTE€TEPOCTPYKTYpax MpU 3adaHHOM
paboueit yacToTe OMpPEACIsSIOTCS TOJIIMHOM OGapbep-
HOTO CJIOSI HAHOTETEPOCTPYKTYD, YJIYUILAsiCh MPU €ro
YMEHBILIEHUU. DTO TpedyeT pa3padoTKu 3¢h(PEKTUBHBIX
HUTPUIHBIX HAHOTETEPOCTPYKTYpP C fp MeHee 10 HM.
B aTOM TIaHe BHE KOHKYPEHIIMH HAaXOMSATCS HaHOTe-
TepocTpykTypbl AIN/GaN ¢ TonuumHoi GapbepHOro
Cl10s1 OKOJI0 3 HM, Oyiarojapsi BHICOKMM IapamMeTpam
JIBYXMEPHOTO BJIEKTPOHHOIO Ta3a M CpaBHUTEJIbHOI
MPOCTOTE POCTOBOTO MpOLECcca.

Paboma evinoanena npu gurnarcosoil noodepicke Mu-
Hucmepcmea obpazoéanuss u Hayku P® (coenawenue o
npedocmaenenuu cyocuouu No 14.604.21.0136, ynukans-
Mot udenmuguamop npoekma RFMEFI60414X0136).
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HEMT: Nitrides vs Arsenides

This paper presents an analysis of the ultimate potentials of the nitride and arsenide HEMT (high-electron-mobility transistors)
heterostructures, which proves that the frequency limit of such devices has already been reached. The frequency limits of such devices
are mainly determined by designs of the devices, but not by the semiconductor properties. In particular, it was established that the
critical parameter in that case was the product of tgC,, (where tp — barrier thickness; C,; — the common gate-drain capacitance),
and the technological potentials for minimization of wiich, apparently, were already exhausted. Therefore, it can be stated that now-
adays pHEMT on InP substrates offer the highest-speed transistors, while nitride HEMT on SiC substrates are the most powerful
devices. In addition, it has been proven that the breakdown voltages and the specific power density parameters of the nitride HEMT
at a given operating frequency are defined by the thickness of the heterostructure barrier layer: the lower it is, the better they are.
Therefore, it is necessary to develop highly efficient nitride heterostructures with tg less than 10 nm. In this respect the AIN/GaN
heterostructures are beyond competition due to the high parameters of 2D electronic gas and relative simplicity of the growth process.

Keywords: arsenide and nitride heterostructures, breakdown voltage, HEMT, GaN, power, cutoff frequency

Introduction

Terahertz range is one of the priority directions in devel-
opment of the semiconductor microwave frequency devices.
The frequency parameters of the high electron mobility tran-
sistors (HEMTS) on the basis of the arsenide heterostructures
(In, Ga, Al, P)As on InP [1—3] and nitride heterostractures
(In, Ga, A)N on Al,O3, SiC and Si (arsenide and nitride
HEMTs) increase with the highest rates (fig. 1) [4]. This is a

result of development of the manufacturing technology of the
transistors: decrease of the ohmic contacts resistance due to
the regrowth of n*-InGaAs or n"-GaN layer, development of
the self-aligned gates technology, minimizing the channel re-
sistance, and also reduction of the gate length down to 20 nm
[4, 5].

However, as one can see, the increase of the cutoff fre-
quency fr for InP HEMT stopped at f = 688 GHz already
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in 2011 [3], while the nitride HEMT after f- = 454 GHz in
2013 [4] also, apparently, by exhausted development oppor-
tunities. The purpose of the present work is analysis of the
evolved situation and the potentials of increase of the oper-
ating frequencies of the arsenide and nitride HEMT, and also
comparison of their achievable parameters.

Limit microwave parameters of the HEMTs

It would be convenient to undertake research of the limit
microwave parameters of HEMT on the basis of the equiva-
lent circuit (fig. 2, [5]), which presents the internal and ex-
ternal parasitic elements defining its work. Usually it is con-
sidered, that the cutoff frequency f7 of transistor is defined by
the total recharge time 1, of the internal and external capac-
itances, i.e. fr = 1/2nt;,, where 1, = 1;,, + 1o + 1, Can be
presented in the following way [4]:

T = Cgs.i + Angj + Cgs.ext+ ?gd.ext +
m.i m.i
+(R.+ R)|C C,.+C, % 1
( g d) gd+( gs+ gd)G K ( )
m.i

where G, ; — is the internal transconductance; Gy, = 1/R;, —
the output conductance of HEMT; Coy = Cpyopy + Copi —
the total gate-drain capacitance (intrinsic and extrinsic parts);
Cos = Cysoxr T Cy; — the total gate-source capacitance (in-
trinsic and extrinsic parts); R, R; — source and the drain re-
sistances.

It is obvious, that in order to increase the speed of HEMT
it is necessary to reduce its parasitic capacities and resistances,
and also to raise the G, ;, on which the development of both
arsenide and nitride HEMT technologies has been aimed in
recent years.

Using the formula (1) after transformations taking into ac-
count the known correlations

Gm.i — V_dr
Cgs.i LG
ceive the expression describing the dependence of product
JrLg (quality coefficient of HEMT) on the aspect ratio

Kp = Lg/tp:

Lg . . .
and Cy; = SOSBWGt—BG it is possible to re-

v,
JrLo= 3Z |1+ (Ri+ Ry Gy +

+ ng(l + (Rs+ Rd)(Gm.i+ Gds)) + Cgs.ext(Rs + Rd) Gds - Q)
L ’
eoepWo—
Ip
where V. — is the effective electrons drift velocity under the
transistor gate; 7p — the distance from the gate to 2D elec-
tronic gas, roughly equal to the barrier layer thickness of a
heterostructure; g, — dielectric constant; & g — the dielectric
permeability of the barrier; W, L; — the gate width and
length.

The experimental dependences of product fL;on Kpare
widely used for comparison of the quality of HEMTs in op-
timization of their technology. However, in an explicit form
the expression (2), apparently, is presented in this work for
the first time. We will analyze its applicability for the analysis
of the real devices on the basis of the available data. For this
purpose, we will use the results [6], where on the basis of the
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analysis of the experimental data for nitride HEMT the fol-
lowing empirical expression was obtained:

_ 19,8
SO = T+ S Trgtami )

By multiplying both parts by L, we will get:

19,8

5L, [OHz (4)

Jrle=

Besides, [6] presents a diagram of the experimental de-

pendence of Ry, on Kp = L/tp, which we extrapolated using
the following empirical expression:

0,065Kp

Ry=6,5-10 [+ mm]. (5)

Let us use this result by placing it instead of G = 1/R,
in formula (2). The given dependence of R, on Kp takes into
account the short-channel effects resulting from shortening of
the gate length. Besides, let us express the sum of (R, + R))
in formula (2) through specific resistance of the ohmic con-
tacts R,;,, [Q-mm] and the sheet resistance of the heter-
ostructure Rg;, [Q/0] in the following form:

RS + Rd = 2R0hm + dRSh [Q . mm],

where d — is the sum of the source-gate and gate-drain dis-

tances in mm. We also will take into account the fact that
L . .

Cgs.i = g)e Bt_BG in [pF/mm)]. The final expression for f7Lg;

[GHz - um] will be the following:

-1
oro =105V [ ek P59 (GHzeuml, 6)
2n Ky
where
a(KB) = 2R‘7h’"—+dRSh . ]070’0651(8;
6,5
b(Kp) = ng(l + G, (2R + dRgy) + a(Kp)) + Cgs.exta(KB) .

0,00885¢ 5

We believe that expression (6) will be suitable as for both
arsenide and nitride HEMT. This will be verified further by
comparison of the calculated data with the experimental re-
sults. At that, we will use as much as possible the parameters
of the transistors presented in the works or typical for similar
devices. Sets of the used calculated parameters are presented
in the table below.

Nitridle HEMT

For Version 1 we selected the calculated parameters,
most corresponding to the formula (4), based on extrapola-
tion of the parameters of a big number of nitride HEMP [6].
Deviation of the values of 7L, received by formulae (4)
and (6), did not exceed 1 % within the range of Lg/tp from 1
up to 100. As one can see, the values of R, = 0,4 Q- mm,
Ry, =300 Q/0, d =2 pm and G, ; = 400 mS/mm, used for
the calculations, are typical for nitridle HEMT made by the
"old" technology with the alloyed ohmic contacts. It is not
surprising, because at the moment of the publication [6] any
other technology did not exist yet. It should be pointed out
that the simulated drift electron velocity ¥, = 1,216+ 10’ cm/s
is also close to the value of 1,24 - 107 cm/s [6].




Version 2 uses the set of the parameters of fitting of the
formula (6) to more modern results for nitride HEMT pre-
sented in [7]. In that case the modern self-aligned technology
already was used with nonalloyed ohmic contacts, with MBE
n"-GaN layer regrowth characterized by extremely small val-
ues of the contact resistance (about 0.1 Q - mm), high intrin-
sic transconductance G,,; = 1 S/mm and small source-gate
and gate-drain distances (0,12 um). As one can see from fig. 3,
the result of calculations by formula (6) with such parameters
coincides well with the experimental data [7].

We should note a behavior of /L vs Lg/tg curve, which
is inversely proportional at low aspect ratios. That means that
in case of L reduction the increase of f7 practically stops.
This is clearly visible in fig. 4, presenting dependences f7 on
L for the above considered Versions 1 and 2. These depend-
ences of f7vs L were received by division of the left and the
right parts of the formula (6) by L. A similar dependence re-
ceived for the parameters (see the table, Version 3) of the fre-
quency record GaN HEMT (/7= 454 GHz, f,,,, = 444 GHz),
described and studied in [7] is also presented. Fig. 4 also
presents the experimental points. None of the constructed de-
pendences reaches 1 THz, even with reduction of the gate
length down to 10 nm. Interesting, that even if in expression (6)
we turn the values of R, and Rg, to zeros (technological
limit), we will receive the relation of the following kind:

-1
sV, C.,
=1 5 ar L g
Jr=10750 [G+00088583j ’

which at L; = 0 gives the final value of fr;, =

2TC ng

If we take the thickness of the barrier of the record HEMT
[7] tg = 0,006 pm and C, od = = 0,85 pF/mm from the corre-
sponding adjustment parameters (Version 3), we will receive
the value of f7;,, = 774 GHz, which is considerably less
than 1 THz. It is necessary to point out, that the adjustment
value of ng for Version 3 seems abnormally high, because
the value of ng for the models of the highest speed HEMT
after deembedding and presented in [7], are approximately
7—8 times lower. However, the model parameters of HEMT
presented in the work [7] with L; = 20 nm are not scaled,
i.e. they do not allow us to receive the measured values of
JSfratbig values of L, = 40, 60 and 80 nm and, consequently,
they raise certain doubts. It was possible to fit all these points
on one curve only at C, od = = 0,85 pF/mm. At that, all the other
parameters of calculatlons correspond to the data accurately.
Therefore, the value of ng = 0,85 pF/mm seems to be more
trustworthy.

Thus, the basic obstacle in the way to increase the limiting
frequencies of HEMT on GaN heterostructures over 1 THz
is the excessive value of 75C,;. A possibility of its minimiza-
tion due to reduction of the thickness of the barrier layer of
the nitride heterostructures will be considered below.

Arsenide HEMT on InP substrates

For arsenide HEMT and pHEMT on InP substrates, just
like in case with nitride HEMT, the f7 increase slows down
with the reduction of the length of the gate. It is illustrated by
the experimental curves (fig. 5), presented in [1], along with

the results of calculations according to formula (6) (Version 4).
Unfortunately, because of lack of the experimental data, the
calculations are somewhat inaccurate, first of all, without
proper account of the short-channel effects, but the general
course of the dependence is proved. It is obvious, that for re-
duction of the short-channel effects it is necessary to bring the
gate closer to the transistor channel, i.e. to decrease the bar-
rier layer thickness. However, in the pHEMT on InP sub-
strates with the record frequency parameters the used InP
barrier layer is already very thin — only 2 nm [3]. It is situated
directly above InAs channel with thickness of 5...10 nm,
which ensures the maximal possible electrons drift velocity
3—4)- 107 cm/s in combination with very high mobility
p, = 13 000 V/(cm2 *s) [8, 9]. This determines the record
frequency parameters of pHEMT with InAs channel, which,
so far, have not been surpassed. Although the terahertz limit
of frvalues remains unsurpassed, apparently, because of im-
possibility to get rid of the time delays connected with ng
recharge.

Dependence of the power parameters of nitridle HEMT
on the barrier layer thickness

Such a dependence should be necessarily taken into ac-
count when selecting a suitable material for the devices man-
ufacture with the set properties. Since a developed theory of
nitride HEMT does not exist, the empirical data were used
based on averaging of the numerous experimental results pre-
sented in [6].

Besides the used empirical dependences fon L and 7p,
and also R, on Kp, another important result [6] is also the di-
agram of the dependence of Upg on Kjp, presented in fig. 6,
which we approximated by the following expression:

Uk = 7,3(Kz — 2,552 [V]. (7)

As is known, the maximal output power, which can be ob-
tained for an ideal transistor, is equal to:

Liu(Upk— Usar)
Py = % , (8)
where I, — is the saturation current; Ugg — breakdown volt-
age; Uy, — saturation voltage. Thus, the resistance corre-

sponding to the load straight line at the maximal power can
be described by the following ratio:

R UBK Usat
load.max = [

sat

(€))

A real transistor has the output admittance G, which is
taken into account by means of addition to the ideal transistor
model of resistance Ry parallel to the load. Thus, simultane-
ously, the resistance defining the load straight line Ry, 010
should satisfy the ratio:

Rload.max -

Rds Rload

) (10)
Rds + Rload

where R),,; — is the load resistance; R, — the internal re-
sistance of the transistor defining its output admittance. In
this case total power is distributed between the power allo-
cated in the load ("useful”) and the power, released on R
("parasitic"). By simple transformations it is possible to come
to conclusion, that the power allocated in a load, with ac-
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count of the equations (7)—(10) can be described by the ex-
pression:

1, (Uge—U,) Ugr— U
P — Zsat\ ¥ BK sat [1 _ YBK satj . (11)
load.opt 8 Isar Rds
At that, the optimal resistance of the load is defined as
7 -1
1
R = [___.SEL._ - ___] . (12)
foad.opt UBK — Ysat Rds

At R, — o the expressions (11) u (12) are transformed, cor-
respondingly, into equations (8) u (9).

By differentiating the expression (11) by R, one can
demonstrate that the maximal power in the load is reached at
Upk- U,

Ry =2 <. In this case Ryyuq0p = Rgs and expres-
sat
sion (11) is reduced to the following simple formula:
I2R
Pload.max = Sé§2 £ . (13)

If we assume, that the [, is proportional to W, R is in
inverse proportion to W, and the Upg and U, do not de-
pend on the W, then by placing of the corresponding ap-
proximation (5) in the formula (13) we will receive the fol-

lowing expression for the maximal specific power in the load:

2

0,065K
Pload.max = % : 6’5 - 10 B'

(14)

It is very important to underline an interesting result,
which we received: the maximal specific power of nitride
HEMT is defined not only by the maximal specific current,
i.e. the heterostructure parameters, but also by the aspect ratio
L/tg. Besides, since at a given fsimultaneously the required
gate length L is implied, the only way to increase Py, ux
is reduction of the 7 preserving the [, which stimulates de-
velopment of effective heterostructures (Al, Ga, In)N.

This result is graphically presented in fig. 7, where possible
calculation parameters of the transistors with use of expres-
sions (3) and (8) in 75 — L coordinates are simultaneously
constructed. As one can see, in order to increase the limiting
frequencies, specific powers and breakdown voltages of ni-
tride HEMT it is necessary to apply thinner heterostructures,
the admissible barrier thickness 75 in which sharply decreases
with an increase of fr. So, if for W-band (75—110 GHz) it
is possible to use the heterostructures with 7z from the min-
imal possible values up to 22 nm, then for achievement of
J7> 400 GHz it is necessary to use only the heterostructures
with 75 < 6 nm. This agrees well with the parameters of the
heterostructures presented in [4, 5, 7] for reception of the lim-
iting frequency parameters of nitride HEMT.

High breakdown voltages and f7 are the basic qualities of
a transistor in case of a power increase. Here, an important
characteristic is Johnson’s figure of merit, which is defined as
a product of frby Upg. Fig. 8 presents dependence of Ugg on
S for the microwave devices on the basis of different mate-
rials. Reduction of the barrier layer thickness of AlGaN/GaN
heterostructure results in increase of both f and the break-
down voltage. From this it follows, that the use of "thinner"
nitride heterostructures is advantageous for achieving of high
values of the output power, both at high frequencies (100 GHz
and over), and at low frequencies (1—10 GHz). In this respect
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nitride HEMT, apparently, are unequal in the range of fre-
quencies up to 400 GHz at t5 = 6 nm and up to 700 GHz at
3 nm. However, as it was demonstrated above, obtaining of
such high operating frequencies for nitride HEMT in the pla-
nar geometry is impossible.

Conclusion

It was demonstrated with a high degree of confidence that
the frequency limit of HEMT on the arsenide and nitride het-
erostructures had already been reached. Restrictions on the
limiting frequencies have a physical character connected with
the design of the devices, but not with the properties of the
semiconductors. In particular, the decisive parameter in this
case is product of 5 C,;, the technological potentials for min-
imization of which, apparently, have been already exhausted.
It was established, that the most high-speed transistors are
pHEMT on InP substrates, and the most powerful ones are
HEMT on nitride SiC heterostructures. However, the break-
down voltages and the specific power parameters of HEMT
on the nitride heterostructures at a set working frequency are
defined by the barrier layer thickness of the heterostructures
and improve with its reduction. This demands development of
effective nitride heterostructures with 7p less than 10 nm. In
this respect AIN/GaN heterostructures have no competitors
thanks to their small thickness, high parameters of the two-
dimensional electronic gas and comparative simplicity of the
growth process.

The work was done with the financial support of the Ministry
of Education and Science of the Russian Federation (grant
agreement No 14.604.21.0136, unique identifier of the project
RFMEFI60414X0136).
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BAKYYMHASl MUKPOSAEKTPOHUKA — MEPCMEKTUBHBIN NYTb
CO3AAHUA DAEMEHTHOM KOMMOHEHTHOWM BA3bl
AAAl SKCIMNAYATALUUN B SKCTPEMAABHbBIX YCAOBUAX

Ilocmynuna é peadkyuro 25.01.2016

OcHosHas yeav pa3pabomku H08020 NOKOACHUSI INeMEHMHOU KOMHOHEHMHOU 0a3bl 045 CO30AHUS COBPEMEHHOU annapamypbsi
HAapOOHOXO03UCMBEHHO20, BOEHHO20 U KOCMUYECK020 HA3HAYEHUs — CHUJICeHUe NOMPeOAseMOl MOUHOCMU, 603MONCHOCMb 00pa-
60MKU 8bICOKOCKOPOCHHBIX NOMOK08 OAHHBIX 8 PA3AUYHBIX YCAOBUAX IKCNAYAMAYUU, 8 MOM YUCAe U IKCMPEeMAanbHbix. B pamkax
0aHHOU pabombl BbINOAHEH 0030D COBPEMEHHbIX 00aacmeill NPUMEHeHUs U30eAUll 6aKyYMHOU MUKPOINEKMPOHUKU, A MAKJce NPUH-
YUnoe co30anus A8MOIMUCCUOHHBIX KAmM0o008 U paduomexHu4eckux ycmpoucme Ha ux ochoge. lIposeden anaauz memooog no-
BblUEeHUs CMAOUALHOCMU U ONMUMUAUUY XAPAKMEPUCTUK KamO0008 PA3MUYHbIX MUnoe ucnoinenus. Onucanvl 0CHOGHble NPUEeMbl

opMuposaHUss BAKYYMHBIX UHMESDANLHBIX CXEM.

Karoueesvie caosa: aeémosmuccus, X0100Hbll (A8MOIMUCCUOHHDBLII) KAMOOD, 8AKYYMHASL UHMESPANbHAS CXeMA, KPeMHUU

BBenenne

OaHUM U3 MEepPCIeKTUBHBIX HallpaBlIeHUN pa3BU-
THUSI COBPEMEHHOM 2JIEKTPOHUKU SIBJISIETCS TaK Ha3bl-
BaeMasi "BaKyyMHasi MUKpoaJieKTpoHuka" [1, 2]. DToT
TEPMUH MCIOJB3YETCS I ONMUCAHUS MPUOOPOB WU
KOMITOHEHTOB, UMEIOLIUX MUKPOMETPOBbIE T€OMETPU-
YyecKkre pasMepsl (C HAaHOMETPOBBIMHM IOITyCKaMU Ha
9TU pa3Mepbl), TPUHLMI ACHUCTBUSI KOTOPbIX OCHOBaH
Ha SIBJICHUUW aBTORJIEKTPOHHOU amuccum [2].

Bakyym gaBnsieTcs uaeanibHON Cpemoi s Tiepe-
MEIIEHUST HOCUTEJIEH TOKa, B KOTOPOIl 2JIEKTPOHBI HE
pacceuMBaloTcsl Ha nedexkTax U KosebaHUsX aToOMOB,
Kak B TBepAbIX TeJax. OCHOBHBIM (DPYHKIIMOHAIbHBIM
3JIEMEHTOM MprOOopa BaKyyMHOM 2JIEKTPOHUKM SIBJISI-
€TCSI DMUTITEP CBOOOIHBIX 3JEKTPOHOB (XOJOIHBII
WJIX aBTOSMUCCUOHHBIN Katon) [3], mpUHLIMIT AeHCT-
BMSI KOTOPOTO OCHOBaH Ha KBAaHTOBOM SIBIICHUU TYH-
HeJlbHOro 3¢ dekra.

Krnaccuueckas Teopusi SMUCCUU JEKTPOHOB C TO-
BEpXHOCTU MeETa//la OCHOBaHa Ha MPEATNOJOXEHUHU,
YTO 3JIEKTPOHBI B 30HE MTPOBOAMMOCTH BEAYT ce0s1 KakK
CBOOOJHbBIEC YACTHUIIbI, Ybe ABMXKEHHUE B 00beMe MeTal-
Jla OrpaHWYMBAETCS IMOBEPXHOCTHIO MeTa/ula 3a CueT
HaJIM4MS CKauyka MOTeHLMAJbHON 3HEPTUH, B pe3ysib-
TaTe Yero 3JIEKTPOHBI OTPAXKAIOTCS OT TPAHUIIBLI, €CIIU
WX DHEPrusi HeJoCTaToYHA JJIs1 MpeoaosieHus 6apbe-

pa. [Ipy HATMYMK BHEITHETO 3JIEKTPUYECKOTO TIOJIS C
HANPSDKEHHOCTBIO F ITOTEHLIMANbHBINA 6apbep U3MEHS -
eT (opMy Ha TPeyrojbHYIO, MPUOOPETAET KOHEUHYIO
IIMPUHY, U CTAHOBUTCS] BOSMOXKHBIM TYHHEJIMPOBAHUE
BJIEKTPOHOB CKBO3b TPEYIroJibHbIN Oapbep. B pamkax
3TOI MOIEM TJIOTHOCTh TOKA aBTOSMMCCUM BhIpaXa-
erca hopmynoit ®aynepa—Hopareitma [4]:

J = aE%xp(—bo*3/E),

rae ¢ — pabota Bbixoga (3B); £ — HampsKeHHOCTb
aJIeKTpru4YecKoro oyt (B + MKM_l); J — IUVIOTHOCTB TO-
Ka (A- MKM_2); aun b — QyHKUUHU, 3aBUCHIIME OT Ireo-
METPUH U PabOTHI BHIXOJA.

OTHOCUTEJILHO HENABHO TMOSIBWJIMCH COOOIIEHUS
[5, 6] 06 m3roToBIIeHNHN (ITyTeM TpaBICHUS CPOKYCH-
POBaHHBIM ITyYKOM HMOHOB) KPEMHHUEBBIX METaUl —
okcua — moaynpoBoaHukK (MOII) cTpykTyp ¢ KaHa-
JlaMu, 3aIlI0JJHEHHBIMUM OOBIYHBIM BO3ayXxoM. Bce neno
B TOM, 4TO JIJIMHA KaHaJIoB OblIa cpaBHUMA (150 HM B
[5]) mwmm maxe cymectBeHHO MeHbIIe (20 HM B [6])
JJIMHBI CBOOOIHOTO Mpobera 3JIEKTPOHOB B aTMocdepe
MpU HOPMaJIbHBIX YCI0BUSX (~100 HM). DTU ycTpoii-
CTBa COYETAIOT B ceOe MperMyllecTBa OaaaucTuye-
CKOTO TpaHCIOpTa 3JIEKTPOHOB 4Yepe3 BaKyyM C Mac-
IITA0MPYEMOCTBIO, JEIIEBU3HON 1 MOJIHONA COBMECTH-
MOCTBIO C KPEMHUEBOI TEXHOJIOTUEH.
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ITporpecc MMKpPOBaKyyMHOI TEXHOJOIMU 3a IIO-
CJIEITHUE TOABI MO3BOJIWJI CHU3UTH paboure Hanpske-
Hus npudopoB g0 10...20 B u pa3paborath 0OKOBEIE
MUWKPOBAaKYYMHBIE CTPYKTYPbI, COBMECTUMBIE CO CTaH-
JlapTHOM TexHoJjioruei kpeMHuit Ha uzonstope (KHI)
[7]. IToyyeHHBIE pe3yabTaThl HOBHILIAIOT UHTEPEC K
JaHHOMY KJIacCy MpuUOOpPOB KaK OCHOBE CO3daHUs
BBICOKOTPOM3BOAUTEbHBIX MUKPO3JIEKTPOHHBIX YCT-
pPOICTB, CHOCOOHBIX pabOTaTh B SKCTPEMaIbHbIX YCIIO-
BUSIX 3KCIUIyaTalMu.

B [8] nmpuBeneHa npenBapuTesbHas OlLIEHKa BO3-
MOXHBIX TIOKa3aTeseil paiuallMOHHON CTOMKOCTUA Ba-
KYYMHBIX MUKPOIIPUOOPOB IO OTHOIIIEHUIO K OCHOB-
HBbIM paiuallMOHHBIM 3 deKTaM: CMeleHUs, MIOHU3a-
LOHHBIM (00BEMHBIM 1 TTIOBEPXHOCTHEIM) 1 3(pdek-
TaM BO3IEUCTBUS OTAEIbHBIX YyacTull. [TokazaHo, 4yTO
B MOJISIX CTAalMOHAPHBIX MOHU3UPYIOLIUX U3TYyYEeHUM
MOTYT ObITb JOCTUTHYTHI IMOKAa3aTeand paauallMOHHON
CTOMKOCTM, Ha MOPSAOK M 0ojee MpPeBOCXOIsIIue
HauWBBICIIME PE3YJbTaThl [JI IMOJYIMPOBOJHUKOBBIX
MpuoopoB. B Mosgx UMIyabCHBIX MOHU3UPYIOLIUX U3-
JIyUeHUH TTPEeUMYILECTBO BaKYYMHBIX MUKPOTIpHOOPOB
HE CTOJIb CYILLIECTBEHHO. DTO CBSI3aHO C OTHOCUTEBLHO
HU3KKMMU 3HAYEHUSIMU PabOUYMX TOKOB MPpUOOPOB IMpU
JIOCTaTOYHO BBICOKMX HAMPSDKEHUSIX MATAHUS HA JaH-
HOM 3Tare pa3BUTUSI TEXHOJOTUU.

Bricokas CTOWKOCTh K BO3AEWCTBUIO TEMIEPATY-
pbl ¥ pagdalMd BaKyyMHBIX MUKPOTIPUOOPOB 00Y-
CJIOBJICHA CaMOW IPUPOLAONA aBTOIJEKTPOHHOM SMUC-
cuu, Jexalleil B ocHoBe ux padoTsl. Kpome atoro, mjs
JIAHHBIX YCTPOWCTB OXMWIAETCS CBEPXBBICOKOE OBICT-
poaeicTBre, MOCKOJbKY OalJMCTUYECKUN IepeHOC
3JIEKTPOHOB OT KaToja K aHooy oOecrieuyuBaeTcs 3a
0YEHb KOPOTKOE BpPEMS ITPOJIETa — MEHEE OJHOW Mu-
KOCEKYH/IbI.

O0aacTH npuMeHeHns N3aeTHi
BaKYYMHOII MHKPOJJIEKTPOHHKH

K oCHOBHBIM mpeuMmylllecTBAM HW3AENUIA TIaHap-
HON BaKyyMHOW MUWKPO3JEKTPOHUKU, OOYCIOBJIU-
BAaIOLLMUM IIPOSIBISIEMBIN K HEM, B TOM YMCJIE B HAILIEH
CTpaHe, 3HAYUTEITbHBIA MHTEPEC, MOKHO OTHECTH CJIE-
nytoliee:

e pabouasg yacToTa cocTaBisgeT o 1 - 102 Iy (MH-
¢dpakpacHbIii AUana3oH);

e HW3KUI YPOBEHBb LIIYMOB;

e BBICOKaS paaudallMOHHAsT CTOMKOCTB;

e MTHOBEHHasl TOTOBHOCTb K padore;

e IIMPOKHWI IMAIa30H paboO4yMX TEMIIEpaTyp;

e pa3Mep MUKPOBAKYYMHOW STYEHUKU 5 X5 MKM;

e D3KCIMOHEHUMAJIbHO BbICOKAas KPYTHM3HA BOJIbT-aM-

TMEPHBIX XapaKTEPUCTHUK.

HauGonee nepcrieKTMBHBIMU HaMpaBJIEHUSIMU TIPY-
MEHEHUSI BaKyyMHBIX aBTOOMUCCUOHHBIX MUKPOMNPU-
o6opoB gBistioTes [9]:

e CBEpPXOBICTPBIC MEpPEKIIOYATENN;
e TEpareploBbl€ YCUJIUTEIU U TEHEPATOPHI;
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e JUCIUIEH U TEJIEBUACHNE BHICOKOUN YETKOCTH;

e DJIEKTPOHHO-JIyueBasi JuTorpadusi;

e JIazepbl Ha CBOOOJHBIX 2JIEKTPOHAX;

e MOIYyIMpOBaHHOE JiazepHOe u3nydyeHue a0 100 TT;
e HMITYJbCHbIE UICTOYHUKM DJIEKTPOHOB U UOHOB;

e YCTPOMCTBA C 3JIEKTPOHHBIM BO30YXIEHUEM;

e OIITOBRJICKTPOHHBIC (UIBTPHI U NaTYMKU;

e AaBTOBMUCCUOHHBIN Tpubdop (ADII) + nazep: cme-

IIMBaHKUE BJIEKTPOHOB M (POTOHOB;

e DJIEKTPOJIM3 BOIbI (MOJyyeHUE CBOOOJHOIO BOIO-
pola U KUCJIOpoaa);
e TEPMO- U PAAUOLIMOHHO CTOMKUE YCTPOMCTBA aBTO-

MaTUKU;

e JAaTYUKM JaBJICHUS,

OMOYUIIHI;

e CKOPOCTHBIE STUEMKU MaMsITH;
e BaKyyMHbIE CYIIEpKOHIEHCATOPHI;
e Ti0seBble dBMUccUOoHHbIe auciuien (FED) ¢ Beico-

KOW TUIOTHOCTBIO;

e BaKyyMHble MHTErpajibHble CXEMbl BHICOKOH IJIOT-

HOCTH.

OmuH U3 CTUMYJIOB K KaueCTBEHHO HOBOMY 3TaIly
pa3BUTHSI BaKyyMHOW O3JIEKTPOHUKM — HauyaBlIasICS
WHTCHCUBHAS TIOATOTOBKA KOMITOHEHTHOW 0a3bl IS
pPaaro3JIeKTPOHHBIX CUCTEM MUJIJIUMETPOBOTO U Te-
parepueBoro auamna3zoHoB 4acToT [10]. OrcyrcTtBHE
MOIIHBIX 3(POEKTUBHBIX U KOMMAKTHBIX UCTOYHUKOB
TeparepleBOro M3JIyYeHUs] — TJIaBHOE MPEeNsITCTBUE B
OCBOEHMU TeparepleBoro auvamnazoHa. Kak mpaBuiio,
pa3Mepbl ¥ IEPBUYHASI MOILIIHOCTD MUTaHUsI 0ObEKTOB,
Uy 1wiatdopM, Ha KOTOPBIX IPEATOoJIaracTcsl pa3me-
1IaTh MUJUIMMETPOBBIE U T€parepleBble CUCTEMbI, OT-
panuyeHbl. IToaromy mpuOOphl Ha OBICTPBHIX BOJHAX
0OJIBLIION MOIIIHOCTU B MWUIMMETPOBBIX U Teparepliie-
BbIX 00JacTsX criekTpa (Harmpumep, TMPOTPOHbI) He
MOI'YT OBITb MCIIOJIb30BaHbl B KAYECTBE MCTOYHUKOB,
MOCKOJIBKY OHU TPeOYIOT IPOMO3IKHUX CBEPXITPOBOISI-
IIUX WJIA UMITYJbCHBIX MAarHUTOB. Y TPagULIMOHHBIX
BaKyyMHBIX TTpUOOPOB Ha 3THUX YacTOTax M3-3a TPYI-
HOCTH TIPOXOXACHUS SJIEKTPOHHBIX ITyYKOB Yepe3 Ma-
JIopa3MepHbIe 3aMeTSIONINE CTPYKTYPbI Pe3KO MaaaeT
a¢pdekTnBHOCTL. OTCIOAAa BO3HUK MHTEPEC K BaKyyM-
HbIM NMpUOOpPaM Ha OCHOBE TEXHOJIOTUI MMKPOSJIEK-
TpoMexaHuuyeckux cuctem (MOMC) 1 coBpeMeHHBIX
TpeXMEpHBIX IIporpaMmM IpoekTupoBaHus. [lo cyru,
peyb UAET O CO3JaHUN CaMOCTOSITeJIbHON BETBU BaKy-
ymHoOM CBY 5/1eKTpOHUKY — BaKyyMHOM MUKPO3JIeK-
TPOHUKU MUWJIMMETPOBOTrO U TeparepleBoro auaraso-
HoB. B CIIIA pa3paboTku BaKyyMHBIX IIPUOOPOB IS
MOAOOHBIX CUCTEM MPOBOASATCSA Mo nmporpammam High
Frequency Integrated Vacuum Electronics (HiFIVE)
u THz Electronics (THzE), sBnsiolueiicss pa3ButueM
nporpammbl THz Technology Initiative.

Ilens nepBoii ¢a3nl mporpammel THZE — co3na-
HUEe UMIYJIbcHOTO yeumuTensd Ha 670 [T MOIITHOCTEIO
100 MBT ¢ BbICOKMM KO3(MUIIMEHTOM 3alOIHEHMUSI.
Peanuzaiiusi moJIHOCTbIO MHTETPUPOBAHHBIX MOLIHBIX

TEMIIePaTyphbl, MU3JTyYEHMUSI,




yCHJIMTEIe Ha 3TUX YacToTaX OyaeT MMeThb OOJIbIIoe
3Ha4YeHMe IS psiia BOGHHbIX puMeHeHui. M3-3a xe-
CTKUX TpeOOBaHWUIM K pa3MepaM 1 KauyeCTBY ITOBEPXHO-
CTU 3aMEISIOIIMX CTPYKTYP ISl CO3AAHUS YCUTUTES
MPUMEHSUIUCHh TIPEeLM3UOHHBIE METOIbl MUKpPOOOpa-
OOTKM 1 COOpPKHU, a UMEHHO — IJIYOOKOE€ peaKTUBHOE
noHHoe TpaBiaeHue uin LIGA-TexHoI0rus ¢ UCIOJb-
30BaHNEM YYBCTBUTEJBHOIO B OMkHeit Y® obiactu
HeraTuBHOro ¢otope3ucTa Ha OCHOBE SMOKCUIHOM
cmoniel EPON (UV/SU-8-texHonorust). 3amemisiio-
1asik cucTeMa CocTosila M3 ABYX IOJIOBUH, KOTOpPbIE
(opMUpoOBaIMCh Ha Pa3IMUHBIX KPEMHUEBbIX IJIACTH -
HaX W 3aTe€M COBMEIAIUCh C TOYHOCTBIO 10 0,5 MKM.
IIlepoxoBaTOCTh BHYTPEHHMX CTEHOK BOJIHOBOJA HE
npesbiana 50 HM.

ABTOBJICKT])OHH])IC MHKPOKATOAbI

K HacTos111eMy BpeMeHHU CYILIECTBYET IMSITh 6a30BbIX
KOHCTPYKIMI aBTOJIEKTPOHHBIX MUKpPOKaToa0B [11]:
e OCTpPUMHBIE,

e JIE3BUIIHBIE;

e TOPIIEBBEIE TOHKOIUICHOYHBIE;
e HAHOTPYOOYHEIE;

e TOBEPXHOCTHBIE.

B kauecTtBe mpuMepa MHOTOOCTPUIHONM MaTpMIIbI
MOXHO paccMoTpeTh smurrep CrnmHara [12] ¢ coro-
BBIM YITPaBJISTIOLIMM 3J€KTPOIOM, BUI KOTOPOTO MpPU-
BeleH Ha puc. 1. Takoit aBTO3JIEKTPOHHBII 3MUTTEP
ob11 co3maH B 70-x rogax XX Beka B CteHadopacKoM
YHUBepcUTeTe. DTO ObLT OAUH M3 MEPBbIX aBTOIMUC-
CHOHHBIX TPUOOPOB, M3TOTABIIMBAEMBIX IO TPYIIITOBOMA
TexHoJioruu. Pa3paboTaHHasi TEXHOJIOTUS laBajla BO3-
MOKHOCTb CO3IaHUS PEIIETKN aBTOKATOIOB C MOJINO-
JIEHOBBIMU OCTpUsIMHU, coaepxasiuue 10 5000 octpuit
C pagmycoM CKpyriaeHus ~50 HM M IUIOTHOCTBIO yra-
KOBKH ~6,4+10° cM™ 2. K HaCTOSIIEMy BPpEMEHU CO3-
JaHBI pelleTyaTbie KaTOABI C PACCTOSTHHEM MEXIY
smurrepamu 0,32 MKM, paiuycoM OCTpHS OKOJIO 2,5 HM
U JUaMeTPOM OTBEPCTHSI B YIPABJSIONIEM 3JIEKTPOJE
0,16 MKM.

Macka 1151 TpaBJIeHUSI OTBEPCTHIT B CTPYKTYPE Me-
Taul — usoaarop ¢ puametpom 0,16 MKM menaercs ¢
HCIOJIb30BAHUEM METOMIOB JIa3epHOI Trojorpaduu.
Cozpanbl katoabl ¢ 9000 ocTpuii, pacnoyioKEHHbIX B
pewetke pasmepamu 30 X 30 mxMm, u ¢ 800 ocTpusimu B
peletke pa3mepaMu 9 X9 MkMm. PabGouee HampsikeHUe
Ha yrnpapisiolieM 3jekTpoae Obuto okono 30 B, Ha
anoge (B cxeme Tpuona) — 200 B. PaccrossHue Mexmy
VIOPABISIOIMINM 3JIEKTPOAOM M YIOAJEeHHBIM aHOAOM
nopsiaka 100 mxm. Katon ¢ 100 octpusimu B pabouem
pexume gaet Tok 0,1 MA, UTO COOTBETCTBYET CpeaHeit
IUIOTHOCTH TOKa 120 A - oM™ 2

CxeMaTuueckre M300paKeHUsl HEKOTOPbIX KOHCT-
PYKLMI aBTO3JEKTPOHHBIX CHUCTEM TIpUBEICHBI Ha
puc. 2 u puc. 3 (CM. TPETbIO CTOPOHY OOJIOXKM).

HMcxonHbIMU MaTepualaMy ISl CO3MaHMST aBTOKa-
TONOB, B MEPBYIO OYepelb, CIyXaT TYyroljaBKue Me-

Puc. 1. Daekrponnas ¢ororpaduss MEKPOABTOKATONOB: @ — ONIU-
HOYHBI aBTOJIEKTPOHHBIN aMUTTep CriMHATa; b — MaTpULia SMUT-
TepoB (/) C COTOBBIM YMNPABISIOIINM JIEKTPOIOM (2)

Fig. 1. Electronic photo of microautocathodes: a — single autoelectronic
emitter of Spindt; b — matrix of emitters (1) with a cellular control

electrode (2)
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Puc. 2. CxemaTnyeckoe n300paxkeHne TOHKONJIEHOYHOTO ABTOIMHMC-
cuonHoro karoga Cnunara: / — MOIMOACHOBBINA KOHYC; 2 — M30-
JIUPYIOLINIA CJTOM U3 MMOKCHUIAa KpeMHUsI; 3 — MOJIMOIeHOBAS yIIpaB-
JISiollas TIeHKa; 4 — KpeMHUeBasl MOUIoXKKa

Fig. 2. Circuit of a thin-film autoemission cathode of Spindt: 1 —
molybdenum cone; 2 — isolating layer from silicon dioxide; 3 —
molybdenum control film; 4 — silicon substrate

TaJUIBl: BOJb(paMm, MOJIUOAEH, peHMIi, IIJIaTHHA, a
TakXKe METaJUIbl MEePEeXOAHBIX TPYMIl (XpOM, HUOOUIA,
raHmit). becuncieHHOe MHOXECTBO BapMaHTOB JJIsI
CO3/aHUsI aBTOKATOAOB JAalOT IOJYIPOBOJHUKOBbIE
Matepuaibl. [Io MHEHMIO OZHOIO M3 aBTOPUTETHBIX
HccieaoBaTe/ieil B BaKYyMHOH MMKPOBRJIEKTPOHUKE
I'. I'pest, pellieTKM aBTOBMUCCUOHHBIX KaTOAOB, U3r0-
TOBJICHHBIX M3 MOHOKPMCTAJJIOB KPeMHUsI, 001a1at0T
CIIEAYIOIIMMU CBOMCTBAMM: UMEIOT OOJIbILINE KPYTU3-
HY Y IIJIOTHOCTh TOKA Y HU3KYIO MEXKAJIEKTPOIHYIO M-
KOCTb KaToj1/CeTKa, YTO BaXKHO B CBEPXBBICOKOUYACTOT-
HOM Jrana3oHe IJUH BOJH (0COOEHHO Ha MUJIJTUMET-
POBBIX BOJIHAX).

s OTBEpCTUl C IMaMETPOM 2 MKM TOK 3MUCCUU
1 MA mocturaicst TIpy HampsokeHUM 66 B Ha ympas-
JisitolleM 3JekTpoae. MakcuMalbHBI TOK, CHUMae-
MBI ¢ ofHOro ocTtpus, Mor gocturatb 50 MA. Iloxa-
JIyi1, camoe 3aMeuaTe/ibHOe CBOMCTBO KPEeMHUEBBIX Ka-
TOAOB B TOM, UTO (hopMa 00pa3yroIIErocst OCTpusl, ero
paauyc OKpyrjeHus U BbICOTa MPaKTUUECKU UIEHTUY -
HBbI JJISI BCeX BJIEeMEHTOB peleTku. OmHaKO aBTO-
SMUCCUOHHbBIE KATOABI U3 KPEMHUSI UMEIOT Oojiee HU3-
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KYIO IJIOTHOCTh TOKA, YeM MeTaJuimdeckue Karonbl. Cu-

TyallMI0O MOXHO WCIPaBUTh, MOKPbIBAs KPEMHUEBBIC

SMUTTEPHl TOHKAM CJIO€M MeTajllla WUIM TTPOBOMSIINX

COCAUHEHU, HampuMep, CUIMLMIA TIaTUHBI [13, 14].
OnHako aBTOKATOIbI U3 TAKUX MaTepUajoB HE MO-

I'YT paboTaTh JINTEIHLHOE BpeMs B YCIOBMSX CEPUIA-

HBIX TIPpMOOPOB, TaK KaK IMPOUCXOIUT pa3pylleHUe

MUKPOBBICTYIOB, OMPEAEISIONIMX aBTOIMUCCUIO C pa-

Ooueit moBepxHocTU Kartoga. B 1970-x romax mosiBu-

JIUCh MepBbIE COOOIIEHUST 00 SMUCCUOHHBIX CBOMCTBAX

VTJIEPOMHBIX MaTepraioB (B OCHOBHOM B YIJIEPOTHBIX

BOJIOKHAX), UCCIEIOBAHMST KOTOPBIX MOKA3IM UX IIPUH -

IUTTHAJTBHYIO TIEPCIIEKTUBHOCTh, OOYCIIOBIIEHHYIO YC-

TOMYMBOCTBIO yrjepoja K OomOapaupoBKe HOHAMU

OCTaTOYHBIX Ta30B, a TaKX€ BO3MOXHOCTbIO CHUXKE-

HHS pabOTHl BBHIXOMIA 3JIEKTPOHOB TP OMpPEaeIeHHBIX

CTPYKTYPHBIX MOAMGUKALIUSIX.

TexHonorust U3roToBjieHUs1 katonoB CrnvHATa 3a-
chyxxuBaeT ocoboro BHUMaHus. OHa COCTOUT U3 He-
CKOJIBKMX 3Taros [9]:

e OKHCJIEHNE BBICOKOIIPOBOMSIIEH MOMIOXKN KpeM-
HUS A0 TOJIIMHBI OKCUIHOW IMJIEHKU ~1,5 MKM;

e HaHeCeHVe Ha OKMCJIEHHYIO TOBEPXHOCTbh KPEMHMS
TOHKOI IICHKM MojuOmeHa ToamumHou 0,4 MKM
METOIOM BJIEKTPOHHO-JTYYeBOTO HAITbIJIEHUS;

e HaHECEeHWE Ha IMOJYYCHHYIO CTPYKTYPY TIEHKH T10-
nuMmetuia-merakpuwiara (ITMM) ToimHoi ~1 MKM.
IIMM — BBICOKOIIOJIMMEPHOE COeTMHEHUE, KOTO-
poe TMpencTaBiseT Co0Oil 2JeKTPOHHO-UYYBCTBU-
TeJIbHOE COMPOTHUBIICHUE;

o dopMHpOBaHME TIITEH HEOOXOOWMON KOHMUTY-
pauuu (OOBIYHO AMAMETPOM ~1 MKM C pacmoJjio-
KEHUEM B y3/1aX KBaJApaTHON pelIeTKH C LIaroM

Puc. 4. TexHoJ0rHs H3roTOBJIEHNS] TOHKOILIEHOYHOTO KaToaa Conna-
Ta: @ — UCXOJHAs CTPYKTypa 1151 opMUpoBaHUsI KOHYyca; b — (op-
MHUPOBaHKME U30JUPYIOLIETO CJosl; ¢ — (hopMUpOBaHUE KOHYyca Ha-
MnblIeHUEM; d — yaajeHue U30JUPYIOLIEro ciosi; I — MeTajanye-
cKasl TJieHKa; 2 — AWJIEKTPUK; 3 — KpeMHMeBas MOIIoOXKa; 4 —
OCb BpallleHUs; 5 — HalpaBleHUEe HAMbUICHUSI

Fig. 4. Manufacturing technology of Spindt thin-film cathode: a — initial
structure for the cone formation; b — formation of the isolating layer;
¢ — formation of a cone by deposition; d — removal of the isolating layer;
1 — metal film; 2 — dielectric; 3 — silicon substrate; 4 — rotation axis;
5 — direction of deposition
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25,4 MxMm unm 12,7 MKM) IyTeM 3KCIIOHMPOBAaHUSI
noBepxHocT [IMM B BakyyMe c(OKYCHUPOBaHHBI-
MM 3JIEKTPOHHBIMH ITyYKaAMMU;

e pacTBOpPEHME SKCIIOHMPOBAHHBIX YYACTKOB B U30-
MPOMNUIOBOM CITUPTE C MOCIEAYIOLINM TpaBieHUEeM
JIeKaIlero HIKe 3THUX YYacTKOB CJIOS MOJMOIeHa
JI0 TUDJIEKTPUKA;

e ynaieHue octatkoB [IMM u TpaBiieHUE CIOSI IU-
3JIEKTPUKA IJIABUKOBOU KUCJIOTOM A0 KPEMHUEBOM
noajoxku. B pesynabTaTe 0oOpasyeTcsi CTpyKTypa,
rokaszaHHas Ha puc. 4, a. [lneHka monubneHa cier-
Ka HaBHMcaeT HajJ OTBEPCTUEM B IMBJIEKTPUKE, TaK
KakK KHMCJIOTa He MEeWCTBYeT Ha MOJUOICH;

e METOJAOM BaKyyMHOIO HalbUIEHUs Ha MOJUOACH
HAHOCUTCS TJIeHKa antoMuHus. [Ipu 3ToM ob6pa-
3e1l HeMPePhIBHO BpalIaeTCsl BOKPYT BEPTUKAJIBbHOM
OCH, U HaNbUIEHUE MPOUCXOIUT MO OOJIbIIUM yT-
JIOM K Heil. DT0 HeoO0XOonouMoO, YTOObI MIPEeIOTBpa-
TUTh MOMNanaHue aJlOMUHMSI B OTBEPCTUSI B CETKE.
PasmMep oTBepcTHSI yMEHBIIAETCS 10 HEOOXOOUMOM
BEJIMYUHEI (puc. 4, b);

e Uepe3 YaCTMYHO 3aKPhITOE OTBEPCTHUE MPOBOIUTCS
HambUICHUE MOJMOIEHA, TIPM 3TOM BHYTPHM OTBEp-
CTHUSI BbIpAacTaeT KOHYC HEOOXOOMMOro pasmepa U
BBICOTHI. BeplumHa KoHyca ¢opMmupyeTcs, Koraa
OTBEPCTHE MOJHOCTbIO 3aKpbIBAECTCS. DTa CTaaus
Tpoliecca Mokas3aHa Ha puc. 4, ¢;

e BCIIOMOTATEJILHBIN CJIOM aTIOMUHUS PACTBOPSIETCH,
HaxoAs1asicsl Ha HeM MOJMOAeHOBasl TUIEHKA ya-
nsercs (puc. 4, d). Ilocne TepMUYECKO TPEHUPOB-
KW B BaKyyMe KaToJll TOTOB K NMPHUMEHEHMUIO.
ITonpoOHOe onucaHWe TEXHOJIOTMUYECKUX MpOollec-

COB, MCIIOJIb3yeMbIX MPU HU3TOTOBJIEHWM MHUKPOBa-

KYYMHBIX YCTPONCTB, MOXXHO HAaWTU B MyOJUKALIUSIX

[13—16].

OTJAMYUTENIbHOM OCOOEHHOCTHIO OMMCAHHBIX BbI-
111e aBTOSMMUCCUOHHBIX KATOJOB SIBJISIETCSI BEPTUKAIb-
HO pacIoJioXXeHHOe ocTpre. Mexay TeM, ellie B cepe-
nrHe 60-X TomoB OBIIa BhICKA3aHA M MPAKTUYCCKU
peaqn3oBaHa Haes MUKPOBAKYYMHOTO aBTO3MMCCH-
OHHOTI'O IMOMAA U TPUOJAA, B KOTOPHIX SMUCCHUS TTPOUC-
XOOWJIa C Kpasi TOHKOW METAUIMYECKON TUIEHKU, Ha-
MBIJICHHON Ha AUBJIEKTPUYECKYI0 TTOMIoXKy [17]. Ux
KOHCTPYKLIMS ITOKa3aHa Ha puc. 5.

IIpu U3roTOBJEHMHU MCIOJb30BajaCh TOHKOILIE-
HOYHAasl TEXHOJIOTHUSI C HambLJIEHUWEM MaTepuasioB
3JIEKTPOIIOB M3 TOYEYHOTO MCTOYHMKA Ha MOITOXKY C
3apaHee 3alaHHbIM pejibeoM MoBepXHOCTU. Tomiu-
Ha sMUTHUpYIolIeil KpoMku coctaBisuia 10...20 HM,
paccrosiHue aHoja/kKatom — 6...8 MKM, pacCTOSIHUE
KaTo/ynpaBisiiolluii 3JeKTpoa — okojo 0,5 MKM.
IIpu Hampsckenun Ha aHoge 300 B Tok MeHsuics or
1-1073 10 3 MKA MPY U3MEHEHWU TTIOTCHIIMAA YIIpaB-
Jngrouero 3jektpoga ot 175 go 250 B. OcHoBHBIE
TPYAHOCTU B pabOTe ¢ TaKUMU MpudopamMu ObUTA CBSI-
3aHBI C MTOJTYYEHNEM aTOMapHO-TJIaIKON MTOBEPXHOCTH
SMUTUPYIOLIIEH KPOMKH ISl 0O€CIieYeHrs] paBHOMED-




Puc. 5. MuKpoBaKyymMHbIE YCTPOMCTBA C TOPU3OHTAJIBHOW reoMeT-
pueii: @ — nvoa (1 — Karon; 2 — aHon; 3 — TUIEHKa, 3a/1alo1iasi pejib-
ed; 4 — nusnekTpuiecKas MomIoxKa); b — tpuon (/ — karom; 2 —
YIPaBISIOIMIA 2JIeKTpoa; 3 — aHoA; 4 — OUAJIEKTpUUecKasl Moj-
JIOXKKA; 5 — TUIeHKa, 3amaoliast peabed)

Fig. 5. Microvacuum devices with horizontal geometry: a — diode (1 —
cathode; 2 — anode; 3 — film, which determines the relief; 4 — dielectric-
substrate); b — triode (1 — cathode; 2 — control electrode; 3 — anode;
4 — dielectric substrate; 5 — film, which determines the relief)

HOM 3MHCCUHU, a TaKKe HeCTaOMIBHOCTh 3MUCCUU BO
BpEMEHN.

B HacTosiiee BpeMsl aBTOSMMCCUOHHBIE TPHUOIBI
(TpaH3UCTOPbI) C TOPU3OHTAJILHOI reoMeTpueil pac-
CMaTpUBAIOTCA KaK OCHOBHBIC KAHIUIATHI IUTST PAOOTHI
Ha CBEPXBBICOKMX YacTOTaxX Oyaromapst MPUCYILIEeH MX
KOHCTPYKIIMM HU3KOM €MKOCTU MEXIY SMUTTEPOM U
VIOPaBASIOIINM 3JIeKTpoaoM. s yBenuuyeHUs] Ha-
MPSIKEHHOCTH TIOJI BOJM3W KaTolda SMUTHPYIOIINIA
BJIEKTPOJI BBITIOJHSIETCS B BUAE I'peOeHKU C 3yOLamu
npsiMoyrojibHo# [18] unu TpeyroybHol [19] hopMBbl.
B pa6orte [20] B mIocKyt0 reoMeTpuIo ObLT BBEIEH 10~
TOJTHUTEIbHBIN YETBEPTHIA DJAEKTPOA MEXIY YIpaB-
JISTIOIIAM 3JICKTPOIOM M aHOIOM, TaK YTO ITOJYUMIICS
MMKPOBAaKyyMHBII aHAJIOT TeTpoaa. B HacTos1ee Bpe-
Ms TEXHOJIOTUSI KaTONHBIX MAaTPHII CBeleHa K CTaH-
JapTHbeIM onepauusMm wmapuipyra KMOII-texHono-
MU, TIPYU 9TOM CaMU OCTPHSI MCHOJHSIIOTCS METOAOM
JIOKQJTEHOTO TEPMUIECKOTO OKMCIICHUSI 3aTOTOBKH, CO3-
JMaHHO! B OOBbEMHOM KPEMHUM ITOCPEICTBOM BbICOKO-
acrneKTHOro peakKTUBHO-MOHHOTO TpaBieHus [21]. Ot-
paboOTaHHBINM PEeXUM TPaBAECHUS M JIOKAJIbHOTO OKUC-
JIEHUS TIO3BOJISIET IOJIyYaTh XOPOIIO BOCIIPOM3BOIM-
MYIO TEOMETPUIO AIMUTTEPA C PAINYCOM CKPYIJICHMS
5...10 am. Ilpu popmMupoBaHuU ympaBiasiomux 1 ¢o-
KYCHPYIOIINX 3JeKTPOIOB UCTIONB3YIOTCSI HAHOCTPYK-
TYpUPOBaHHBIE YIJIEPOAHbIE MJIEHKH, a TaKXKe TOHKUE
IUIEHKW METAJJIOB M TTOJUKPUCTAJUTMYECKOTO KpeM-
HUS1, pa3ieeHHbIe TUJIEKTPUYECKUMHU COSIMU OKCU-
JIa ¥ HATpUOA KPEeMHUS.

BckpbiTe caMOCOBMEIIEHHBIX 3MUTTEPHBIX OT-
BEPCTUI1 OCYIIECTBISIETCS METOIOM XMMUKO-MEXaHU-
YeCKOM MmiaHapu3auuu (B OTIMYKE OT "KJIaCCUUYECKOM"
TEXHOJIOTMM WM3TOTOBJIeHUs sMuTTepa CIMHATA, THe
CHavajga B META/UIMYECKONM IJIEHKE, HAHECEHHOW Ha
CJIO TM3IEeKTPUKA, BHITPABIUBAINCH OTBEPCTUS, TTO-
cJie 4ero yepe3 3T OTBEPCTHUs TPaBUJIUCH MOJIOCTU B
IU3JIEKTPUKE W TOJBKO IOCJIEe 3TOTO MyTeM HaITblLlIe-
HUS MOJIMOJEHA uepe3 OTBEPCTUSI, YACTUUHO "3apo-
LIEHHbIE" aTIOMUHUEM, CO3aBaIMCh KATO/bI).

OpuruHajbHble KOHCTPYKIIMHU U CIIOCOOBI pean3a-
1LIMM aBTOOMUCCUOHHBIX KAaTOJIOB C BHICOKUMMU YIEJb-
HO¥1 TIPOBOAMMOCTBIO M TTIOTHOCTBIO aBTOSMUCCUOH-
HOTO TOKa MpuBeaeHbl B [22—28].

BakyyMHble MHTErpajibHbIE€ CXEMbI:
KOHCTPYKTOPCKO-TEXHOJIOTHIECKHE PerieHust

BakyyMHble WHTerpajibHble NPUOOPbI OOBIYHO
WMEIOT TUOAHYIO UJIU TPUOIHYIO CTPYKTYpPY (KaTtom —
3aTBOpP — aHOJ), HO MOTYT COJepPXKaTh TaKXKe HECKOJIb-
KO YIPABISIOIIMX 3JIEKTPOIOB (3aTBOPOB).

OObIYHAs KOHCTPYKUMSI MPUOOPOB C TOJEBBIMU
SMUCCUOHHBIMU KaTOJaMU UMeEEeT CJIEAYIOIINI Mopsi-
IIOK PacCITOJIOKEHUSI 3JIEKTPOAOB IO BEepTHKAIM Ha
MOJUIOXKKE: MOJI0KKa,/KaToj,/3aTBop/aHo. To ecTh Ha
MOUTOKKE (DOPMUPYIOTCS CHaYaja KaTo VJIN KaTOMIbI,
KOTOpbIE MOTYT UMETh pa3jiMyHylo (opMy: KOHYCO-
oOpa3Hble, B (popMe JIe3BUs, IIICHOYHOTO THUIIA U p.
Hanee cdopMupyeTcs 3aTBOp WJIM 3aTBOPHI U 3aTeM
aHOI — OTHEJbHbIN Wan oO1Iuii. Takass KOHCTPYKLMSI
LIMPOKO UCIIOJB3YETCSl B MPUOOpax BaKyyMHOM MUK-
pOBAeKTpOHUKU. OmHAKO MpU MCIOJb30BaHUU YKa-
3aHHON KOHCTPYKIIMY B TOJIEBBIX SMUCCUOHHBIX TUC-
TUTeSIX WJIM B BAKYYMHBIX MHTETPaTbHBIX MUKPOCXEMaX
BO3HUKAIOT M3BECTHBIE JIOMOJHUTENbHbIE TEXHOJO-
rU4YecKkre TPYAHOCTHU, CBI3aHHbIE ¢ (DOPMUPOBAHUEM
crieiicepoB, MOAAEPXKMBAIOIIMX aHOJ Ha OMpeaesieH-
HOM pacCTOSIHMU OT TMOJIOXKKW, M TepMeTU3aluei
BCEl CTPYKTYpbI IpuOopa. DTU TPYAHOCTU MOTYT OBbITh
yCTpaHEeHBbI B MPUOOpPE C TOJIEBBIMA OMUCCHOHHBIMU
KaTolaMu BEPTHUKAJbHOTO TUIIA, KOTOPBI MMeeT 00-
paTHBIN MOPSIIOK PACITOIOKEHMS JIEKTPOIOB Ha MO -
JIOXKKE.

INonepeyHoe ceyeHUEe KOHCTPYKIIMU BaKyyMHOTO
WHTErpajibHOr0 MUKPO3JIEKTPOHHOIO Mpudopa — a1o-
nia, rpejaraeMoro B [29], mpeacraBieHo Ha puc. 6.

KoHcTpyKkliuss cogepXUT: HNOMIOXKY [/; aHOIHBIN
cJioii 2 U3 BJeKTPOIPOBOASIIEro MaTepuasa; pasjie-
JIMTENBHBINA CJI0K 3, comepxKallluii OTBEpCTUST §; U30-
JIUPYIOIIUI CJION 4 C KATOAHBIMU OTBEPCTUSMU 9, co-
BMEIIIEHHBIMU MO BEPTUKAIU C OTBEPCTUSIMU &, Ka-
TOIHBIA CJIOM S5, BHIMOJIHEHHBI M3 MaTepualia, CII0-
COOHOr0 dMUTUPOBATDH 3JEKTPOHBI MO BO3IECTBUEM

a0 T

Puc. 6. CeueHue KOHCTPYKIIMH BAaKyyMHOTO MHTErpajbHOr0 MMKPO-
3JIEKTPOHHOTO Npudopa — auoJa

Fig. 6. Cross-section of the design of the vacuum integrated micro-
electronic device — diode
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3JIEKTPUYECKOTO TOJIST; SMUCCUOHHBIE KaTOIbl 6, pac-
MOJIOKEHHbIE B OTBEPCTUSX 9 U30JIMPYIOLIEro Caost 5
U BBITIOJIHEHHBIE B (hOpMe LUIUHAPA. DMUCCUOHHbIE
KaToAbl U KaTOAHBIN CJI0N M3roTaBJIMBAIOTCS W3 Of-
HOTO Marepuaja. BepxHwuit Kpail CTEHKM IWJIWHApPA 6
KOHTaKTUPYET C KaTOAHBIM CJIOEM 5, a HUXXKHUI OCT-
pBIif Kpail CTEHKU LIMJIMHAPA SIBJISIETCS SMUCCUOHHOMN
MMOBEPXHOCTBIO KaTofa, KOTopas Mpu TPUIOXEHUU
HamnpspKeHus: 0oJiee 10°...107 B/cM ucnyckaer anek-
TPOHEI. B mpoMexXyTKe MeXIy CTeHKOH WIMHIpa 6 1
KpaeM OTBEepCTUS § B pa3AeJUTEIbHOM clioe ChopMU-
poBaHa (TIpoTpaBieHa) mojocTh 7. OO0beM IIOJIOCTH
BbIOMpAETCS TaKMM, 4YTOOBI OOEeCcHeYuTh MHHMMAaJlb-
Hble TOKM YTEUKU MEXAy KaToaoM U aHojoM. OObIv-
HO MIyOMHA TOJOCTH MEHbIIEe TOJIIIMHBI U30JIUPYIO-
LIIETO CJIoA 5, a TIIyOMHa paBHA WJIM OOJIbIIIE INUPUHBI
MMPOMEXYTKa MEXIY CTCHKOM [MUIUHApa KaToaa U OT-
BepctueM 8. [IpeuMyliiecTBOM TaHHON KOHCTPYKIIMU
BaKyyMHOTO WHTETPAJbHOIO MHUKPOBJIEKTPOHHOTO
npudopa ¢ 0OpaTHBIM PACIIOJOXEHUEM 3JEKTPOIOB
SIBJISIETCSI TO, YTO HUXKHMNA Kpaid CTEHKW LUJIMHApa
SMUCCHUOHHOTIO KaTroaa 6 CaMOCOBMEIIEH 110 YPOBHIO C
HUXKHEN MOBEPXHOCTbIO M30JUPYIOLIETO CIoS 5 WU
BEpXHEM MMOBEPXHOCTHIO pa3aenauTesbHoro cios 3. Ta-
Kasi KOHCTPYKIHMS MO3BOJISIET MOJYyYUTh 00jiee BbICO-
KyI0 TOYHOCTb TO3WIIMOHUPOBAHMSI SMUCCUOHHOMU
MOBEPXHOCTU KaToAa OTHOCUTEJIbHO aHOJa IO CpaB-
HEHUIO C MPOTOTUIIOM W 3HAYUTEJbHO YMEHBIIUTh
pa3bpoc KpUTUUECKUX pa3MepoB Ipudopa (paccTosi-
HUEe aHONI-KaTojd) MpW M3roToBJlieHUU. B pesynbrare
9TO obecrieunBaeT 00jiee BHICOKYIO BOCIIPOM3BOIM-
MOCTb 3JIEKTPUUYECKUX XapaKTEPUCTUK BaKyYMHBIX
WHTETPATbHBIX MUKPOIJIEKTPOHHBIX TTPUOOPOB.

JOCTOMHCTBOM CTPYKTYp C KaTOZaMU BepPTUKAJb-
HOTO TUIIA U C OOpaTHBIM MOPSIAKOM PACIOJOXKEHMS
3JIEKTPO/IOB Ha MOAJIOXKE SIBJISIETCSI TO, YTO BeplIMHA
MOJIEBOIO 3MMCCHMOHHOIO Karola CaMOCOBMEIIeHa C
LIeHTpoM oTBepcTusi. OIHAKO pacCMOTpeHHasi KOHCT-
PYKIIMST TIOJIEBOTO 3MMCCUOHHOIO IMpubopa mMMeeT
CYIIECTBEHHbIA HEAOCTATOK, OOYCIOBIEHHbII pa3dopo-
COM TIO3UIIMOHUPOBAHUST BEPIIMHBI KaToda B BEPTH-
KaJJbHOM THIIE, YTO MPUBOIUT K UBMEHEHUIO KPUTU-
YeCKHX MapaMeTpPOB CTPYKTYPHI (PacCTOSTHUE aHO.I/Ka-
TOA, PacCTOSTHUE 3aTBOP/KaTol), K 3HAYUTEJIbHOMY
pa3dpocy BEIMYMHBI SMUCCUOHHOTO TOKa OT Mmprbopa
K IpuOopy M B KOHEYHOM CYETe K YXYIILIEHUIO BOC-
MPOU3BOAUMOCTU 3JIEKTPUUECKUX XapaKTepUCTUK Ba-
KYYMHBIX MHTETPAJTbHBIX MUKPO3JIEKTPOHHBIX TTPUO0-
DPOB IPY UX U3TOTOBJICHUU.

OTIMYUTENIBHON 0COOEHHOCThIO TEXHUYECKOTO pe-
LLIeHUSI, MPUBEIEHHOTO B [29], sIB/ISIeTCS TO, UTO ASMUC-
CHOHHBIE KaTOAbl UMEIOT FEOMETPUUYECKYIO (POpMY 111 -
JIMHJpAa, BHEILHSISI TOBEPXHOCTb KOTOPOTO COBMEIIEeHa
C BHYTPEHHEl IOBEPXHOCTbIO KATOMHOTO OTBEPCTHS
TaK, YTO HWXXHMIA Kpail CTeHKU LIMJIMHAPA HAXOAUTCS
Ha OJHOM YpPOBHE C HMKHE IMOBEPXHOCTHIO M30JIM-
DYIOIIETO CJIOS WM C BEpXHEU MOBEPXHOCTHIO pasie-
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JIMTEJIBHOTO CJI0S, 4 BEpXHUM Kpaid CTEHKM LUJIMHApPA
MMeeT 2JIEKTPUUYECKUIA KOHTAKT C KaTOAHBIM CJIOEM,
MPU 3TOM B U30JUPYIOLIEM CJIOE B TIPOMEXKYTKE MEXIY
CTEHKOU LWJIMHAPA SMUCCMOHHOIO KaTofa U KpaeM OT-
BEPCTUS B PA3eJUTEIbHOM CJI0€ MMeeTCs TON0CTh (7),
IJyOrMHa KOTOPOI paBHA MJIM MEHbIIE TOJIIUHBI U30-
JINPYIOLLIETO CJIOS, a LIMPpHHA OOJIbllie UM paBHA 1M~
pUHE TIpoMeXyTKa. B KauecTBe MOMTOXKU MPUMEHSI-
IOT KPEMHUM, CTEKJIO WUJIM KEPAaMMKY; aHOAHBINA CJIOM
BBIIIOJIHSAIOT U3 IpoBoasiero matepuaia (Pt, Re, Nb,
Al unm nonukpeMHus (Si*)); pazgeauTeNbHbINA CI0k
MOXeT ObITb BBINOJHEH M3 MaTepuaia AUBJIEKTpUKa
(SiO,, SizNy). PaccmoTpeHHblii criocod popmupona-
HUS TWJIMHAPUUYECKOTO KaTo1a MO3BOJISIET B pe3ysibTa-
T€ TIOJIYUUTh OCTPOE SMUCCUOHHOE JIE3BUE [IUTUHIPH -
yeCcKoil (hopMbI, KOTOPOE CaMOCOBMEILIEHO C HMXHEM
MOBEPXHOCTHIO U30JIMPYIOLIETO CJIOS (MM ¢ BEepXHEMH
MOBEPXHOCThIO Pa3NEIUTENbHOIO CJIOsI), YTO obecre-
YMBAET BEICOKYIO TOYHOCTh MO3UIIMOHMPOBAHUS KaTO-
Jla OTHOCUTEJIbHO APYTUX 3JEKTPOIOB MprUOOpa, B AaH-
HOM ciyyae — aHoja. Ha mozenu mokaszaHbl Takxe
(opMbI MexcIolHbIX BakyyMHbIX CBY mnepexomos.

B [30] opencraBiaeH MUKPOOJIOK OOBEMHBIX MHTE-
IpaJibHbIX BaKyyMHbIX cxeM Jornyeckux CBY cucrem
0o0paTHOM BOJIHBI AJISI CBEPXBLICOKOHAIEKHBIX DBM,
CMIOCOOHBIX 3KCIUTyaTUPOBATbCSI B 3KCTpeMaJibHbIX
yciaoBUsIX. Mukpo06i1ok (puc. 7) COAEpXUT B 00beMe
OJIHY HaJ ApPYroi IjlaHapHbIe MHTErpaJbHbIE MUK-
pOCXeMBI ¢ 3aJaHHBIM KOOPAWHATHO-TIO3UIIMOHHBIM
pacnojioXXeHreM Ha MoIjioxKax-Hocutesax. Kaxnas
TJIaHapHasi MHTeTpajibHasl CTPYKTypa COAEPXUT Bep-
TUKaJIbHbIe CKBO3HbIE MMKPOINpPOdUIN, odpasyroliue
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Puc. 7. O0bemMHblii MEKPOOJIOK BAKYYMHBIX MHTErPAJIbHBIX CXEM JIO-
ruyecknx CBY cucrem o0paTHO# BOJIHBI (MOJENb U3 3aMeISIOIMUX
CHCTEM THNA "BCTpedHble MThHIpH"): /, 2 — AM3JIEKTPUUYECKUE HO-
cutenu; 3, 4 — TOKOIMPOBOISIILIME TJIEHOYHbIE 2JIEMEHThI paboyeii
TOIOJIOTUM; 5 — MHUKPOIIOJIOCTh Mepexoaa TUMa "KJIuH"; 6 — MUK-
PpOTIOJIOCTh TIepexoia Tuma "Teppaca”, 4 — TONIIWHA AU3JIEKTpUYe-
CKHX HOCUTEJIECH

Fig. 7. Volumetric microblock of the vacuum mtegrated circuits of the
logic microwave systems of a reverse-traveling wave (model from the
slowing down systems of the "counter pin"type): 1, 2 — dielectric carriers;
3, 4 — conducting film elements of the working topology; 5 — transition
microcavity of the "terrace” type; h — thickness of the dielectric carriers




BEPTUKAJIbHbIE CKBO3HBIE MUKPOIIOJIOCTU, HAl HUMU
HaBMCAlOT KPOMKM IIJIEHOUHBIX B3JIEMEHTOB paboueii
TOIIOJIOTUU C YIJIAMU MEXIy HUMU U CTeHKAMU MUK-
pOIIOJIOCTEN 3aJaHHOM BEIMYMHBI. MUKPOMNOJIOCTU B

TUSJIEKTPUIECKUX HOCUTEIISIX BBITTOTHEHBI BEPTHKAJb-

HO CKBO3HBIMM, MpUYEM MUMKPONMpOPUIN B MecTax

MEXCIIOMHBIX COCTMHEHNI B KOHTAKTe C TJICHOYHBIMHU

BJIEMEHTaMU 00pPa3yIOT KOHCTPYKLIMU TUMA "KIUH" U

"Teppaca”’ B IU3JEKTPUYECKUX HOCUTEISAX, Y KOTOPBIX

TOJILIMHBI BEIOpaHbI U3 pazMepHoro psaa 70...100 Mxm.
TeXHOTOTMUECKWIT MapIIpyT M3TOTOBICHUS MUK-

POTPUOAOB C XOJIOAHBIM KATOAOM Ha OCHOBE yIJIEPO/I-

HBIX HAHOTPYOOK, MpuBeAeHHbI B [31], cocTouT B

cleaylolem:

e oOcaxieHue BoJb(PpamMa Ha KPEeMHUEBYIO IIACTUHY;

e OCaXJIeHWE HUTPUJA KPEMHUS,

e OCaXICHWE TIJICHKHW OKCUAA KPEMHUS;

e oOcaxieHue ciosd Si¥*;

e HaHeceHWe (POTOPE3NCTHOI MACKH METOIOM (hOTO-
JuTorpaguu;

e TpaBJICHHWE IO CJIOS HUTPUIA KPEMHUS;

e HambUICHME CJIOS KaTaJdu3allMOHHOro MeTajlia (ca-
MBI JTyJIIe CBOYCTBA MOJIEBOM SMHUCCUHU TTOJTyda-
I0TCSI C MCMOJIb30BAaHUEM HAHOTPYOOK, BhIpallleH-
HBIX Ha HUKEJIEBOU MJIEHKE TOMIIMHON 4...5 HM);

e OCaXAeHMHE YIJIEPOIHBIX HAHOTPYOOK (J1a3epHOE
WUCIlapeHue, HclapeHue AYrol uid XUMHYECKOe
ocaxIeHue IapoB).

Kpowme Toro, B [31] oTMeyaeTcsl, 4YTO B KAUECTBE XO-
JIOMHBIX KaTOIOB MOTYT OBITh MCITOJb30BaHbI (heppo-
BJIEKTPUKU (B YACTHOCTH, Mbe30KepaMuKa), MpuMeHe-
HHME KOTOPBIX IMO3BOJISIET MOJYYUTh Ha TTOPSIOK OOJhb-
LIYIO TUIOTHOCTh 3MHUCCUOHHOTO TOKa, TIPUYEM Jaxe
B OTCYTCTBMM BHEIIIHETO MPUJIOKEHHOTO 10151, Takum
00pa3oM, OHU MOTYT paboTaTh B ra3e CO CJIaOBIM JaB-
JICHUEM WJIU TIIa3Me.

OpurvHaabHble TEXHUYECKUE PElIeHUs] MHTerpaib-
HBIX BaKyyMHBIX CXeM TMpUBeIeHbI Takke B [32, 33].

3akioyeHune

OTKpblIach HOBasi 3pa BaKYYMHBIX 3JEKTPOHHBIX
MPUOOPOB 1 BaKYyMHBIX UHTETPaJbHBIX CXEM C aBTO-
BIIEKTPOHHOM 3MUCCHell. DTU HOBBIE TIPUOOPHI 00Ia-
JIal0T CBEPXBBICOKUM OBICTpOAEHCTBUEM (CYOIUKO-
CEKYHIHBIM), BBICOKOM YCTOMYMBOCTBIO K pagualiu,
CJ1abo¥i YyBCTBUTEJIBHOCTBIO K TEMIIEPATYpE U BECbMa
o6oapmmM KII. IIpubGopbl BakyyMHONM MUKPO3JIEK-
TPOHUKU MOTYT OBITh UCITOJIb30BAHBI KaK YCUJIUTEIU U
reHepaTopbl MUJUIMMETPOBOTO Auarna3oHa JJIMH BOJH,
B CUCTEMaX HEMOCPEACTBEHHOIO TEJE€BU3MOHHOIO Be-
IIAHUSI CO CITYTHUKOB C MCITOJb30BaHWEM TPUILIATH-
CAaHTUMETPOBBIX aHTeHH U MeHee, B PJIC, TenedoH-
HBIX CUCTeMaX COTOBOI CBSI3U, B BAKYYMHBIX KaTOIO-
JIIOMUHECUEHTHBIX 3KpaHax C XOJIOAHBIM KaTOJAO0M
CnuHara u T. 1.

HeoOxonuMoCTh MOCTpOEHMsI ammapaTypbl TMra-
repleBOro U TeparepleBoro 1Mana3oHOB OYEeBUAHA U
MHOTO€ OylieT 3aBUCETh OT TOTO, HACKOJbKO OTeUECT-
BEHHasl TMPOMBIILIEHHOCTh CMOXET MCIOJIb30BaTh
MPUOOPETEHHBIN paHee OIbIT 3JIEKTPOBAKYYMHOM TeX-
HUKW Y MHTETPaIbHON MUKPOJIEKTPOHUKU, COCHU-
HUB €ro ¢ COBPEMEHHbIMU TEXHOJOTUSIMU BaKyyMHOM
MUKPO3JIEKTPOHUKHU.
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Vacuum Microelectronics — a Promising Way for Development of ECB

for Operation in Extreme Conditions

The main aim of development of a new generation of the electronic component base (ECB) is creation of modern equipment for
economic, military and space applications, with lower power consumption, high-speed processing of data in various operation con-
ditions, including extreme ones. Within this project a review was done of the modern spheres for application of the vacuum micro-
electronic products, and also of the principles for manufacture of the autoemission (field emission) cathodes and radio engineering
devices on their basis. An analysis was done of the methods to improve stability and optimization of characteristics of different kinds
of cathodes. Major techniques for designing of the vacuum integrated circuits were described.

Keywords: autoemission, cold (autoemision, field emission) cathode, vacuum integrated circuit, silicon

Introduction

Vacuum microelectronics [1, 2] is one of the promising
directions in development of electronics. This term is used for
description of the devices or components of the micrometer
geometrical sizes (with nanometer tolerance), the principle of
operation of which is based on the phenomenon of autoelec-
tronic emission [2].

Vacuum is the ideal environment for displacement of the
current carriers in which the electrons do not dissipate on the
defects and fluctuations of the atoms. The main element of a
vacuum electronic device is an emitter of free electrons (cold
or autoemision cathode) [3], the principle of operation of
which is based on the quantum phenomenon of the tunnel
effect.

The classical theory of emission of the electrons from a
metal surface is based on the assumption, that in a conduc-
tivity zone the electrons behave as free particles, whose move-
ment in a metal volume is limited by the metal surface due to
a jump of the potential energy, as a result of which the elec-
trons are reflected from the border, if their energy is insuffi-
cient for overcoming of the barrier. In the presence of an ex-
ternal field with intensity of E the potential barrier changes
the form for a triangular one, acquires the final width, and
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tunneling of the electrons through a triangular barrier be-
comes possible. Within the framework of the model the cvir-
rent density of autoemision is expressed by Fowler — Nord-
heim formula [4]:

J = aF%exp(—be*3/E),

where ¢ — is the work function (eV); E — intensity of the
electric field (V- pm_l); J — current density (A - um_z);
a and b — the functions depending on the geometry and the
work function.

Not long ago messages appeared [5, 6] about manufacture
(etching by a focused bunch of ions) of the silicon metal-ox-
ide-semiconductor (MOS) structures with the channels filled
with air. The fact is that the length of the channels is com-
parable (150 nm in [5]) or even is considerably less (20 nm
in [6]) than the length of a free run of the electrons in the at-
mosphere in normal conditions (~100 nm). Such devices
combine the advantages of a ballistic transport of the electrons
through the vacuum with the scalability, low cost and full
compatibility with the silicon technology.

Progress in the microvacuum technology allows us to low-
er the working pressure of the devices down to 10...20 V and
develop the lateral microvacuum structures compatible with
the standard silicon on insulator (SOI) technology [7]. The




obtained results provoke interest to the given class of the de-
vices as a basis for the high-efficiency microelectronic devic-
es, capable to operate in extreme conditions.

In [8] an estimation is presented of the possible radiation
resistance of the vacuum micro-devices to the basic radiation
effects: displacement, ionization (volumetric and surface) and
the influence of separate particles. It demonstrates that the in-
dicators of the radiation resistance, reached in the fields of the
ionizing radiation, can be 10 times and over higher than the
best results for the semi-conductor devices. In the fields of the
pulse ionizing radiation the advantages of the vacuum micro-
devices are not so considerable. This is due to rather low
working currents of the devices al high power supply voltages
at the given stage of the technology development.

High resistance of the vacuum microdevices to tempera-
ture and radiation is determined by the nature of the autoe-
lectronic emission, underlying their operation. Such devices
promise ultra-high speed operation, because a ballistic trans-
fer of the electrons from the cathode to the anode is ensured
in a brief flight time — less than a picosecond.

Spheres of application of the vacuum
microelectronic products

Among the major advantages of the products of the planar
vacuum microelectronics, which determine the interest to
them in our country and elsewhere, the following ones can be
enumerated:

e the working frequency is up to 1-10'% Hz (infra-red
range);

low noise level;

high radiation resistance;

instant operationability;

a wide range of the working temperatures;

the size of a microvacuum cell is 5X5 pm;
exponentially high steepness of the volt-ampere charac-
teristics.

The most promising directions for application of the vac-
uum autoemission microdevices are [9]:

superfast switches;

terahertz amplifiers and generators;

displays and high-definition TV;

electron-beam lithography;

free electron lasers;

modulated laser radiation up to 100 THz;

pulse sources of electrons and ions;

devices with electronic excitation;

optoelectronic filters and sensors;

autoemission device (AED) + laser: mixing of electrons
and photons;

water electrolysis (production of free hydrogen and oxy-
gen);

thermo- and radiation-proof automatic devices;

sensors of pressure, temperature, radiation, and biochips;
high-speed memory cells;

vacuum supercondensers;

high density field emission displays (FED);

high density vacuum integrated circuits.

One of the stimuli for a new stage of development of the
vacuum electronics is the going on intensive preparation of
the component base for the radio-electronic systems of the
millimeter and terahertz frequency bands [10]. Lack of pow-
erful effective and compact sources of the terahertz radiation
is the main obstacle for development of the terahertz range.

As a rule, the dimensions and the primary power supplies of
the objects or platforms, on which it is planned to install the
millimeter and terahertz systems, are limited. Therefore, the
fast-wave and big-power devices in the millimeter and tera-
hertz spectrum areas (for example, gyrotrons) cannot be used
as the sources, because they demand bulky superconducting
or pulse magnets. The efficiency of the vacuum devices on
these frequencies sharply falls because of the difficulty of pas-
sage of the electronic bunches through the low-sized slowing
down structures. This determined an interest to the vacuum
devices on the basis of the technologies of microelectrome-
chanical systems (MEMS) and three-dimensional programs
of designing. As a matter of fact, it is a question of creation
of an independent branch of the vacuum microwave electron-
ics — vacuum microelectronics of the millimeter and tera-
hertz ranges. In the USA development of the vacuum devices
for such systems is within the competence of the programs of
High Frequency Integrated Vacuum Electronics (HiFIVE)
and THz Electronics (THzE), which is development of THz
Technology Initiative.

The aim of the first phase of THzE program is develop-
ment of a pulse amplifier of 670 GHz and power of 100 mW
with a high fill factor. Realization of the completely inte-
grated powerful amplifiers on these frequencies will be of
great importance for a number of military applications. Be-
cause of the rigid requirements to the dimensions and quality
of the surface of the slowing down structures, for creation of
the amplifier the precision methods of microprocessing and
assemblage were used, namely, deep jet ionic etching or
LIGA-technology with the use of the photoresist, sensitive in
the near-negative UV range, on the basis of EPON epoxy
resin (UV/SU-8-technology). The slowing down system con-
sisted of two halves, which were formed on different silicon
plates and then combined with the accuracy up to 0,5 um.
The roughness of the inner walls of the wave guide did not ex-
ceed 50 nm.

Autoelectronic microcathodes

There are five basic designs of the autoelectronic micro-
cathodes [11]:

e pointed;

e edge;

e face thin-film,;
e nanotube;

e surface.

As an example of a multi-pointed matrix it is possible to
consider Spindt emitter [12] with a cellular control electrode
(fig. 1). Such an autoelectronic emitter was developed in
1970s in Stand-ford University. It was one of the first autoe-
mission devices made by a group technology. The technology
made it possible to develop an autocathode lattice with mo-
Iybdenum points, containing up to 5000 points with the cur-
vature radius ~50 nm and packing density ~6,4 10° cm 2.
The lattice cathodes were developed with the distance be-
tween the emitters equal to 0,32 um, point radius about 2,5 nm
and the diameter of the aperture in the control electrode of
0,16 pm.

A mask for etching of apertures in the metal-insulator
structure with diameter of 0,16 um is manufactured with the
use of the methods of laser holography. Cathodes were de-
veloped with 9000 points situated in a lattice of 30x 30 um,
and with 800 points situated in a grid of 9x9 um. The oper-
ating voltage on the control electrode is about 30 V, on the
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anode (in triode circuit) — 200 V. A cathode with 100 points

in operation mode provides current of 0,1 mA, which corre-

sponds to the average current density of 120 A - cm 2,
Images of the designs of the autoelectronic systems are

presented in fig. 2 and fig. 3 (see 3-rd side of cover).

The initial materials for the autocathodes are refractory
metals: tungsten, molybdenum, rhenium, platinum, and also
metals of the transition group (chromium, niobium, hafni-
um). The semiconductor materials provide a countless
number of versions for development of autocathodes. Ac-
cording to G. Gray, one of the authoritative researchers in the
vacuum microelectronics, the lattices of the autoemission
cathodes from silicon monocrystals have a big steepness and
current density and low interelectrode cathode/grid capacity,
which is important in the microwave range of the wavelengths
(especially, millimeter waves).

For apertures with diameter of 2 pm the emission current
of 1 MA is reached at voltage of 66 V on the control elec-
trode. The maximum current taken from one point can reach
50 mA. The most wonderful property of the silicon cathodes
is that the form of the point, its radius of rounding and height
are practically identical for all the elements of a lattice. How-
ever, the autoemission cathodes from silicon have lower cur-
rent density, than the metal cathodes. The situation can be
corrected by covering the silicon emitters with a thin layer of
metal or conducting compounds, for example, platinum sili-
cide [13, 14].

However, the autocathodes from such materials cannot
work for long time in the conditions of serial devices, because
of destruction of the microledges, which determine autoemis-
sion from the working surface of a cathode. In 1970s there
were reports about the emission properties of the carbon ma-
terials (basically, in carbon fibers), the researches of which
proved that they were promising because of the carbon’s sta-
bility to bombardment by ions of the residual gases and also
possibility of decreasing the work function of electrons in case
of certain structural modifications.

The manufacturing technology of Spindt cathodes de-
serves special attention. It includes several stages [9]:

e oxidation of a high-conductivity silicon substrate up to the
thickness of an oxide film ~1,5 pum;

e deposition of a thin film of molybdenum with thickness of
0,4 um on the oxidized surface of silicon by the method
of electron-beam deposition;

e deposition of a polymetal-methacrylate film (PMM) with
thickness of ~1 pm on the structure. PMM is a high-pol-
ymeric compound, which represents an electron-sensitive
resistance;

e formation of spots of the necessary configuration (usually
with diameter of ~1 um with arrangement in the nodes of
a square lattice with a step of 25,4 um or 12,7 um) by the
method of exposure of PMM surface in vacuum to the fo-
cused electronic beams;

e dissolution of the exposed sites in isopropyl alcohol with
the subsequent etching of the layer of molybdenum, situ-
ated below those sites, up to a dielectric;

e removal of the remains of PMM and etching of the die-
lectric layer by hydrofluoric acid up to the silicon sub-
strate. A structure appears presented in fig. 4, a. The mo-
lybdenum film slightly hangs over the aperture in dielec-
tric, because the acid has no effect on molybdenum;

e an aluminum film is deposited on molybdenum by the
method of a vacuum deposition. At that, the sample con-
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tinuously rotates round the vertical axis and the deposition

is done at a big angle to it. This is necessary in order to

prevent aluminum hit in the apertures in the lattice. The
size of the aperture decreases down to the necessary size

(fig. 4, b);

e through the partially closed apertures deposition of mo-
lybdenum is done, at that, inside the aperture a cone arises
of the necessary size and height. The cone top is formed,
when the aperture is completely closed. This stage is
shown in fig. 4, c;

e the auxiliary layer of aluminum is dissolved, the molyb-
denum film on it is removed (fig. 4, d). After a thermal
processing in vacuum the cathode is ready for application.
One can find a detailed description of the technological

processes used for manufacturing of the microvacuum devices

in [13—16].

A distinctive feature of the described autoemission cath-
odes is the vertically situated point. Back in 1960s an idea was
expressed and realized of the microvacuum autoemission di-
odes and triodes, in which emission occurred from the edge
of a thin metal film deposited on a dielectric substrate [17]
(fig. 5).

For their manufacture the thin-film technology was used
with deposition of the electrode materials from a dot source
on a substrate with a set relief of the surface. The thickness
of the emitting edge was 10...20 nm, the anode/cathode dis-
tance — 6...8 um, the cathode/control electrode distance —
about 0,5 pm. At voltage of 300 V on the anode the current
varied from 1+1073 up to 3 uA with a change of the potential
of the control electrode from 175 up to 250 V. The main
problems with operation of such devices are connected with
obtaining of an atomic-smooth surface of the emitting edge
for a uniform emission, and also instability of the emission
in time.

The autoemission triodes (transistors) with horizontal ge-
ometry are considered as the basic devices for operation on
ultrahigh frequencies due to their inherent design of low ca-
pacity between the emitter and the control electrode. In order
to increase the field tension near the cathode the emitting
electrode is made in the form of a comb with the teeth of rec-
tangular [18] or triangular [19] forms. In [20] an additional,
the fourth electrode is introduced into the flat geometry be-
tween the control electrode and the anode, so that a micro-
vacuum analogue of a tetrode is formed.

The technology of the cathode matrixes boils down to the
standard operations of a CMOS technology route, the points
themselves are manufactured by the method of a local ther-
mal oxidation of a workpiece created in volume silicon by
means of high-aspect reactive-ionic etching [21]. The mode
of etching and local oxidation allows us to obtain a well re-
producible geometry of the emitter with the radius of round-
ing of 5...10 nm. During formation of the control and focusing
electrodes the nanostructured carbon films are used, as well
as thin films of metals and polycrystalline silicon, divided by
the layers of oxide and silicon nitride.

Opening of the self-aligned emitter apertures is carried out
by means of the chemical-mechanical planarization (unlike
"the classical" manufacturing technology for production of
Spindt emitter, where, at first, apertures were etched in the
metal film deposited on a dielectric layer, then through these
apertures cavities were etched in the dielectric, and after that
the cathodes were made by deposition of molybdenum
through the apertures, partially "filled with" aluminum).




The original designs and ways of realization of the autoe-
mission cathodes with high specific conductivity and density
of the autoemission current are presented in [22—28].

Vacuum integrated circuits:
design-technological solutions

The vacuum integrated devices usually have a diode or tri-
ode structure (cathode-gate-anode), but they can contain
several control electrodes (gates).

A standard design of the devices with field emission cath-
odes has the following order of a vertical arrangement of the
electrodes on a substrate: substrate/cathode/gate/anode. First
a cathode or cathodes are formed on a substrate, and they can
have various forms: cone-shaped, edge-shaped, film type. etc.
Then the gate or gates are formed and then a separate or com-
mon anode is formed. Such a design is used in the vacuum
microelectronic devices. However, its use in the field emis-
sion displays or in vacuum integrated microcircuits causes ad-
ditional difficulties connected with formation of the spacers,
keeping the anode at a certain distance from the substrate,
and with the hermetic sealing of the structure of the device.
These difficulties can be eliminated in a device with field
emission cathodes of the vertical type, which has a reverse or-
der of arrangement of the electrodes on a substrate.

The cross-section of the design of the vacuum integrated
microelectronic device — diode, offered in [29], is presented
in fig. 6.

The design contains: substrate /; anode layer 2 from an
electroconducting material; dividing layer 3 containing aper-
tures 8; isolating layer 4 with the cathode apertures 9 vertically
aligned with apertures &, cathode layer 5 made from a mate-
rial, capable to emit electrons under the influ-ence of the
electric field; emission cathodes 6 located in apertures 9 of the
isolating layer 5 and made in the form of a cylinder. The emis-
sion cathodes and the cathode layer are made from one ma-
terial. The upper edge of the cylinder 6 wall contacts with the
cathode layer 5, while its lower sharp edge is the emission
surface of the cathode, which emits electrons, when voltage
over 10°...107 V/cm is applied. In the interval between the
wall of the cylinder 6 and the edge of the aperture & in the
dividing layer a cavity is formed (etched). The volume of the
cavity is selected in way to ensure the minimal leakage cur-
rents between the cathode and the anode. Usually, the depth
of the cavity is less than the thickness of the isolating layer 5,
while the depth is equal to or more than the width of the in-
terval between the wall of the cylinder of the cathode and ap-
erture 8. An advantage of the given design of the vacuum in-
tegrated microelectronic device with a reverse arrangement of
the electrodes is that the bottom edge of the wall of the cyl-
inder of the emission cathode 6 is self-aligned by the level
with the bottom surface of the isolating layer 5 or the top sur-
face of the dividing layer 3. The design allows us to obtain a
higher accuracy of positioning of the emission surface of the
cathode in relation to the anode in comparison with the pro-
totype and to reduce the spread of the critical dimensions of
the device (anode-cathode distance) during its manufacture:
As a result, this ensures higher reproducibility of the electric
characteristics of the vacuum microelectronic devices.

An advantage of the structures with the cathodes of the
vertical type and reverse order of electrodes on the substrate
is that the top of the field emission cathode is aligned with the
aperture centre. However, such a design of a field emission
device has an essential drawback determined by the spread

of positioning of the cathode top in the vertical type, which
results in a change of the critical parameters of the structure
(the anode/cathode and gate/cathode distances), considera-
ble spread of the emission current from one device to another,
and, finally, deterioration of the reproducibility of the electric
characteristics of the vacuum integrated microelectronic de-
vices during their manufacture.

A distinctive feature of the technical solution in [29] is that
the emission cathodes have the geometrical form of a cylin-
der, the external surface of which is aligned with the internal
surface of the cathode aperture, so that the bottom edge of the
cylinder wall is at the same level with the bottom surface of
the isolating layer or with the top surface of the dividing layer,
while the upper edge of the cylinder wall has an electric con-
tact the cathode layer, thus, in the isolating layer, in the in-
terval between the cylinder wall of the emission cathode and
the aperture edge in the dividing layer there is a cavity (7), the
depth of which is equal to or less than the thickness of the iso-
lating layer, and the width is more or equal to the width of the
interval.

As a substrate, the silicon, glass or ceramics are applied;
the anode layer is made from a conducting material (Pt, Re,
Nb, Al or polysilicon (Si*)); the dividing layer is made from
a dielectric material (SiO,, Si3Ny). The considered method
of formation of the cathode allows us to obtain a sharp emis-
sion edge of the cylindrical form, which is self-aligned with
the bottom surface of the isolating layer (or with the top sur-
face of the dividing layer), which ensures a high accuracy of
positioning of the cathode in relation to the other electrodes
of the device, in this case — anode. The model also dem-
onstrates the forms of the interlaminar vacuum microwave
junctions.

In [30] the microblock is presented of the volumetric in-
tegrated vacuum circuits of the logical microwave systems of
a reverse-traveling wave for the super-reliable computers,
capable to operate in extreme conditions. The microblock
(fig. 7) contains in a volume, one over another, the planar in-
tegrated microcircuits with the set coordinate-positioning
arrangement on the substrates-carriers. Each planar inte-
grated structure contains vertical through microprofiles,
forming vertical through microcavities, over them there are
edges of the film elements of the working topology and cor-
ners between them and the walls of the microcavities of the
set dimensions. The microcavities in the dielectric carriers are
made vertically through, at that, in the places of interlaminar
connections in contact with the film elements the micropro-
files form designs of the "wedge" and "terrace" types in the di-
electric carriers, the thicknesses of which are chosen from the
dimensional range of 70...100 um.

The technological route of manufacturing of the microt-
riodes with a cold cathode on the basis of carbon nanotubes,
presented in [31], consists of the following actions:

e deposition of tungsten on a silicon plate;

deposition of nitride of silicon;

deposition of silicon oxide film;

deposition of Si* layer;

deposition of a photoresist mask by the method of pho-
tolithography;

etching up to the layer of nitride of silicon;

deposition of a layer of a catalyst metal (the best prop-
erties of the field emission are obtained with the use of
the nanotubes, grown in a nickel film with thickness of
4...5 nm);
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e deposition of the carbon nanotubes (laser evaporation or
arc evaporation or chemical sedimentation of vapors).

In [31] it is pointed out, that as cold cathodes it is possible
to use ferroelectrics (piezoelectric, in particular), applica-
tion of which allows to receive about 10 times higher density
of the emission current, and even in absence of the external
applied field. Thus, they can work in gas with a low pressure
or plasma.

The original technical solutions of the integrated vacuum
circuits are also presented in [32, 33].

Conclusion

Due to autoelectronic emission a new era of the vacuum
electronic devices and vacuum integrated circuits has begun.
These new devices possess ultrahigh (subpicosecond) speed,
high resistance to radiation, low sensitivity to temperature and
very high coefficient of efficiency. The vacuum microelec-
tronic devices can be used as amplifiers and generators of the
millimeter wavelength band, in the systems of a direct TV
broadcasting from satellites with the use of 30-cm aerials and
even less, in the radars, cellular telephone communication
systems, in vacuum cathode-luminescent displays with Spindt
cold cathode, etc.

Necessity for development of the equipment of the giga-
hertz and terahertz ranges is obvious, and much will depend
on how the domestic industry will be able to make use of the
previously acquired experience in the electrovacuum technol-
ogies and integrated microelectronics, combining it with the
modern technologies of the vacuum microelectronics.
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BBenenune

B paborax [1—5] Hamu OBLT IpeajiokeH CII0CO0
IMOCTOSIHHOI'O ITOKOMIIOHEHTHOIo IyOarMpoBaHus -
POBBIX MUKPOCXEM, OPMEHTUPOBAHHBIN Ha ITOBBILIE-
HHE MX 0TKa30yCTONYMBOCTHY IIPU OOIYYEHUU, U METOI
OLICHKHM MX OTKa30yCTOMYMBOCTU, Ha3BaHHBIN B pabo-
Te [5] MeTomOM OLIEHKHM OTKa30yCTOMYMBOCTU OOJIy-
yaeMbIX MUKPOCXeM "0 MX IUIoaAsIM” U B JaldbHel -
1IEM YTOYHEHHBIN B padore [6]. Ha ocHoBe 3TOrO Me-
TOIa MOXHO TIPOBECTH CPABHMUTEJIBHYIO OIIEHKY pa3-
JIMYHBIX CITOCOOO0B IMTOCTOSTHHOTO Pe3ePBUPOBAHUS TIPU
pa3HbIX Buaax oomydyeHus. OH MOXeT OBITh MCIIOJIBb30-
BaH B HAHOZJICKTPOHUKE, KOT/Ia pa3Mep pe3epBHpPYe-
MOTO KOMIIOHEHTa CPaBHUM C O0JIACTBIO MOBPEXKIIE-
HUSI MUKPOCXEMBI OT BO3JICCTBUSI OJJHOTO HEMTPOHA,
1 B MI/IKpo:-meKrpOHI/IKe1 C COBPEMEHHBIMU pa3Mepamu
npuOOpoB (TPaH3UCTOPOB, AUOAOB, pC3I/ICTOpOB)2 —
3JIEKTPOHHBIX KOMITOHEHTOB JIOTMUECKUX 3JIEMEHTOB.
OTOT MeTo OyIeT UCMOJIb30BaH B TaHHOMW CTaThe IJIs
OIIEHKM BEPOSITHOCTH OTKAa3a MUKPOCXEM, ITOCTPOCH-
HBIX C MCIIOJb30BaHMEM Pa3IMYHBIX BUIOB AyOJIUPO-
BaHMSI JIOTUYECKUX BJIeMEHTOB. OIHAaKO OTMETUM, YTO
METOH OIIEHKM OTKA30yCTOMYMBOCTH MHKPOCXeM "TIO
IromaasaM” abcTparupyercs oT Crielu(pUKI CXeMHBIX
peleHni 1 TUTIOB AeeKToB — "0OpHIB" WM "KOPOT-
koe 3ambikaHue" (K3). TeM He MeHee TIpH ero UCIOJb-

I O6nactu TMPUMEHEHHUsI 3TOTO METOIa OLEHKU OymyT yTou-
HATBCSL.

2 TepmuH "ipubop" Kak 3J1eKTPOHHBIN KOMITOHEHT JIOTMUECKUX
9JIEMEHTOB (BEHTWJIEH ) UCITOIB3YeTCs B IUTEpaType (CM. HalpuMep,
[7]). Ucionb3oBaHMEe 3TOTO KPaTKOTO OOIIETO TepMUHA ISl 0003HAa-
YeHUsl Pe3UCTOPOB MPEACTABISETCS ONPAaBIAHHBIM, TOCKOJBKY POJIb
PE3UCTOPOB B MUKPOCXEMaX YacCTO BBITIOJHSIIOT TPAH3UCTOPHI.

30BaHMM OyIyT paccMaTpUBaThCSl TOJBKO BHE3aITHBIC
oTKasbl [8], Bo3HUKaloLIME TpU AedekTax Tuma "o0-
peiB" 1 K3. [TocTeneHHbIe 0TKa3bI [8§] OyAyT OTHECEHBI
K pa3HOBUIHOCTM BHE3AITHbIX OTKA30B.

[IpennoxeHHbii B pabotax [1—6] cmoco6 mocTo-
SIHHOTO TTOKOMIIOHEHTHOTO AYOJMPOBAHMST XapaKTe-
pusyercst TeM, UTO B HEM HE MCIIOJb30BaHbl KaKue-
JIn0O amrmapaTHble CpeAcTBa (B YaCTHOCTH CXEMbI CpaB-
HEeHMSI) 1J1s1 OOHAPYXKEHUS OLLIMOKHU, a BEPHBII BBIXO/I -
HOM CUTHaI IyOJIMPOBAaHHOIO KOMIIOHEHTa (DOpMU-
pyeTcs 3a CUeT BHYTPEHHEIro pe3epBUPOBAHUS B 3TOM
komnoHeHTe. B pabote [1] ObLIM IpeaioXeHBI ABa
BapuaHTa 3TOro crocoba: B MEepBOM U3 HUX AYOJU-
pyeMblii KOMIIOHEHT IIpeAcTaBJisieT cOo0Ooi Joruye-
CKMI 2JIEMEHT, He CoAepXKallluil MaMsITH, a BO BTOPOM
BapuaHTe AYOJMPYEMbIli KOMIIOHEHT — TPaH3UCTOP.
TpebGoBaHMe OTCYTCTBUS HaMsITH B OyOJIMpyeMOM
KOMITOHEHTE SIBJIsIeTCSl BaKHbIM. B 000Mx BapuaHTax
OBLJIO TIPENJIOXKEHO pacroyiaraTh MyOIMPYIOLIAE IPYT
JIpyra KOMIIOHEHTbl Ha pacCTOSIHUM MEXIy HUMH,
TIPEBHIIIAIOIIEM pa3Mep O0JIACTH TTOBPEXKIEHUS MUK-
pOCXeMbl OT OJHOM YacTULbl. DTOT CIOCOO Mpeny-
CMaTpuBaeT BO3MOXHOCTb OyOJIMPOBAHMST MEXCOEIU-
HEHMI 1 YBEJIMUYECHUS UX IIMPUHBI, YTOOBI OHA TTPEBbI-
11ajia pagMep 00J1acTy MOBPEXACHUS OT OAHOM YacTU-
1IbI U3JTy4YEHUs.

IIpennoxeHHbIH CITOCOO OCHOBAH Ha MPEIoa0Xe-
HUH, YTO OTKa3 AyOJMPOBAHHOTO KOMITOHEHTA TIPOMC-
XOIUT TOJIbKO MIPHU OTKAa3e ABYX BXOISILMX B HETO Iy0-
JINPYEMBIX KOMIIOHEHTOB, a TIPU 0TKa3€ TOJbKO OAHO-
ro J11000ro U3 HUX IyOJIMPOBAaHHBINA KOMIIOHEHT IIPO-
JoJKaeT paboraTh O€30TKa3HO.

B pa6ote [6] 6bUTO MTOKA3aHO, YTO BEPOSITHOCTb P,
oTKaza IyOJIUPOBAaHHON MMKPOCXEMbI, COAEpKallei
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N > 2 onuMHaKOBBIX AyOJMPOBAHHBIX KOMIIOHEHTOB,
Npu ee o0JyYeHUU COCTABUT

P, = P2 /05N, (1)

rae P, — BEPOATHOCTb OTKAa3a I'MIIOTETUYECKON He-
pe3epBUPOBaHHON MUMKPOCXEMbI, cocTtosiueit uz N
HEMapHbIX AyOJIMPYyEMbIX KOMIIOHEHTOB, T. €. KOMIIO-
HEHTOB, HEe IyOJUPYIOLIMX HU OJUH KOMIIOHEHT B
3TOW TMIOTETUYECKON MUKPOCXEME.

ITockonbky nyOonupyeMblii KOMIIOHEHT B AyOJiM-
POBaHHOU MMKPOCXEME MOXET 3aHWMaTh ILUIOIIA/b,
00JIbLIYI0, YeM KOMIIOHEHT HEPE3EePBUPOBAHHOM MUK-
pOCXeMbl, TO MOXHO T10Ka3aTbh, YTO

P, = bP,, (2

rae P, — BEpOATHOCTb OTKAa3a HEPE3epPBUMPOBAHHOM
MMKPOCXEMBI, COCTOSIIIENH M3 /N Hepe3epBUPOBAHHBIX
KOMIIOHEHTOB; b > 1 — K03((ULUEHT, MOKa3bIBalo-
LK BO CKOJIBKO Pa3 ILUIOLAAb JyOJIUPyeMOro KOMIIO-
HEHTa TpeBbIIIAeT IUIOLIAAL HEPEe3epBUPOBAHHOTO
KOMIIOHEHTa; b = 1, Korga ay0auMpyeMblii KOMIIOHEHT
SIBJISIETCS TpaH3UCTOpoM, U b > 1, Korma nyoaupye-
MbIii KOMIIOHEHT MpeacTaBisieT CO0O0i JOTUUYEeCKUt
9JIEMEHT; B IIOCJIEAHEM CJIyyae 3HauyeHue Ko3(huim-
€HTa b 3aBUCUT OT YMCJIa BXOIOB JIOTUYECKOIO dJie-
MEHTa, €r0 CXeMBI U Pe3epBUPOBAHUS BXOASIINX B He-
o KOMITOHEHTOB.

M3 Beipaxenwuii (1) u (2) BUIHO, YTO BEPOSITHOCTh
oTKaza AyOJMpOBAaHHONW MMKPOCXEMbl CYIIECTBEHHO
HIXXe BEPOSITHOCTU OTKa3a Hepe3epBUPOBAHHON MUK-
pPOCXEMBI TIPU TEX K€ YCJIOBUSIX OOJYyUEHMSI.

Bo3MOXHBI 1Ba OCHOBHBIX CIOCO0Oa TMOCTPOEHUS
JyOIMPOBAHHOTO JIOTUYECKOTO BJIEMEHTa, COOTBETCT-
BYIOIIIMX IBYM CJEOYIOIIMM BapuaHTaMm IyOiauMpoBa-
HUS, TIpeIIOXeHHBIM B padote [1].

[lepBbIit BApHaHT COCTOUT B AYOJIUPOBAHUM CTPYK-
TYpBl JIOTUYECKOTO B3JIEMEHTa, KOrma IyOJaupyeMBIM
KOMITOHEHTOM SIBJIIETCS JIOTUMECKUI 3JEMEHT.

Bropoii BapraHT COCTOUT B MOCTPOEHUU TYOJIMPO-
BAHHOTO JIOTUYECKOTO dJieMeHTa 6€3 pe3epBUPOBAHUS
€ro CTPYKTYphI, KOrma MyOJIMpyeMbIM KOMIIOHEHTOM
SIBJIIETCSI IPUOOP, BXOASIINI B COCTaB JIOTUYECKOTO
3JIEeMEHTa, B YaCTHOCTH TPAH3UCTOP.

ITocTpoeHue AyOIUMPOBAHHOTO JIOTUUECKOTO 3Jie-
MeHTa 6e3 pe3epBUPOBAHUS €TI0 CTPYKTYPbl TPUBUATb-
HO CBOAUTCS K MPOCTOM 3aMeHEe KaXI0ro OJMHOYHOTO
KOMIIOHEHTa (B YaCTHOCTU TpPaH3KUCTOpa) B Hepe3ep-
BUPOBAHHOM JIOTUYECKOM 3JIEMEHTe Ha Tapy AyOau-
pyromux Ipyr Apyra TakKux Xe KOMIIOHEHTOB, HaIIlpu-
Mep, ONMHOYHBIX TPAH3UCTOPOB.

PaccmoTpum cHauana Gosiee CIOXHBIN MepBbIi Ba-
pMaHT, a UMEHHO TTOCTpOeHUe AyOJIMPOBAHHOTO JIOTH -
YeCKOTO 3JIeMEHTa ¢ OyOJIMpPOBAHUEM €TO CTPYKTYpPHI.
B aTOM ciiyyae HEOOXOAMMO MOCTPOUTD CXEMY DyOJIU-
PYEMOTrO JIOTUYECKOIO 3JIEMEHTA, MO3BOJISIIOLLYI0 00b-
eIVHAITH Tapy TaKUX 3JEMEHTOB B OOWH AyOJMpPOBaH-
HbII JIOTUYECKUIT 2JIEMEHT MPOCTBIM COEAMHEHUEM UX
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OIHOMMEHHBIX BXOIIOB 1 UX BBIXOAOB. [1pu aTOM CXema
TyOJIMpPYyeMOro 3JieMeHTa OJKHA ObITh TaKOM, YTOObI
Ha BbIXOJie 1yOJIMPOBAHHOTO 3jIeMeHTa (pOpMUPOBAICS
BEPHBIN CUTHAJ, KaK MPU UCIIPABHBIX BXOASIINX B HE-
ro ayoavMpyeMbIX dJeMEHTax, TaKk U B cjlydyae OTKasa
OJTHOTO U3 HUX.

B pa6orte [9, c. 18] oTmMedaeTcst, YTO BHIXOABI JIOTH -
YECKHMX CXEM HeJIb3s1 COSAMHSITL BBUIY HEOIpeaeIeH-
HOCTHU BBIXOJHOI'O CUTHaJIa U BO3MOXHOCTH BbIXOJa U3
CTPOSI COeAUHSIEMBIX TOTUUECKUX 3JIEMEHTOB. DTOT 3a-
npeT odoxoauTcs B paboTax [1—35] Tem, 4TO B KaXIoM
IyOIMpPYIOLIEM BJIEMEHTe YCTaHABIMBAETCSI BBIXOAHOM
KacKaj, TpeOYIOLINiT He3HAYNTEIbHBIX 3aTpaT ariapa-
TYPbI ¥ TIO3BOJISIIOLINI COEANHSTD BBIXOMbBI IBYX TAKUX
KacKaJoB, BXOASIIUX B AYOJIUPOBAHHbBIN 3JEMEHT.

Bropoe npensiTcTBrEe K 00BEAMHEHUIO ABYX TyOJIM-
PYEMBIX 3JIEMEHTOB B OIUH DyOJIMPOBAHHBIN SJIEMEHT
COCTOUT B TPYAHOCTH obecreyeHus: (GopMUpPOBaHUS
BEPHOI'O BBIXOJHOTO JIOTUYECKOIO CUTHajna ay0aupo-
BaHHOTO 3JIEMEHTA IIPU OTKAa3e OAHOTO M3 BXOMSIINX B
Hero AyoaupyemMbix ajeMeHToB. ObecnieyeHue GopMu-
pPOBaHMSI BEPHOIO BBIXOJHOTO JIOTMYECKOIO CHUIHaja
IyOJIMPOBAaHHOTO JIOTUYECKOTO BJIeMEHTa TIpU OTKa3e
OTHOTO M3 BXOMSIIMX B HETO IyOJUPYEMBIX DJIeMEH-
TOB MOXET ObITb JOCTUTHYTO 3a CUET PE3EPBUPOBAHUSI
KOMIIOHEHTOB BHYTPU IYOJMPYIOIIUX 3JIEMEHTOB.
[1pn 3TOM MOXHO OTKa3aThCs OT pe3ePBUPOBAHUS Ka-
JKIOTO KOMIOHEHTa B IyOJaUpylollieM 3JeMeHTe U OT
MOJIHOTO (ITapaljIeJIbHOTO 1 MOC/Ie0BaTeIbHOI0) 1y0-
JINPOBaHUSI Pe3ePBUPYEMbIX KOMIIOHEHTOB C TEM, YTO-
OBl 3allUTUTHCS TOJILKO OT BJIMSIHUSI HamboJjee Bepo-
SITHBIX 1e(hEeKTOB.

B pa6ote [1] 610 NpemIOXEHO BBECTHU PE3EPBU-
pOBaHHE TOJBLKO BO BXOJAHOM (WM, MHA4Ye TOBOpS,
JIOTMYeCKOM) KacKaae AyOJupyeMoro ajeMeHTa. Tak,
HanpuMmep, B padore [1, ¢ur. 4] ObUIO NpeEaJIOXKEHO
nyonupoBaTh BxomHble auoabl 3iaeMmeHTa M-HE, BbI-
XOITHOM KacKall KOTOPOTO COAEPKUT TOJBKO TUOI.

Pelrenue npoOsieMbl mocTpoeHusT AyOJIMpOBaHHBIX
JIOTMYECKUX 3JIEMEHTOB C AYOJMpPOBaHUMEM HUX CTPYK-
TYpbl 3aBUCUT OT BbIOOpA BXOMASIIUX B HUX aKTMBHBIX
U ITaCCUBHBIX KOMIIOHEHTOB. B pabore [1] ObL1 jgaH
npuMep noctpoeHust anemeHTta M-HE Ha ocHoBe Ou-
TMOJISIPHBIX TPAH3UCTOPOB U TOJIYIPOBOAHUKOBBIX IMO-
noB. Llenpio aTOrO0 Nprmepa ObLUIO MOKa3aTh, YTO I10-
CcTpoeHue TyOJMpPOBAaHHOIO JIOTUYECKOro 3JIEMEHTa B
MPUHILIMIIE BO3MOXHO. B nanbHeiiiem B padore [4] ObL1
JaH MpUMep MOCTPOEeHUS AyOJMPOBAHHOTO JIOTHUYE-
ckoro anemeHTa MJIN-HE Ha noneBbIX TpaH3UCTOpAX.

B manHoli pabore Gosnee MOAPOOHO paccMaTpUBa-
€TCS TIOCTPOCHUE TyOJIMPOBAHHOTO JIOTMYECKOTO 3JIe-
MEHTa Ha T0JIeBbIX TpaH3UCTOpax ¢ AyOJHMpOBaHUEM
€ro CTPYKTYpPbl, 00CYKAAeTCs BIUSIHUE Pa3TUYHbBIX BU-
OB Je(heKTOB Ha BHIXOJHOM CUTHAJI AYOIMPOBAHHOIO
JIOTMYECKOIo 3JIeMeHTa, MpejiaraeTcsi HoBasl cxema
3TOrO BJIEMEHTA U JaeTCsl OLleHKa arnapaTHbIX 3aTpaT
IUTST pa3HBIX BApUAHTOB pe3epPBUPOBAHUS BHYTPU 1y0-
JIUPYEMBIX 2JIEMEHTOB.




1. Iloaxox K OlEHKE BIMSAHHS HEBEPHbIX JIOTMYECKHX
BBIXOJJHbIX CHTHAJIOB B TyOJIMPOBAHHBIX JIOTHYECKHX
3JIeMEHTaX HA BEPOATHOCTb OTKa3a JMy0JMPOBAHHOM
MHKPOCXEMbI NPH 00JIy4eHHH

HegepHble Jornyeckue BBIXOAHBIE CUTHAJbLI 1yO0-
JIMPOBAHHBIX 3JIEMEHTOB MOTYT BO3HWKAaTh B 3aBUCH-
MOCTH OT COYETaHMi BXOTHBIX JJOTMYECKHUX CUTHAJIOB
MU Pa3TNYHBIX JdeeKTaX B KOMIIOHEHTaX Iyoampye-
MOTO JIOTMYECKOro sjeMeHTa. B o0iuem ciyyae mon
KOMITOHEHTAaMHM JIOTMYECKOTO 3JIeMEHTa 3[eCh TTOHU-
MaroTcs TIpUOOPBI U MEeXCOoeAUHEeHUs. bynmeM cunTats,
YTO TIOTafaHre OTHOM YaCTUIIEI B IPUOOP MOXKET BBI-
3BaTh TOJHKO OAMHOYHLIN AedeKT Tuna "oOphiB" MUIn
K3, a npu nonagaHuu 4acTULBl B HEKOTOPYIO TOUKY
MEXCOeTMHEHUS B HE MOXKET ITPOM30MTH TOJIBKO "00-
peiB". bynem cuutath Takxke, yro K3 Touyek mexkco-
eIWHEHNS C NCTOYHWUKOM TUTAHUS VUIM 3eMJIei He-
BO3MOXHo. [TonagaHue yacTUIlbl B pa3IMYHbIe TOUKU
MEXCOEIMHEHNsT MOXET B COOTBETCTBUM C 3KBHUBA-
JIEHTHOM 3JIEKTPUYECKOI CXeMOil AyO0IMpyeMoro 3Jie-
MEHTa BBI3BATh pa3HbIe IO CBOEMY BIMSHUIO Ha 3Ty
cxeMy nedekThl. I1oaToMy Takue pa3Hble IO CBOEMY
BJUSIHUIO TOYKM MEXCOEAUHEHUsI CJelyeT YCJIOBHO
CYMTATh KOMIIOHEHTAMU IyOJIMPYeMOTO JIOTUIECKOTO
3JIEMEHTA.

Mogenb NOKOMIOHEHTHO TyOJIMPOBAaHHON MUKPO-
CXeMBbI, IS KOTOPOUl BbIBeAeHa (opmysa BEpOSTHO-
cTu ee oTkasa (1), mpeaycMaTpuBaeT MCIOJIb30BaHUE
TOJBKO TaKWX OyOJIMPOBAHHBIX KOMIOHEHTOB, KOTO-
pbl€ BBIJAIOT BEPHBIN BBIXOJAHOW CUTHAI NMpPU OTKa3e
OJTHOTO M3 JABYX BXOISIINX B HETO AyOJIUPYEMbBIX KOM-
MoHeHTOB [5, 6]. HazoBeM uaoeaabHBIMKU 3Ty MOJEIb
IyOJIMPOBAHHOU MMKPOCXEMbl, €€ AyOJIMpOBaHHBIE
KOMITOHEHTBI, a TaKXe AyOJupyeMble KOMITIOHEHTHI,
o0pasyollve uaeaabHbli JyOJIUPOBaHHbBI KOMITOHEHT.
OpHako peajbHble TyOJIMPOBAaHHbIE KOMIIOHEHTHI MO-
I'YT OKa3aThCsl HeUAeaabHbIMU, BCIIEACTBUE Ne(PEKTOB,
HEYUYTEHHBIX MPU TMPOEKTUPOBAHUU, WU Je(PEKTOB,
BJIUSTHUE KOTOPBIX HE YCTPAHEHO B CBSI3M C 9KOHOMMU-
€i ammapaTypbl BBUY UX MaJOW BEPOSITHOCTH.

Bo Bcex ciayuasix, Kkorja Ha BbIXO€ HEWJI€aTbHOTO
NyOJIMPOBAHHOIO KOMIIOHEHTa MPM OTKa3e OJHOIo
NyOJIMpyeMOro KOMINOHEHTAa BO3ZHUKAET BEPHBIM CUT-
HaJl, yOJIMPOBAHHbBIM KOMIOHEHT paboTaeT Kak ujie-
AIBHBIN, W I HAXOXIECHUSI BEPOSITHOCTU OTKa3a
JyOJIMPOBAHHOW MHUKPOCXEMBI MCIIOJIB3YETCSl €€ UIe-
ajbHas MoJesb. B Tex ke ciaydasix, Koraa Ha BbIXOJe
NyOJIMPOBAHHOTO KOMIIOHEHTa IMPU OTKa3e OJHOTO
J000ro ero AyoJMpyeMOro KOMITOHEHTa BO3HUKAET
HEBEPHBII CUTHAJ, U1 HAXOXAEHUSI BEPOSITHOCTH OT-
Ka3a TOW € MUKPOCXEMBI UCITOJb3YETCSI MOJETb YII-
BOCHHOM HEpEe3epBUPOBAHHOU MUKPOCXEMBI, B KOTO-
poil Hepe3epBUPOBAHHBIMU KOMIIOHEHTAMM CIIyXaT
NyOMpyeMble KOMIIOHEHThI JyOJIMpPOBaHHON MUKPO-
CXEMBI.

YeMm OoJibllie TIpUOOPOB B AYOJIMPYEMOM KOMIIO-
HEeHTe, TeM OoJjblle BO3MOXHBIX 1e(EeKTOB B HEM.
B xauectBe Hanbosee KPymHOIO OyOJIMpyeMOro KOM-
TMOHEHTa OyJeM paccMaTpUBaTh JIOTUYECKUIA 3JIEMEHT.
BmustHue yact BO3MOXHBIX Je(heKTOB TyOJIMpyeMOro
JIOTUYECKOTO 3JIEMEHTA HAa BBIXOIHOW JIOTUYECKUM
CUTHaJ AyO0JIMpPOBAHHOIO 3JIEMEHTAa KOMIIEHCUPYETCS,
C OJIHOW CTOPOHBI, 3a CUET AyOIMPOBAHUS JJOTUYECKUX
5JIEMEHTOB, a C APYrOil CTOPOHBI, 32 CYET PE3EPBUPO-
BaHUS BHYTPU IyOIMpyeMoro sjeMeHTa. byaeM Ha3bi-
BaTh 9TU Je(eKThl KOMIIeHCMpyeMbIMU. OmHaKO oc-
TaBLIAsICS 4acTb AeeKTOB OyneT BAWSITb Ha BEPOSIT-
HOCTh OTKa3a IyOJuMpoBaHHOI MUKpocxeMbl. bymem
Ha3bIBaThb 3TU Je(eKTbl HEKOMIIEHCUPYEMbIMMU.

Yucnao ciiydaeB, B KOTOPBIX Ha BBIXOAE AYOIUPO-
BaHHOTO JIOTMYECKOTO 3JIEMEHTA MPU OTKa3e OJHOro
JII000TO €ro MyO0aMpyeMOro 3jeMeHTa BO3HUKAEeT He-
BEPHBII CUTHAJI, ONIPENEIISIETCS MPOU3BEAEHUEM YHCIIa
HEKOMIMEHCUPYEeMbIX 1e(heKTOB Ha YHUCIO BO3MOXKHBIX
BXOJIHBIX KOAOB (KOMOMHALIMIA TOTUYECKUX CUTHAJIOB)
JIOTUYECKOTO BJIEMEHTA.

ITonnpoOyem Temepsh BecbMa NPpUOJIU3UTEIHLHO OLie-
HUTb 3TO BIUSHUE HEKOMIIEHCUPYEMBIX Ae(PEKTOB Ha
BEPOSITHOCTh OTKa3a AYOJIMPOBAHHOW MUKPOCXEMBI.
C yueroMm ¢opMyinbl (1) BEpOSITHOCTb OTKa3a Heuje-
aJIbHOM ITyOJMPOBAaHHON CXeMbI OyIeT

P, = 2P + [Py(1 — w]*/0,5N, (3)

e BeJTMYUHBL P N — onpeziesieHbl Bbllle; p — J0JIs
cIyJaeB, KoTaa QyOJMpPOBAaHHBIN KOMIIOHEHT TIPU €Tro
paboTe MoJ BAMSHUEM HEKOMITIEHCUPYEMbIX 1e(eKTOB
cpabaTbiBaeT KaK HeuJeaabHbIN,

b= Kyer/ K, 4

rae K — obiiee ynucio BceX BO3MOXHBIX ClydyaeB BO3-
HUKHOBEHUSI 1e(hEeKTOB B NyOJIMPYEMOM KOMIIOHEHTE
IIPU BCEX €r0 BXOMHBIX Konax; K., — YUCIIO ClIyyacs
BJIMSIHUSI HEKOMIIEHCUPYEMBbIX JeeKTOB B 1yOaupye-
MOM KOMITOHEHTE MPU BCEX €ro BXOAHBIX Koaax; u < 1.

XoTs B o0lleM cilydyae HEKOMIIEHCUPYEMbIMU [Ie-
(bekTaMu MOTYT OBITb 1e(heKThl pa3HbIX TUIOB, AepeK-
ThI HEKOTOPBIX TUIIOB MOTYT OBITh MaJIOBEPOSTHBIMU,
YTO MO3BOJISIET UX HE YYUTHIBATh. DTO MO3BOJISIET CY-
IIECTBEHHO YMEHBIIIUTL 3HAUCHUE LL.

YucneHHO OLIEHUTD BEJIMUMHY L OU€Hb TPYAHO, 0~
CKOJIbKY HEU3BECTHBI BEPOSITHOCTM Pa3HBLIX TUIIOB
nedexroB. OmHAKO IS cilydas, Koraa ayoJupoBaHue
JIOTMYECKUX JIEMEHTOB KOMIIEHCUPYET BCE WU TTOYTU
Bce JedeKThl Tuma "oOphIB", a BEpOSITHOCTh 1e()eKTOB
tuna K3 npu geiicTBum o0ydyeHUs] paBHA WK OlIu3Ka
K HYJI10, MOXHO MPUHATH, uTo pu = 0. Takum xe 06-
pa3oM MOXHO IPUHATD, yTo p = 0, Koraa nyoaupoBa-
HUE JIOTUYECKUX 3JEMEHTOB KOMIIEHCHUPYET BCE WU
rmoutu Bce nedekthl TUNa K3, a BeposaTHOCTh Aedek-
TOB TUMa "0OpbIB" MpU AEHCTBUU OOJydeHUS] paBHa
win 0nM3Ka K Hymo. PazymeeTcsi, Hamo Bcerma cTpe-
MUTbCS K YMEHbIIEHWIO BEJIMUMHBI 1. B pasa. 3 oyaet
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JlaHa olleHKa KO3 UILIMEHTA | IJIsI OTHOM CXeMBbI He-
UIeaIbHOTO OyOIMpPyeMOro JIOrMYECKOro 3JeMEeHTa,
MIPUBEICHHON B KauecTBe TpuMepa. M ykazaHbl Tex-
HUYECKUE MEphbl I YMEHbIIEHUs 3TOro kKoabbu-
IeHTa.

2. O0muii moaxo K 00ecneYeHnI0o BEPHOTO
JOTHYECKOTr0 BBIXOIHOIO CHIHAJIA Jy0JMPOBAHHOIO
JIOTHYECKOTO IJIEMEHTA HA MOJIEBBIX TPAH3UCTOPAX
¢ AyOJHPOBAHHEM €ro CTPYKTYpbI

s pasHBIX THUIIOB TOJIEBBIX TPAH3UCTOPOB MOTYT
OBITh pa3paboTaHbl pa3IUYHbIE CXEeMbl OyOJMpPOBAH-
HOTO JIOTMYECKOTO 3JieMeHTa 6e3 maMmsatu. Yucio Ta-
KX CXEM MOXET ObITh OTPOMHEIM. Tak, Hammpumep, B
pa6ote [10, c. 158] coob1raeTcs, YTO TONHLKO Ha TpaH-
sucropax MJIIT-tnna MoxXHO nocTpouth 196 Bapman-
TOB MHBEPTOPOB. OHAKO HAC MHTEPECYeT JUIb MpPOo-
CTOI TIpUMep CXeMBI IyOJIMPOBAHHOTO JIOTUYECKOTO
ajeMeHTa. B kKauecTBe mpumepa OyneM CTPOUThb 3TY
CXeMy Ha TIOJIEBBIX TPAH3UCTOpaX #-KaHAJIbLHOTO THUIIA
[11, c. 426]. B xauyecTBe mMpuMepa TUITOBOIO JIOTHYeE-
CKOToO 3JIeMeHTa KakK U B pabote [3] BbIOEpEM 21eMEHT
MNIIN-HE, nockoabKy peaau3alus 3TOH JIOTUYECKOM
(GYHKIIMM OCyIIeCTBIsSIETCST 0e3 TOCIeI0BaTeTEHOTO
BKJTIOYEHUST TPAH3UCTOPOB, KOTOPOE TPeOyeT YMEHbIIIe-
HUSI CONPOTUBJIEHUST OTKPBHITOrO TpaH3ucTopa. B cBs-
31 ¢ 9TuM B padorte [10, c. 174] He pekoMeHayeTCs
npuMmeHeHue sneMeHToB M-HE, mockonbky oHU Tpe-
OYIOT TIOC/IeIOBATETLHOTO BKIIIOUEHUSI TPAH3UCTOPOB.

B ny6nuposanHoM Jormyeckom anemenTe UJIN-HE
6e3 yyeTa ero BXOZHBIX CUTHAJIOB HEBO3MOXKHO aBTO-
MaTHUYECKHU OTPEAeNINTh, BEPEH JIU €r0 BHIXOAHOM CUT-
Hajn. OgHako Ojaromaps DyOJMpPOBAaHUIO BO BXOTHOM
(T. e. ToruyeckoM) Kackaae AyO0aupyeMoro 3JIeMeHTa,
MOXKHO TIPEIOTBPATUTH MOSIBJICHNE HEBEPHOTO BBIXOI -
Horo Jiornyeckoro curHaia "1". [TosiBneHue xe HeBep-
HOTO BBIXOJHOTO JIoOrnyeckoro curHaia "0" Ha BbIXoje
JIOTUYECKOTO Kackaja AyoJIMpyeMoro 3jeMeHTa He Be-
JIeT K MOSIBJICHUI0 HEBEPHOTO BBIXOAHOTrO curHaia "0"
Ha BBIXOIE MyOJIMPOBaHHOTO 3jJeMeHTa. Ha 3TOM oc-
HOBaHa uiaesl o0ecreyeHus BEpHOTO BBIXOAHOTO CHUT-
Hajia ayOJMpOBaHHOIO BJIEMEHTA.

3. CxeMbl AyOJIMPOBAHHOTO JIOTHIECKOTO
anementa UJIN-HE

Ha puc. 1 nmokasaH mpocToii nmpuMep Hepe3epBU-
poBaHHOro aByxBxogoBoro ajneMeHta MJIM-HE, xo-
TOPBINA MpeacTouT ayoaupoBaTb. OH COCTOUT U3 IBYX
yIIpaBJIAIOIINX TpaH3ucTopos 17, 75 u pesucropa R.

Bynem paccmatpuBaTh AByXBXOAOBOI AyOJIMpPOBaH-
Hb1ii 31eMeHT UJIW-HE ¢ ny6anpoBaHueM €ro cTpyk-
TYpbl, B KOTOPOM Hapsy ¢ TPaH3UCTOPaMM MCTOJIb30-
BaHbI pe3ucTopbl U Auon (puc. 2). BoamoxeH Takxke
BTOPOI BapUaHT CXEMbI 3TOTO BJIEMEHTa, B KOTOPOUl B
KayecTBEe Pe3UCTOPOB U AMOMA UCTIONB3YIOTCS TPAH3M-
CcTOphl (Ha pUCyHKax He TokasaH). [lepBblii BapuaHT
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Puc. 1. Hepesepsuposannbiii 3nement UJIN-HE
Fig. 1. Non-redundant element NOR

(puc. 2) 6ojiee HAISIAHO OTEMOHCTPUPYET ITPUHIIMII
JNEUCTBUSI ITyOJMpPYeMOro JOTMYECKOIo 3jJeMeHTa, a
BTOpOIi 00JieryaeT mojacueT KoJauyecTBa armnaparyphl B
9TOM BJIEMEHTE, TTIOCKOJIbKY eIMHUIIA anTapaTyphl Of1-
Ha — TPaH3UCTOP.

Hy6nmupoBanusiii jornueckuiit anement UJIM-HE
(puc. 2) coCTOUT U3 ABYX OAMHAKOBBHIX IYyOIMPYEeMBIX
jgoruyeckux anementos MJIIM-HE; n WIIHW-HE,.
Hy6nupyrowue apyr apyra tpansucropsl 77y u 11,
MPeACTaBISIOT OAUH AYyOJMPOBAHHBINA TPaH3UCTOP,
YIPaBIsAEMBIA BXOIHLIM CUTHAJIOM X|, a ayOiupyio-
uiye Ipyr Apyra TpaHsucTopsl 75_; u 75 , — onuH ayo-
JIMPOBAHHBIM TPaH3UCTOP, YIPaBISIEMbIi BXOAHBIM
CUTHAJIOM X,. BxongHoW (Jlormueckuil) KacKal Kaxmuo-
ro AyOJMpyeMOro JIOTUYECKOro 3JieMEHTa COMEPXKUT
tpansucropbl 1y, Ty, 151, T5., u pe3ucrop R,.
BbixomHoil Kackaja KaXaoro AyO0JaupyeMoro Jiorude-
CKOTO 3JIeMeHTa coaepXuT auon D u pesucrop R,. Ta-
KOW BBIXOJHOM KacKajl MO3BOJISIET COENUHATD BbIXOJbI
JIBYX OyOJIUpYyeMbIX 3JIEMEHTOB B OJIMH OOILIMIA BBIXO,
Ha KOTOPOM IIpM IIPaBUJIbLHOK paboTe myOIMpOBaH-
HOTIO 2JIeMEHTa J0KeH (OPMUPOBATHCS JTOTUUECKUIA
curHaa Y, COOTBETCTBYIOLIUI JIOTUYECKON (PYyHKIIUHU
WNIJIN-HE ot BXogHBIX curHaiaoB X U X,. IIpu o6pbI-
Be 1LIeTN "MCTOK—CTOK" B JIIOOOM OTHOM M3 Tap TpaH-
suctopos 71;_y, Ty.o 1 T5_y, T5_, BEIXOAHBIE CUTHAJIBI
BXOJHBIX KAacKaJoB AyOJUPYeMbIX 3JIEMEHTOB U BbI-
XOJIHOHW CUTHaJl TyOJUpPOBAHHOTO JJOTMYECKOIO 3Je-
MEHTa OKa3bIBAIOTCA BepHbIMU. bykBamu ay, a,, by, by,
¢, d, e, f, g, h Ha pucC. 2 B BepXHeM IyOJIMpyeMOM 3JIe-
menre MJIM-HE| n KpecTukamMu OTMEUYEHBI TOYKHU
MEXXCOeNMHEHN, BBIOpaHHBIE HAMM IUISI TIPOBEPKU
paboThl nyonaupoBaHHoro siaemeHta WJIM-HE npu
00pBIBE MEXKCOECIUHEHUS B 3TUX TOUYKAaX.

ITockoabKYy B COOTBETCTBUU C MPUHSITONH MOJEIbIO
oTKa3a AyOJIMpPOBaHHON MUKpocxeMbl [1—6] myboan-
POBAHHBINA JIOTUYECKUIM IJIEMEHT TPU OTKA3€ OTHOIO
CBOETO JyOJIMPYEMOTO JIOTUYECKOTO 3JIEMEHTA TOJIKEH
BbIJaBaTb BEPHbII BBIXOAHOW CHUTHAJ, TO TMPOBEPUM
MPaBUJIBHOCTb PabOThI BYXBXOJOBOTO AyOJMPOBaH-
Horo sneMeHTa UJIW-HE nipu nedexrax, Bo3HUKAIO-
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cron6uax "Touku o6pbIBa” yKazaHbl 00PhI-
BbI B KaXJ1I0if OTMEUYEHHOI Ha pUC. 2 TOUKe
o6pwiBa. B 1abm. 4 B cTonbmax "K3 B mpu-
O0opax" ykazaHbl KOPOTKME 3aMbIKaHUSI B
KaxJ0M ITpubope (TpaH3UCTOPE, PE3UCTOPE
WIn guone). B kaxmoit M3 3THUX Tabauil
nop, mankoil "Pe3ynbrar" yKazaHbl pe3yiib-
TaThl IPOBEPKM MPABUIBHOCTU BBIXOTHOTO
JIOTMYECKOIro CHUrHaja sl nyoaupoBaH-
HOTO JIOTUYECKOTO 3JeMeHTa (ITOCIeIHui
crosibel; crpaBa) M BBIXOJAHOIO CHUTHajua
ny6mpyemoro snementa MJIM-HE,, pa6o-
TalolIero aBTOHOMHO, T. €. 0e3 coeauHe-
HUS ero BbIXOJa C BBIXOJAOM AyOJIMpyemMo-
ro anemenra UJINW-HE, (npeanocnennuit
croJibelr cripaBa). Pe3yibrart rnmpoBepKH yKa-
3pIBaeTCS 3HAKOM "+ (IUIIOC), €CITA BBIXOMI-
HOM JIOTMYECKMI CUTHaJ BepHbIN, JU00
3HaKOM "—" (MHMHYC), €CIM 3TOT CHUTHAaJ
HeBepHbIA. [losoXUTENbHBINM pe3yabTaT
MPOBEPKMU MOMEYaeTcsl TakxXe 00Oo3Haue-
HueM "+*", ecu BBIXODHOM CHUTHaJ Be-

Puc. 2. lyoauposannsiii 2aement NJIN-HE c nydaupoBannem ero cTpykTypsl (¢ pe-

3UCTOPHON HArpy3KOi M AHOAOM 0e3 nyOMpoBaHus)

Fig. 2. Duplicated element NOR with duplicating of its structure (with resistor load and

diode without duplication)

IIHUX TOJBKO B OJHOM U3 €ro 1yOIupyeMbIX 2JIEMEHTOB

IIPU BCEX BO3MOXHBIX €TI0 BXOIHBIX KOmax. Pe3yabraTer

5TOM MPOBEPKU MpeAcTaBieHbl B Tada. 1—4. [Ins mo-

JIyUeHUs pesysbTaTa MPOBEPKHU ISl Kaxa0oro aedexra

MpU KaXKIOM BXOIHOM KONIE JIOTMYECKOTO 3JIeMEHTa

CTPOMJIU €70 SKBUBAJIEHTHYIO 2JIEKTPUUECKYIO CXEMY C

YYETOM JaHHOTO fAedeKTa. DTU pe3yNbTaThl OJTYYeHBI

MpU CAEAYIOUIUX YCIOBUSX:

e YACTHUIIBI MOTYT CO31IaBaTh Ne(PEKTHI TOJIBLKO B ON-
HOM M3 AyOJMPYEMBIX 2JIEMEHTOB (11 MpuMepa B
KayecTBe TaKOro 3jieMeHTa BbIOpaH AyOJUpyeMblit
anement UJIN-HE),);

e paccMaTpUBalOTCs Clydyald BO3SHUKHOBEHUs aAedek-
Ta OMHOBPEMEHHO TOJIbKO OT OJHOM YaCTHUIIBI, KO-
Topasi co3/laeT TOJbKO OIUH neheKT — "oOphIB",
mbo K3;

e TIIPU IOMNAJAHUM YACTHUILIbI B TPAH3UCTOP BO3MOXKEH
b0 OOpBIB 1eTH "MCTOK—CTOK", Mo K3 310l
LIeTIH;

e TIpU TOMNAaJaHWM YACTUIIbl B PE3UCTOP WIU B IMONI
BO3MOXEH MO0 uX oOpbIB, 1160 nx K3;

e IIpM NONAAAHUU YACTULLI B TIO0YIO U3 TOYEK 4|, a5,
by, by, ¢, d, e, f, g, h mpoucxoaut oOPLIB MEXCO-
eJVHEHUS B 3TOI TOUKE;

e ciydau K3 mexay 11000ii TOUKON MEXCOeTUHEHUS
1 MCTOYHMKOM MHWTaHMs, MO0 3emieil, 1ubo Ka-
KOW-71100 Ipyroi TOUKOi MexKCoeIMHEHUs He pac-
CMaTpUBAIOTCS.

B cronbmax ta6a. 1 mom mrankoit "OOpHIBEI B TIPU-
6opax" ykazaHbl "0OpHIBbI" B KaXXI0M Ipubdope (TpaH-

31UCTOpEe, pe3ucTope uiau nuojae). B tabn. 2 u 3 B

peH, HO M3MEHSETCS COMPOTHBJICHUE Ha
BBIXOJIE TyOJIMPOBAHHOTO JIOTUIECKOTO BJie-
meHta MJIW-HE. OctanbHble 0003Haue-
HUS B 3TUX TaOJIMLIAX JTUOO SICHBI U3 pUC. 2
M YKa3aHbl BbIlIE B TEKCTE, TUOO PACKPHITHI B IPUME-
yaHMUsIX B Tabm. 4.

M3 Tabn. 1 BugHO, 4yTO AYOIMPOBAHHBINM JIOTHYE-
CKUI1 3JIeMEeHT BepHO paboTaeT Ipu OOpBIBaX TPaH3M-
CTOPOB, AMOAA U PE3UMCTOPOB B HEM, UTO Ba’KHO IS
cIyJaeB, KOTJa BEpOSITHBI B OCHOBHOM JIe(eKThI TUTIA
"00pBIB", BhI3BaHHKIC M3IydeHreM. B Tabi1. 2 nmeroTcs
BCEro TpM cJiyyasi, KOrjaa mpu o0pbIBe MeXKCOeTMHEHUS
MO, MTeMUCTBUEM YaCTUIILI M3TYyIeHUS] Ha BBIXOIE IyO0-
JIUPOBAHHOTO JIOTUYECKOTO 32JIEMEHTa IOSBISIETCS
HEBEpHBIN pe3ynbTrar. MOXHO MCKIIIOUNTH 3TH OOPHI-
Bbl MEXCOCIUHEHUH, YBEIWYMBAs IITMPUHY MEXCO-
eIMHEHWN WIN TyOaMpys MeXCOeOIWHEHUS Ha "ormac-
HbIX" yyacTtkax. OOpBIBEI MEXCOEIUHEHUI, yKa3aH-
HBIE B Ta0JI. 3, HE IPUBOALT K HEBEPHBIM pe3yJIbTaTaM
Ha BBIXOJE DyOJMPOBAHHOTO 3JIEMEHTA.

OO611ee YMCIO BO3MOXKHBIX CJy4aeB BO3HMKHOBE-
HUST nmepeKTOB TUIA "OOpHIB" B CxeMe AyOJIUpyeMOro
snemeHTa MUJIM-HE Ha puc. 2 nipu Bcex ero BXOAHbBIX
KoJax OymeT

K=2%n,; + ny), (5)

IIe ¢ — YHUCJIO JIOTUIECKMX BXOMOB 3TOTO 3JIEMEHTA;
N,y — YNCIIO NPUOOPOB B 3TOM DJIEMEHTE; 1; — YHUC-
JIO KOHTPOJIBHBIX TOUEK BHYTPEHHUX MEXCOSTMHEHUI
3TOrO 3JIEMEHTAa.

s cxembl Ha puc. 2 ipu g = 2, n,y =7, n; = 10,
umeeM K = 68. Obuiee uncio K., ciyyaeB BIUSHUSA
HEKOMIIEHCUPYEeMBbIX JIe(eKTOB TuMa "oOphIB" B 1y0-
JIMPYEMOM D3JIEMEHTE TIPU BCEX €r0 BXOAHBIX KOmax

HayigeM u3 Tabja. 1, 2 ¥ 3 KaK 4MCJIO CiIy4yaeB, B KO-
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TOPBIX BBIXOJHOM CUTHAJ AyOJIMPOBAHHOTO BJIEMEHTA
WNIJIN-HE Oyner HeBepHbIM. Ko, — 3TO CyMMapHOe
YyuCiIo 3HaKoB "—" (MMHYC) B cToJiOLax "Jly6aupoBaH-
HBINA 37eMeHT" B 3TuxX Tabnmuax. M3 Tabaui BugHO,
410 Ko = 3 (cM. Tabu. 2). Torna B COOTBETCTBUU C
(4) monmyuum p = 3/68 = 0,044. OnHako, ecliv caeaTh
MEXCOEINHEHUsI, OTMEYEHHbIE KOHTPOJBbHBIMU TOY-
KaM# a, U b,, HACTOJILKO IIUPE, YTOOHI "OOPHLIBHI" B
HUX HE CIYYaINCh, WJIN €CJIN IyOIMpoBaTh 3TH MEX-
COeIWHEHUSI, TO ISl CXeMbl Ha puc. 2 noaydyum p = 0.
IIpu nedexrax Tuna K3 yuciao HeBEpHBIX BBIXOAHBIX
CUTHAJIOB B CXeMe Ha puc. 2 OyaeT paBHO YMCIIy 3Ha-
KOB, OTIIMYHBIX OT "+" B cTonbue "yOonupoBaHHBIM
KOMIIOHEHT" Tabu1. 4. Torna npu n; = 0 (mockosnbKy K3
B MeXCoeIueHUsIX He ObIBaeT, a K3 mexay mexcoenu-
HEHUSIMU HaMU HE YYUTHIBAIOTCS), moayuuM K = 28,
K.ox =4, n=4/28 = 0,14. Onnako, eciau cxemy ay6-
JIMPYEMOTO 3JIeMEHTa, MOKa3aHHYI0 Ha puc. 2, 3aMme-
HUTb CXE€MOW AyOIMpyeMoro 3jeMeHTa, B KOTOpPOM

MOCJIENOBATEIbHO NYOJIMPOBAHBL PE3UCTOPEL Ry U R,
(puc. 3), o mpu K3 B 3TuX pe3ucropax moayuum p = 0.

W3 Tabn. 4 BuaHo, uro K3 B pesucrope Ry (cm.
puc. 2) IpUBOAUT K BBIXOAY U3 CTPOsI YIPABISIOLINX
TPaH3UCTOPOB BXOAHOTO (JIOTMYECKOI0) KacKajaa u 4To
K3 B pesucrope R, (cM. puc. 2) MOXET NMPUBOAUTH K
HEeBepHOMY pe3yibTary. Bo nsbexaHue 3Toro mpeaja-
raercsi 1yo;1MpoBaTh 3TOT PE3UCTOP MOCIEI0BATENbHO,
Kak MmokazaHo Ha puc. 3. KopoTkoe 3aMBIKaHHE B OC-
TaJbHBIX MPUOOpPAX AYOJMPYEMOTO BJIeMEeHTa He MpH-
BOJUT K HEBEPHOMY JIOTUYECKOMY BbIXOAHOMY CUTHa-
J1y pyonupoBaHHoro anemeHTa UJIM-HE.

Takum obpa3om, mpeajiaraeMble CXeMbl IyOJIUpo-
BaHHoro Jorndeckoro aneMmenTa MJIM-HE moryt o6ec-
TIEYNUTH €T0 BEpHYIO padoTy Tpu medekTax Tuma "00-
pBIB", @ IPU OYeHb HEOOJIBIIIOM YBEJIUUYECHUU KOJHUYE-
CTBa anmaparypbsl — 1 npu gedekrax tuna K3.

CpaBHUM CXeMbl JBYXBXOJIOBOI'O JIOTMYECKOTO
anementa MJIN-HE, a uMeHHO Hepe3epBUPOBAHHOIO

Tabauua 1
Table 1

Bimsinne oAMHOYHBIX OOPHIBOB B MPMOOPAX HA BBIXOAHOH CHrHAJ JABYXBX0A0BOro Jiornyeckoro djemenra UJIN-HE (puc. 2)
Affection of a single openings in devices on output signal of the two-input logical element NOR (fig. 2)

Konpt OOpBIBBI B MpUOOpax Pesynbrar
Codes Openings in the devices Result
Tiywma Ty | Thyum T,y bes ny6nupoBanusi | JlyOavpOBaHHBINM 3JIEMEHT
X % Y T\ or T\, T, yor 1), R b Ry Without duplication Duplicated element
0 0 1 OO6phbIB + +
Open
O6phIB + +
Open
OO6phIB — + ¥
Open
OO0pbIB — + *
Open
OO0pbIB + +
Open
0 1 0 OO0pbIB + +
Open
OO6pBIB + +
Open
OO6pBIB + +
Open
OOpBIB + +
Open
OO6phIB + +
Open
1 0 0 OO6pbIB + +
Open
OG6phIB + +
Open
OO0pbIB + +
Open
OO0phbIB + +
Open
O6pBIB + +
Open
1 1 0 O6pBIB + +
Open
OO6pBIB + +
Open
OO6pBIB + +
Open
OOphBIB + +
Open
OO6phIB + +
Open
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anemMeHTa (cM. puc. 1), nyOJIMpOBaHHOIO 3JIEMEHTa C
JIyOJUPOBAaHUEM €ro CTPYKTYphl (CM. puc. 2 U puc. 3)
U OyOJIMpPOBAHHOIO 3JIEMEHTa 0e3 MyOJMpOoBaHUS €T0
CTPYKTYPBbI, BHITIOJTHEHHOTO Ha MapajiesibHO 1y0Ju-
POBaHHbBIX TpaH3ucTopax (puc. 4).

HepesepBrupoBaHHBII ~ OBYXBXOIOBOW  3JIEMEHT
MNIN-HE conepxut aBa TpaHaucTtopa (cMm. puc. 1) u
pe3ucTop. DTOT BJAEMEHT He 3alllMIIeH OT Ae(eKToB
trma "o6peiB” 1 K3.

CTpyKTypHO OyOJMpPOBaHHBINA IBYXBXOIOBOU 3Jie-
meHT MJIM-HE 06e3 mocnenoBarenbHOro Ay01MpoBa-
HUSI pe3UCTOPOB (CM. pUC. 2) COAECPXKUT 8 TPaH3UCTO-
poB, 4 pe3ucTtopa u 2 AUoaa, YTO IIpU 3aMeHe Pe3UCTO-

POB U JMOIOB Ha TPaH3UCTOPHI cocTaBisgeT 14 TpaH-
3UCTOPOB. DTOT JIEMEHT 3alIUIIEH OT Ae(HEKTOB TUIIA
"00pwIB" 1 MHOTUX nedekToB Tuma K3.

CTpyKTYpHO OyOJMpOBAHHBINA JBYXBXOJOBOU 3Jie-
meHT UJIN-HE c nocienoBaTeIbHBIM AYOJIMpOBaHU-
€M Pe3UCTOpoB (CM. puc. 3) coaepXuT 8§ TpaH3UCTO-
POB, 8 PE3UCTOPOB 1 2 AMOMA, YTO IIPU 3aMEHE PE3UCTO-
POB M JAMOJOB Ha TPaH3UCTOPHI cocTaBisieT 18 TpaH-
3MCTOPOB. DTOT JIEMEHT 3allUILIEH OT 1e(eKTOB TUMa
"00pwIB”" U gedekToB TUMa K3.

AByxBxomoBoii anemeHT UJIIM-HE 6e3 myonupo-
BaHUS €ro CTPYKTYpPbl, MIOCTPOCHHBIN Ha Mapaiesb-
HO AyOJIMpOBaHHBLIX TpaH3ucTopax (puc. 4), comep-

Tabauua 2
Table 2

Bimnsinne 0MHOYHBIX OOPHIBOB B MEXKCOEAMHEHHAX BO BXOXHOM KacKaje JABYXBXOAOBOro Jornueckoro anementa UJIU-HE
HA MOJIEBBIX TPAH3UCTOPAX (CM. PHC. 2) HA €ro BHIXOJHOM CHTHAJ
Affection of a single openings in the interconnects in the input cascade of the two-input logical element NOR
on field-emission transistors (see fig. 2) on its output signal

Komsr Touku oOpEIBa Pesynbrar
Codes Opening points Result
Bbe3 nyommpoBanwmst | JlyOnmMpoOBaHHBIN 3JI€MEHT
X % Y @ % b by ¢ d Without duplication Duplicated element
0 0 1 OG6pbIB + +
Open
OO0pbIB + +
Open
OO0pbIB + +
Open
OOpBIB + +
Open
OOpBIB + +
Open
OO6pBIB + +
Open
0 1 0 OG6pbIB + +
Open
OO0pbIB + +
Open
OO0pbIB + +
Open
O0pbIiB — —
Open
OOpHIB + +
Open
OO6pBIB + +
Open
1 0 0 OG6pbIB + +
Open
QOopbiB — —
Open
OO0pbIB + +
Open
OOpHIB + +
Open
OopbiB — —
Open
OO6pBIB + +
Open
1 1 0 OGpbIB + +
Open
OO6pbIB + +
Open
OO0pbIB + +
Open
OOpHIB + +
Open
OOpBIB + +
Open
OO6pBIB + +
Open
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Puc. 3. ly6aapyemsrii anement UJIN-HE; ¢ pesucropHoii narpys-
KOl M JMOJIOM C MCHOJIb30BAHUEM IOC/IEA0BATEIHHOrO Ay0JIMpPOBa-
HUS PE3UCTOPOB

Fig. 3. Duplicated element NOR; with resistor load and diode using the
serial resistors’ duplication

KUT 6 TPAH3UCTOPOB. DTOT 3JIEMEHT 3aLUIICH TOJBKO
OT Je(eKTOB TUIIa "0OpHIB".

Ha nepBblil B3MISII MOXET I10Ka3aTbCsl, YTO Oy0-
JIMPOBAHHBIN 3JIEMEHT 0e3 AyOIUPOBaHUS €ro CTPYK-

Puc. 4. TyoaupoBannbiii 31ement UJIN-HE 6e3 nyoaupoBanus ero
CTPYKTYpPbI (Ha mapaJuie/ibHO Ay0JMPOBAHHBIX TPAH3MCTOPAX)

Fig. 4. Duplicated element NOR without duplicating of its structure (on
parallel duplicated transistors)

Typbl (CM. puc. 4) aydile, YeM CTPYKTYpHO IyOJu-
POBaHHBI 2JIEMEHT, T. €. YeM AyOJUPOBAHHBIN 3Je-
MEHT C IyOJMpPOBaHUEM €ro CTPYKTYphbl (CM. pucC. 2 1
puc. 3), TOCKOJILKY TpebyeT B 6 pa3 MeHbIIE arma-

Tab6numa 3
Table 3

Bimsinne 0MHOYHBIX OOPBIBOB B MEXKCOEAMHEHHAX B BHIXOJHOM KacKaje JBYXBXOA0BOro Jioruyeckoro snemenra UJIN-HE
HA MOJIEBBIX TPAH3UCTOPAX (CM. pUC. 2) HA €ro BHIXOJHOM CHTHAJ
Affection of a single openings in the interconnects in the output cascade of the two-input logical element NOR
on field-emission transistors (see fig. 2) on its output signal

Konpr Touku obOpbIBa Pesynbrar
Codes Opening points Result
Be3 nyonuposanusi | JlyGiMpoBaHHBIN 2JEMEHT
X X Y € f g h Without duplication Duplicated element
0 0 1 OO0pbIB — + *
Open
OG6pbIB — + *
Open
OO6pbIB — + *
Open
OG6psIB + + *
Open
0 1 0 OG6pBIB + +
Open
OO6pbIB OO6pbIB + *
Open Open
OOphBIB + +
Open
OO6pbIB OO6pbIB + *
Open Open
1 0 0 OO6phbIB + +
Open
OO6pbIB OO6pbIB + *
Open Open
OO0pbIB + +
Open
OG6pBIB OG6pBIB + *
Open Open
1 1 0 OGpbiB + +
Open
OG6pBIB O6pBIB + *
Open Open
OO6pbIB + +
Open
OOpBIB OOpBIB + *
Open Open
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patypbl. OmHAKO CTPYKTYPHO OyOJIMPOBAHHBINA 3J1€-
MEHT 3alllMIIAaeT He TOJbKO OT Ae(eKTOB Tuma "00-
peiB", HO U ot gedekToB Tnia K3. Ho, kpome ToroO,
BaXXHO, YTO TPM MCIIOJb30BAHUU CTPYKTYPHO AyO-
JIMPOBAHHOTO 3JIEMEHTA JIETKO 00ecITeunBaeTCsT pac-

CTOSIHUE MEXIY AyOJIMpYEMBIMMU BJIeMEHTaMu, Ipe-
BBILIAKOIIEE pa3Mep OOJIACTA TOBPEXIAEHUS, CO3-
JIaHHOW OJIHOW YacTUllel U3JyueHUsl, YUTOObl OHA He
MOTJIa BBIBECTU U3 CTPOSI Cpa3y ABa 1yOJIMpPyEeMBbIX JIO-
TAYECKUX DJIEMEHTA.

Tabnuua 4
Table 4
Biusnue onunounoro Koporkoro 3ampikanus (K3) B Tpan3ucTopax (Ha yyacTke "HCTOK-CTOK'),
Pe3UCTOpax M AUOJE HA BBIXOJHOM CHTHAJ JABYXBXOA0BOro Joruyeckoro anementa UJIN-HE (cm. puc. 2)
Affection of a single short-circuit (SC) in the transistors (in the area "source-drain”),
in the resistors and in a diode on the output signal of the two-input logical element NOR (fig. 2)
Konbr K3 B npubopax Pesynbrar
Codes Short-circuit in the devices Result
Tyymm Ty, Ty wm Ty, Bes ny6nuposanust | JyOoiMpoBaHHBINA JI€EMEHT
K % Y T\, or T, T, or T, Ry D Ry Witho}zltt dul;lication g Duilicated element
0 0 1 K3 — +
sC
K3 — +
SC
K3 — + +
SC
K3 + +
SC
K3 — —
SC
0 1 0 K3 + +
SC
K3 + +
SC
K3 — (npum. 1) — (pum. 2)
SC (Notice 1) (Notice 2)
K3 + +
SC
K3 + +
SC
1 0 0 K3 + +
sC
K3 + +
SC
K3 — — (mpum. 1)
SC (Notice 1)
K3 + +
SC
K3 + +
SC
1 1 0 K3 + +
SC
K3 + +
SC
K3 — (mpum. 1, 2) — (mmpum. 1, 2)
SC (Notice 1, 2) (Notice 1, 2)
K3 + +
SC
K3 + +
SC
[1pumeyanus:
npuM. 1 — MOXET BBIUTH M3 CTPOSI OOMH U3 TPaH3UCTOpoB T uim T _;
TIPAM. 2 — MOXET BBIUTU U3 CTPOSI OOVH U3 TPaH3UCTOPOB 15| uin T5_;
npuM. 1, 2 — MOTyT BbITH U3 CTPOs Bee TpaH3ucTopsl 11y, 115, Th.yn T ;.
Notices:
Notice 1 — can fail one of the transistors T;_; or T;_y
Notice 2 — can fail one of the transistors T,_;j or T,_p;
Notices1,2 — can fail all the transistors T;_;, T;5 T,.; and T,_,.
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4. OneHKa BepOATHOCTH OTKAa3a MHKPOCXEMBI
NpH Pa3jiMIHBIX CIOCO0AX MOCTPOEHHS
JyOJMPOBAHHBIX JOIHYECKHX 3JEMEHTOB

IIpuBenemM oOlleHKU BEPOSITHOCTU OTKa3a MUKPO-
CXeMbl MPU KCIOJb30BAHUU AyOJIMPOBAHHOTO BJie-
meHTta UJIM-HE ¢ ny6aupoBaHueM €ro CTPyKTYphl
(cM. puc. 2) U MUKPOCXeMbI C AYOJIUPOBAHHBIM 3Jie-
meHToM MJIV-HE 6e3 pe3epBUpoBaHus €ro CTPYKTY-
pbl (cM. puc. 4) ipu u = 0 B popmyie (3). Paccmor-
pUM CHauajla ciydaid, Koraa ayoJupyeMbIM KOMIIO-
HEHTOM SIBJISIETCS] JIOTMYECKUII 3JIEMEHT, T. €. Korma
MPU TTOCTPOEHUU NyOIMPOBAHHOIO JIOTMUYECKOTO 3Jie-
MEHTa TyOJIMpyeTcsl ero CTPYKTypa.

3a eAuHMIY TUIOIIAAW MMKPOCXEMbl, COOTBETCT-
BYyIOILIEll OJTHOMY KOMITIOHEHTY JIOTMYECKOTO 3JIeMEH-
Ta, SIBJISIOLIEMYCSI MPUOOPOM (HampuMep, TPaH3UCTO-
py, AMOay, PE3UCTOPY), IPUMEM HEKOTOPYIO BEIUYM-
Hy s,. Toraa romank, 3aHUMaeMas OIHUM 1yOIupye-
MBIM JIOTUIECKIM 3JIEMEHTOM, CIEeJIaHHBIM TS CTyJast
JIyOJIMPOBAaHUM €r0 CTPYKTYpbI, OyaeT

Sp = Slogs (6)

Tae n,; — 4ACIO NMPUOOPOB B AyOJIMPYEMOM JIOTHYe-
CKOM 3JIEMEHTE, T. €. B 3JIEMEHTE, MpeIHa3HaYCHHOM
JUIST IyOJIMPOBAHUS €r0 CTPYKTYPHI. 31eCh

Rpy = bn,, 7

rne b — ko3 ULMEHT, ONpeaeeHHbIH Bblllie B (hop-
myae (2), b > 1; n, — uuciao npubOPoOB B HEPE3EPBHU-
POBaHHOM 3JICMEHTE.

Inomane, 3aHMMaeMast Hepe3epBUPOBAHHOM MUK-
pocxeMoii, OyaeT

Sy = s;n,N, 8)

IJIe BCe BEJIMYMHBI OMpPEAe/ieHbl BhILIE.
ITnomanb, 3aHuMaeMast AyOJIUMPOBAHHON MUKPO-

cXeMoit, OymeT
Sy = 2s5m,yN. )

ITnomank, 3aHUMaeMast TMIIOTETUYECKOM Hepe3ep-
BUPOBAHHOW MUKPOCXEMOM, COJIEPXKAIIEN TTOIMHOXE-
CTBO JQyOJMpYyeMbIX JOTMUYECKUX 3JIEMEHTOB, B KOTO-
POM HET 3JIEMEHTOB, COCTABJISIIOIINX Tapy, 00pa3yto-
1Yo 1yOJUPOBAHHBINM JJOTUYECKUU 37€MEHT, OyaeT

Sy = S,/2. (10)

B pa6orte [6] ucnosnb3oBanach BEpOSITHOCTb P, OT-
Kaza YKa3aHHOU BbILIE TMITOTETUYECKOW HEpe3epBU-
POBaHHOK MMKPOCXEMBbI 32 BpeMsl OOJIydeHUsI 10 OT-
Kaza Iy0aMpoBaHHON MMKPOCXEMbI MPU pacripenese-
HUU ee MOBpeXIeHui 1o 3aKoHy [lyaccoHa, cooTBeT-
CTByIOLIAsI (hopmyJie

P, =0oWs,, (11)
rae ® — awoeHe, WM, MHauYe TOBOps, MaTeMaTuye-

CKOE OXMAAHWE YMC/IA YACTHIL, MonaBwmx B 1 cm2
MMKPOCXEMBI 32 BpeMsT 00TydeHusT; W — BepOsITHOCTh
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BO3HMKHOBEHMS AedeKTa pu MoIagaHuy YacTUIIH B
eIMHULY IUIOLAAX MUKPOCXEMBI; S, — IUIOIIAAb, OIl-
penesieHHasl BBIIIIE.

OpHako ¢dopmyna (11) BeIBeaeHa B IMpeAIIooxe-
HUU, 4TO J1000i nedexrt ("oopwiB” unnu K3), BbI3BaH-
HBIIA YacTUlleil, IonaBlIeil B OyOJMpyeMBblil Jormye-
CKMI1 BJIEMEHT, IPUBOAUT K OTKA3y 3TOr0 2JIEeMEHTa, U
YTO CJIydyad €ro OTKA30B IPU TOMAJaHWUM YaCTUIIHI B
Jo0y0 TOYKY TJIou[aAv, 3aHMMAeMOW JOTMYECKUM
3JIEMEHTOM, PABHOBEPOSITHbI. B AelCTBUTENLHOCTHU
BTO HE TakK, MocKoJbKY AedekT ("oopsB" nnu K3) oa-
HOTO 13 Pe3epBUPYEMbIX KOMIIOHEHTOB BHYTpU 1yO-
JIMPYEeMOTO JIOTUYECKOIo 3JeMeHTa He MPUBOIUT K OT-
Kazy aToro saeMeHTa. CyuTasi, yTo BCE Clydyad BO3-
HUKHOBEHUs NedEKTOB IpU ITONMAagaHUM YacTUIILI B
Jo0yI0 TOYKY IUIOLIAAu AyOJIMpyeMOro JOrMyeckoro
BJIEMEHTa PaBHOBEPOSTHBI, OTHOCUTEJIbHYIO BEPOSIT-
HOCTb OTKa3a 3TOr0 3JIeMEHTa IpHU IMOSBICHUU B HEM
nedekTa, BBI3BAaHHOTO MOIMagaHueM YacTUllbl, MOXHO
OIpeNeNnTh KaK OTHOLIEHHWE YMCla CJIydyaeB BO3HUK-
HOBEHUsI 1e(heKTOB, BbI3bIBAIOIIMX OTKA3 3TOTO 3Jie-
MEHTa, K 00IIeMY YMCITY CTy4aeB BOSHUKHOBEHUS BO3-
MOXHBIX 1e(heKTOB B 3TOM 3JIEMEHTE, KOTOPbIE MOTYT
ObITh 0Opa3oBaHbl yactulieil. Ho moacuer 310il OTHO-
CUTEJIbHOU BEPOSITHOCTH OCYILECTBUTh BEChbMa CJIOX-
HO, TIOCKOJIbKY HEOOXOIMMO YIEeCTh BCe KOMITOHEHTHI
IyOJIMpPYyeMOro JIOTUYECKOro djeMeHTa (IpuOophl U
MEXCOEIVMHEHUS ), OCOOEHHOCTU CXEMbI DJIEMEHTA, €T0
TOIOJIOTUIO 1 KOIBI Ha €ro BXoJax.

[TosTOoMy 1s1 yHipolieHMsT CHayajaa OLEHUM Ipyoo
OTHOCUTEILHYIO BEPOSATHOCTb OTKa3a JIOTMYECKOTO
9JIEeMEHTAa TpU TOMaJaHUM B HEro YacTHUIlbl, TPUHU-
Masi BO BHUMaHME TOJIbKO €ro Mpubopkl, T. €., cuuTasi,
YTO OTKA30B MEXCOCAMHEHUI HET. YUUTbIBAsI, UYTO O/~
Ha yacTM1a MOXET BbI3BaThb B OHOM MpUOOpe (Hampu-
Mep, TPaH3UCTOpPE WU PEe3UCTOPE) OIHOBPEMEHHO
ToJbKO oauH Tum aedekra ("obpuiB" wiu K3), npu-
MEM, 4TO OOIliee YMCJIO BO3MOXHBIX Ae(eKTOB B 1y0-
JIUPYEMOM JIOTUYECKOM 3JIEMEHTE, BbI3BAHHBIX MOIMa-
JaHMWEM YacTULBI, PAaBHO 7,; — YHUCIy NPUOOPOB B
9TOM 3JIEMEHTE, a YMCJIO Ae(DEKTOB, KOTOPbIE MOTYT
BLI3BAaTh OTKa3 3TOrO 3JIEMEHTAa, PABHO YMCIY Fgypy
NnpubopoB, nedeKThl B KOTOPHIX MOTIYT BbI3BaTh OTKAa3
3TOro ajeMeHTa. Torga oTHOCUTENbHAsI BEPOSITHOCTD
oTKaza OyOJMpYyeMOro 3JeMEHTa IpU IOSBICHUU B
HeM JedeKTa, BBI3BAHHOIO TOMNaJaHUEM YacTHULIbl B
npuodop, Oymet

B = nOTK/ned’ (12)
TOE Nypy < Hyy.

MoXHO OBUTO OBI YCIOXHUTH OINpPENETIEHUE BEPO-
ATHOCTU [, BBEISl BEPOSTHOCTU PA3HBIX TUIIOB J€-
(exToB. HO MOCKONBKY 3TU BEPOSITHOCTU 3aBUCST OT
MHOTUX (paKTOPOB, BKJIIOYAs TUII IIpUOOpa U XxapaKTe-
PUCTHKHU OOTyYEHHUsI, U B HACTOsIIIIEE BPEMSI HE U3BECT-
HBI, TO JUISI YIIPOIIEHUS MOXHO TT0JIb30BaThCsl OLICH-
kot (12) oTaenbHO AJIsT OTKA30B OJHOTO TUIMa — "00-




peiBa" unu K3. B pa6otax [1, c. 10; 2, c. 594; 3, c. 13]
MpEeANoaaraeTcsl, 4To MpU MajbIX pa3Mepax Joruye-
CKHUX 3JIEMEHTOB B HMX BCTPEYAIOTCS MNe(PEKThI TOJIBKO
Thmna "oophIB".

Hnst nyonupyemoro anemedTa MJIN-HE, nokazaH-
HOTO Ha pUcC. 2, n,; = 7, a nyy, = 3 JUIA OTKA30B TUIA
"0OpBIB", MOCKOJIBKY K OTKAa3y 3TOr0 3JIeMEHTa IIPUBO-
JAT 0OpbIB B pe3uctopax Ry, R, wiu auone D. B stom
ciyyae cornacHo (12) umeem By = 3/7 = 0,429.

OTtHOcHuTeNbHAsE BeEpPOSITHOCTL (12) mo3BOJSIET
y4ecTh, 4TO AeHEKT OAHOIO M3 Pe3epBUPYEMBIX IPH-
0OPOB AYOJMPYEMOTO JIOTUYECKOTO BJIEMEHTA HE BIUSET
Ha ero pa6oty. OmHaKoO 1 IpU OTCYTCTBUM PE3EPBUPO-
BaHMSI KOMIIOHEHTOB IyOJUPYeMOIro JIOTUYECKOIO
a7IeMeHTa Je(EeKThl HEKOTOPBIX €0 KOMIIOHEHTOB MO-
I'YT HE BJIMSTh HA MOJYYeHUE BEPHBIX BBIXOJHBIX CUT-
HaJIOB TP €T0 HEKOTOPHBIX BXOMHBIX KOMaX. DTO BU-
HO U3 Tabyu. 1—3 — BIMSIHUSL OAMHOYHBIX OTKAa30B
Ha paboTy nyOoJMpyeMOTro ABYXBXOAOBOTO 3JIEeMEHTa
MNIINU-HE (cMm. puc. 2). B oTux Ttabnuuax B cTOJOLE
"be3 nyonuposanusa” (mmox mankoi "Pesynbrar”) 3Ha-
KoM "+" OTMeueH BepHBbIIl pe3yIbTaT Ha BBIXOAE 3TOrO
IyOoaupyeMoro 3jeMeHTa, a JApyrue oO0O3HaueHUs B
3TOM CTOJIOLE YKa3bIBalOT Ha OLIMOOYHbBIN pe3yJbTar,
T. €. Ha OTKa3 3TOro AyOJMPYeMOro 3JIeMEHTa.

C yyeToM CKa3aHHOTO, OLIEHUM Telepb MPUOIU-
>)KEHHO OTHOCHUTEJIbHYIO BEPOSITHOCTh OTKa3a JIOThYe-
CKOTO 3JIEeMEHTa NP ITIONaJaHUM B HETrO YacCTHIIHI,
MIpUHUMAsT BO BHUMaHWE He TOJIBKO €T0 MPHOOPHI, HO
1 €T0 MEXCOEIWHEHMS, a TAKKE KOABI HAa €r0 BXOMaX.
dns npubamXKeHHOro yvyera Ae(eKTOB BHYTPEHHUX
MEXCOEIMHEHU B AyOJMPYEeMOM JIOTUYECKOM BJie-
MEHTe TpeajiaraeTcsl paccMaTpuBaTh Ie(eKT B 11000
TOYKE HEKOTOPOTO yYacTKa MeKCOeIMHEHUs KaK OAuH
JIe(eKT, BOBHUKIINKI B OJHOI "KOHTPOILHON" TOUKE
3TOro yyacTka, o003HAaUeHHO Ha cXeme 3TOro 3Je-
MeHTa (cM. puc. 2). 3aMeTUM, 4TO Ha pUC. 2 MOKa3aH
MpuMep BbIOOPA 3TUX "KOHTPOJBHBIX TOUEK", KOTOPBIN
MOXET ObITb YTOYHEH. BHelllHue MeXcoenuHEeHUs,
T. €. MEXXCOSAMHEHUsI MEXY JOTMUYECKUMU 3JIeMeHTa-
MM paccMaTpuBaTh He OyaeM, mosarasi, YTO OHU 3a-
IIUILIEeHBI OT OTKA30B, BbI3BAHHBIX MOMAaJaHUEM B HUX
YaCTHUII, BEIOOPOM JOCTATOYHO OONBIION WX IIUPUHBI
WU X Pe3epBUPOBAHUEM.

Torma oTHOcUTENbHAsI BEPOSTHOCTb OTKasza myO-
JIUPYEMOTO JIOTMYECKOI0 3JIEMEHTA MPU MOSIBJICHUH B
HeM nedeKTa, BRI3BAHHOTO TMONAIaHWEM YaCTUIIBI B
€ro KOMITOHEHT (IpuOOop WM MeXCOeIUHEeHUE) TpU
BCEX PaBHOBEPOSATHBIX BXOTHBIX KOJAX 3TOTO JIEMEH-
Ta Oymer

By = (z, t 2)/[2%ney + ml, (13)

IJIe Z, — YMUCJIO CllyyaeB OTKasa AyOIMpyeMoro JIOTH-
YeCKOro 3jieMeHTa Ipu JIedekTax B Impubdopax, BO3-
HUKAIOUIUX MPU BCEX BXOMHBIX KOJAX 3TOTO 3JIeMEH-
Ta; g; — YMCJIO CIy4aeB OTKAa3a 5TOro 3JIEMEHTA IpU
nedexTax B ero MexXCOeIMHEHUSIX; ¢ — YUCIO JIOTH-

YECKMX BXOIOB 3TOr0 3jeMeHTa; 29 — 4rciIo BXOMHBIX
KOJIOB 3TOTO 3JIEMEHTA; /,,; — YUACIIO IPUOOPOB B 3TOM
JJIEMEHTE; 1; — YKUCJIO BHYTPEHHUX MEXCOEIMHEHUI
9TOro 3JEeMEHTa, PaBHOE YUCIY KOHTPOJBHBIX TOUEK
STHUX COeTMHECHWIA.

Takum o6paszoMm, B ¢opmyiae (13) B 3HameHaTene
IpoOM yKazaHO 0O0lliee YMCJIO BO3MOXHBIX CIydyaeB
BO3HUKHOBEHHMS 1e(EKTOB B AYOJIMPYEMOM JIOTHYE-
CKOM 3JIEMEHTE IIPU BCEX BO3MOXHBIX €r0 BXOIHBIX
KOJIIaX, a B YMCJIUTEJIE 3TOI IpoOU — CyMMapHOE YKC-
JIO cllydyaeB OTKa3a 3TOro 3JeMeHTa MPU BO3ZHUKHO-
BEHMU Je(PEeKTOB B €ro KOMIIOHEHTax (Mmpudopax u
MexkcoenuHeHusx). [lpoumocTpupyemM npuMeHeHUe
¢opmynsl (13) Ha mpuMepe AyOJIMPYEMOTO IBYXBXOI0-
Boro sneMeHTa MJIU-HE (cMm. puc. 2), cuutas, 4To
BO3MOXXHBI TOJILKO neeKThl TUMa "o0pbIB" (Tabm. 1, 2
u 3). B otom cnyvae g = 2, n,; =7, n; = 10 (yuuThi-
BalOTCSl TOJIbKO KOHTPOJbHBIE TOYKH, YKa3aHHbIE Ha
puc. 2 U B 3TUX Tabiauuax); z.= 2 (pe3yJbTaThl B
cronbue "be3 nyonupoBaHus", He OTMEUEHHbIE 3Ha-
KoM "+", z; = 12 (pe3yabTaThl B cToJI0LE "be3 my6im-
poBaHMs", He OTMeUYeHHbIe 3HakoM "+"). TlomcraBuB
3TH 3HaYeHud B popmyny (13), momnyuum B, = 0,205.
[Mo-BummMoMy, OlleHKAa OTHOCUTEIBHON BEPOSITHOCTH
0TKa3a Iy0aMpyeMoro JOrMueckKoro 3jeMeHTa Ipu Mmo-
SIBJICHMM B HeM AedeKTa, BBI3BAHHOTO IOMaJaHUeM
yacTtulibl, 1o opmyne (13) okaspiBaeTcsl Oojiee TOU-
HOI1, yeM olleHKa 1o ¢opmyJe (12), MOCKOJIbKY B 1O-
cJemHel He YIYMTBHIBAIOTCS BXOIHBIE KOMIBI JJOTUYECKO-
TO 3JIeMeHTa U Ae(heKTbl MEXCOESAUHEHUIA.

YToObl yyecTb BIMSHHME pe3epBUPOBAHUS MPpUOO-
POB BHYTPH JIOTUYECKOTO 3JIEMEHTA U €T0 BXOIHBIX KO-
JIOB B JajibHeliieM Bmecto (11) Oyaem Mcnonb30BaTh
bopmyity

P, = oWS,B, (14)

rae f — OTHOCUTEJIbHASI BEPOSITHOCTh OTKAa3a 1y0Ju-
pYEMOTO JIOTUYECKOTO 3JIEMEHTA MPU TOSIBJICHUU B
HeM nedeKTa, BBI3BaHHOTO MOMagaHueM YacTULIbI; Ha-
npumep, B = B; win B = B,; OCTaJbHBLIE BETUYUHBI
OIPELETIEHDI BBILLIE.

IMoacraBum (10) ¢ yuerom (9) u (7) B (14):

P, = ©®Ws,bn,Np. (15)
C yuetom (15) uz ¢opmynsl (1) monyuum
Py = (DW)2(s,bn,)? - 2NB>. (16)
N3 (8) naitnem
N=S8,/(s;n,). (17)
IMoncrasus (17) B (16), momxyunm
Py = (DW)2S,, - 2n,b°s,B°. (18)

O6o3Hauum uyepe3 P, , BeposATHOCTb P, oTKaza
TyOIMPOBAaHHOU MUKPOCXeMbI, TOCTPOEHHOI Ha ayo0-
JupoBaHHbBIX 2neMeHTax WMJIM-HE, moka3aHHBIX Ha
puc. 2.
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Ipu p = By = 3/7, 1. e. ipu ucnonb3oBaHUU GHop-
MyJibl (12), 17151 JIOTMYECKOTO 3JeMEeHTa, IMOKa3aHHOTO
Ha puc. 2, HaiigeM u3 (18):

Py, = (DW)2S,, - 6s,. (19)

IMpu B =P, = 0,205, 1. e. IpU UCNOIB3OBAHUU
dopmyisl (12), 7151 TOTUYECKOTO 3IEMEHTA, TTOKAa3aH-
HOTO Ha puC. 2, HaligeM U3 BeIpaxkeHus (19)

Py 5 = (DW)2S, - 0,373s,. (20)

Paccmotpum Teneps ciydait, Koraa IyoaupyeMbIM
KOMITOHEHTOM SIBJISIETCSI TPAaH3UCTOpP, T. €. CIydYai,
KOIJa CTPYKTypa JIOTUYECKOro 3JeMEHTa He IyOJiu-
pyetcs (cM. puc. 4). MoxHO noka3aTb, YTO 1Sl Ay0-
JIMPOBAaHHO! MUKPOCXEMBbI, IOCTPOEHHOU Ha Ay0Iur-
poBaHHbIX 2emMeHTax MJIN-HE, ocTtarorcs cripaBen-
JuBbIMU opMynbl (6—10, 13—17), ecnu npuHATH
Ny = n, = b=p = 1.3neco BbI6Op p = 1 00yciI0BICH
T€M, 4TO JIFOOOM OOpPBIB B AyOJIMPYyeMOM KOMIIOHEHTE
(B TpaH3UCTOpPE U €ro MEeXCOSAUHEHMSIX) MPUBOIUT K
ero orkasy. Torna BepoaTtHocTb P, 4 OTKa3a 1y0aupo-
BAaHHOM MUMKPOCXEMbI, IIOCTPOCHHON Ha 3J€MEHTaX,
MoKa3aHHBIX Ha puc. 4, Oyner

Py 4= (W), 2s,. Q1)

Ecnu nns ynpouieHust TpUHATDL, YTO (hJIIOEHCHI B
dopmynax (19)—(21) oaMHaKOBBI, TO MOJYYUM ITOKa-
3arejib U3MEHEHMS OTKA30yCTOMYMBOCTHU Mpu B = fB:

04 = Pyoy/Pyy =3, (22)
v pu B = B
Gyy = Pyy/Pyy = 0,187 (23)
NJINn
tyy = Pyy/Psy = 1/0,187 = 5,35. (24)

TakuM oOpa3oM, BEpPOSITHOCTb OTKa3a MUKpPOCXe-
MBI C AyOIMpoBaHUEM CTPYKTYphl 1eMeHTa UJIN-HE
(cM. puc. 2) noayyuiach B 3 pasa BbIlIE BEPOSITHOCTU
OTKa3a MMKPOCXEMbI 0e3 AyOJIMpOBaHUSI CTPYKTYPHI
aneMeHTa (cM. puc. 4) ipu B = B; u 6osee, yeM B 5 pa3
MeHbLIE, YeM Npu B = B,. [locnenHsas oueHka ABJs-
eTrcs boJiee TOUHOI.

Ho npu aTHX olieHKax YYUTHIBAIOTCSl TOJbKO Je-
exktel THIA "06pHIB". A mpu aedexkrax tuna K3
NyOJMpPOBaHHBIN 2JIEeMEHT 0e3 pe3epBUPOBAHMSI €ro
CTPYKTYphI (CM. puc. 4) oKa3bIBaeTcsl HepabOTOCIIO-
COOHBIM, MEXIy TeM, KaK BUIHO 13 Tabu. 4, ny0aupo-
BaHUE CTPYKTYPbI JIOTUYECKOTO 3JIeMEHTa (CM. pUC. 2)
MMO3BOJISET 3AlUTUTLCS OT OONMHOUYHBIX K3. Kpome
TOTO, MPEUMYIIECTBOM IyOJIMPOBAHHBIX JIOTUYECKUX
3JIEMEHTOB C IyOJIMPOBAHUEM UX CTPYKTYPHI (CM. puC. 2)
SIBJIIETCS TO, YTO PACCTOSIHME MEXIY HUMU MOXET
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OBITH CHEJIAaHO IOCTATOYHO OOJBIINM, YTOOBI OJHA
YyacTulla He MOTJIa BBIBECTU U3 CTPOSI ABa COCEIHMX
JIOTUYECKMX BJIEMEHTa.

3akmoueHue

PaccMoTpeHHBIE crTOCOObI MOCTPOCHUST AyOJIMpPO-
BaHHBIX JJOTUYECKUX DJIEMEHTOB C IyOJUPOBAHUEM UX
CTPYKTYPHI 11 0€3 ee pe3epBUPOBAHMS U METOIBI OLICH-
K1 BEpOSTHOCTEH OTKa3za MUKPOCXEM IPU HUCIOJIb30-
BaHMU BTUX CIOCOOOB MO3BOJISIIOT BBIOPATh MOAXOS-
1WA BapuaHT AyOJMPOBAHUS JIOTUYECKUX 3JIEMEHTOB
JIIS1 KOHKPETHBIX MpuMeHeHuii. [Ipu olileHKe BeposiT-
HOCTH OTKa3a MUKPOCXEeM UCITOJIb30BaHAa OTHOCUTEb-
Hasl BEPOSITHOCTb OTKa3a JIOTMYECKOTo 3JIEMEHTa B
cIyJ4ae BOBHMKHOBEHUS B HeM aeeKTa ¢ yIETOM paB-
HOBEPOSITHBIX KOMOMHALMI TOrMYECKUX CUTHAJIOB Ha
ero Bxomax. M XOTs 3TOT y4yeT CBs3aH C JIOTMYECKOM
(byHKI1IMEl 3TOTO BeMEHTa U 7151 YIIPOIUEHUS TPUHSI-
TO, UTO MUKPOCXEeMa COCTOUT U3 OIMHAKOBBIX 1O CBO-
ell (YHKIUU JOTUIECKUX DJIEMEHTOB, 3TO IO3BOJISET
MOJYYUTh MIPUOIU3UTENbHBIC CPABHUTEIbHBIE OLIEHKU
BEPOSITHOCTH OTKA30B MUKPOCXEM C Pa3IMYHBIMU BU-
JaMy TMOKOMIIOHEHTHOIO AyOJIMpOBaHMSI B TIpoliecce
X pabOThl IpU OOJIyYEHUM.
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On the Design of the Duplicated Logic Elements Intended to Increase
the Fault-Tolerance of Microcircuits under Irradiation

The authors present methods for designing of the duplicated logic elements intended to increase the fault tolerance of the mi-
crocircuits with or without duplication of their structure. The methods considered do not involve any hardware facilities for detection
of errors, and the valid output signal is’ generated by means of the internal redundancy in the duplicated element. The authors give
analysis of the impact of the single open-circuit and short-circuit faults in the transistors, diodes, and resistors and single open-circuit
faults in interconnections on the output signal of the duplicated logical element with its structure duplicated. They also provide com-
parative assessments of the fault probabilities of the microcircuits under irradiation based on the logic elements with and without du-

plication of their structure.

Keywords: nanoelectronics, microelectronics, fault-tolerance, failure, redundancy in electronic systems, duplication of the logical

elements, interconnection, irradiation

Introduction

In [1—5] we suggested a permanent exploded duplication
of digital circuits, oriented on increase of their resiliency un-
der irradiation, and an assessment of their resiliency, called in
[5] as the method of assessment of irradiated chips resiliency
"by their areas” and further specified in [6]. The assessment of
the various methods of continuous backup at different irradi-
ation can be used on the basis of this method. It can be used
in nanoelectronics, when the size of the reserved component
comparable with the area of chip damage from affection of a
neutron and in microelectronics! with the modern dimen-
sions of devices (transistors, diodes, resistors.)2 — electronic
components of logic elements. This method will be used in
this paper to estimate the probability of failure of chips built
using different types of duplication of logic elements. How-
ever, the method of assessment of fault tolerance of chips "by
their areas” abstracts from the specifics of circuitry and defect
types — "opening" or "short circuit" (SC). However, only the
sudden failures [8] at defects such as "opening" and "short cir-
cuit" will be considered when we use it. The degradation fail-
ures [8] will be referred to a kind of sudden failures.

A method for continuous exploded duplicating proposed
in [1—6] is characterized by the fact that it does not use the
hardware (in particular, comparison circuits) to detect errors
therein, and the true output signal of the duplicated compo-
nent is formed by an internal backup. In [1], two options of
a method are proposed: in the first, the duplicated component
is a logical element that does not contain memory and in the
second, the duplicated component is a transistor. The re-
quirement to an absence of memory in the duplicated com-
ponent is important. It is the proposed in both embodiments
to put the duplicating components at a distance therebetween,
which is greater than the chip’s damaged area from one par-
ticle. It provides the possibility of duplication of interconnec-
tions and increasing their width, so that it exceeded the size
of the damaged area from a radiation particle.

! Areas of application of this evaluation method will be specified.

2 The term "device" as an electronic component of logic elements
(gates) is used in literature [7]. The use of this generic term to
designate resistors seems justified, since the transistors often play the
role of the resistor in the chips.

The proposed method is based on the assumption that the
failure of a duplicated component occurs only when at failure
of two of its constituent duplicated components and in the
case of failure of only one of either, the duplicated component
continues to function failure-proof.

In [6] it is shown that the probability P, of failure of the
redundant circuit containing N >> 2 of identical duplicated
components, at irradiation will consist

Py = P; JO.5N, (1)

where P, — the probability of failure of a hypothetical non-
redundant circuit consisting of N unpaired duplicated com-
ponents, i.e., the components, which do not duplicate any
component in this hypothetical circuit.

Since the duplicated component in the redundant chip
can occupy an area greater than in a non-redundant chip, it
can be shown that:

P, =bP,, )

where P, — probability of failure of a non-redundant circuit
of N non-redundant components; b > 1 — the coefficient,
showing how many times the area of the duplicated compo-
nent exceeds the area of the non-duplicated component;
b =1, when the duplicated component is a transistor, and
b > 1 when it is a logic element; in the latter case, the value
of coefficient b depends on the number of inputs of the logical
element, its circuit and redundancy of its components.

From the expressions (1) and (2) it is seen, that the prob-
ability of failure of a redundant circuit is substantially lower
than the probability of failure of non-redundant chip at the
same irradiation.

There are two ways to construct the duplicate logic ele-
ment, corresponding to two following duplication options
proposed in [1]. The first option is to duplicate the logical
structure of the element, when the logic element is a dupli-
cated component. The second is to construct of the duplicat-
ed logic element without redundancy of its structure, when
the duplicated component is a device, part of the logic ele-
ment, particularly a transistor.

Construction of the duplicated logic element without
structure redundancy is usually reduced to a simple replace-
ment of every single component (e.g., a transistor) in non-re-
dundant logic element for a couple of mutually duplicating
components such as, for example, single transistors.
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Consider at first more complicated way, namely, construc-
tion of the duplicated logical element with the redundancy of
its structure. In this case, you need to build a circuit of a du-
plicated logic element, which allows you to combine a couple
of these elements in one duplicated logical element simple by
connection of the inputs and outputs of the same name. At this,
the circuit of the duplicated element must be such as the true
signal was formed on the output of the duplicated element, as
well in the case of properly operating in its duplicated elements,
and as in the case of failure of one of them.

In [9] it is noted that the outputs of the logic circuits can-
not be connected due to the uncertainty of the output signal
and the possibility of failure of the connected logic elements.
This prohibition overcomes in [1—5] in that of each set of du-
plicating elements revives an output cascade, which requires
minor hardware costs and allows to combine the outputs of
two such cascades belonging to a duplicate element.

The second obstacle to unification of the two duplicated
elements in such a one element is the difficulty to form the
correct output logic signal of the duplicated element in case
of failure of one of its constituent duplicated elements. En-
suring formation of the correct output signal of the duplicated
logical element in case of failure of one of the duplicated el-
ements contained in it can be achieved due to redundancy of
the components within the duplicating elements. You can
abandon the reservation of each component in a duplicating
element and to abandon the total (parallel and serial) dupli-
cation of redundant components in order to protect them-
selves from the influence of only the most probable defects.

In [1] it is proposed to introduce redundancy only in the
input (or, in other words, logic) cascade of a duplicated ele-
ment. Thus, in (1, fig. 4) it is suggested to duplicate the input
diodes AND-NO element, which output cascade comprises
only a diode.

Solving of the problem of construction of the duplicated
logical elements with structure duplication depends on the
choice of their constituent active and passive components.
In [1], an example of construction of AND-NOT element
based semiconductor bipolar transistors and semiconductor
diodes are given. The purpose of the example was to show
that the construction of the duplicated logic element is pos-
sible. Ref. [4] shows an example of construction of the du-
plicated logical element NOR of field-emission transistors.

In this paper, the detailed construction of a duplicated
logical element on field-emission transistors with structure
duplication and the impact of different types of defects on the
output signal of the duplicated logic element are discussed;
the circuit of this element is proposed and the hardware costs
for different redundancy options inside of the duplicated el-
ements is evaluated.

The approach of assessing of impact of the incorrect
logic output signals in the duplicated logic elements
on the probability of failure of the duplicated circuit
at irradiation

The incorrect logical output signals of the duplicated el-
ements may occur depending on the combination of input
logic signals at various defects in the components of a dupli-
cated logic element. In general, under the components of the
logic element are understood the devices and the intercon-
nects. We assume that hitting of a device by a single particle
may cause only a single defect such as "opening" or short-cir-
cuit; and the hitting of an interconnection point by a particle
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may cause only a defect such as "opening”. We also assume
that the short-circuit in interconnection points with the pow-
er supply or the ground is not possible. Hitting the different
interconnection points by particles may cause various defects
in its influence, in accordance with an equivalent circuit di-
agram of the duplicated element. Therefore, these different
interconnection points should be considered as the condition-
al components of a duplicated logic element.

The model of component-wise redundant circuit, for
which a formula of probability of failure (1) is found, provides
the use only of such duplicated components that give a true
output signal in case of failure of one of two of its duplicated
components [5, 6]. We call this model of a redundant circuit
as a "perfect”, as well as its duplicated components and the
duplicated components that form the "perfect” duplicated
components. However, the actual duplicated components can
be imperfect, due to defects, unrecorded in the design, or the
affection of which is not cleared in connection with saving
equipment because of their low probability.

In all cases, when the true signal occurs at the output of
imperfect duplicated component in case of failure of one du-
plicated component, the duplicated component works as an
perfect, and the ideal model of the redundant circuit is used to
find the probability of its failure. In cases where the incorrect
signal occurs at the output of the duplicated components in case
of failure of any of its components, the model of double non-
redundant circuit is used to find the probability of failure of the
same circuit, in which the duplicated components of the re-
dundant circuit serve as the non-redundant components.

The more devices in a duplicated component, the greater
the possible defects in it. As the most large duplicated com-
ponent we regard a logical element. The impact of the pos-
sible defects of the duplicated logic element to the output
logic signal of the duplicated element is compensated by du-
plication of the logic elements and redundancy within a du-
plicated element. We call these defects as compensated.
However, the remained part of the defects will affect on the
probability of failure of a redundant circuit. We call these de-
fects as uncompensated.

The number of cases in which the incorrect signal occurs
at the output of the duplicated logical element in the case of
failure of one its duplicated element is determined by the
product of the number of uncompensated defects on the
number of possible input codes (combinations of logic sig-
nals) of the logic element.

Let us now try to evaluate the impact of uncompensated
defects on the probability of failure of the redundant circuits.
In view of formula (1), the probability of failure of imperfect
duplicated circuit will be:

Py = 2P+ [Py(1 = wI?/0,5N, 3)

where the quantities P, and N — are as defined above; p —
the proportion of cases in which the duplicated component in
case of work under the influence of uncompensated defects
works as imperfect,

H= Kye/ K S

where K — the total number of all possible cases of defects in
a duplicated component at all its input codes; K., — the
number of cases of impact of the uncompensated defects in
duplicated component at all its input codes; p < 1.
Although generally the uncompensated defects can be the
defects of various types, some types of defects may be im-
probable that allows to ignore them. This reduces the p.




Numerically evaluate p is very difficult, because we do not
know the probabilities of different types of defects. However,
when the duplication of logic elements compensate all or al-
most all of the defects of "opening” type, and the probability
of short-circuit defects under the action of radiation is equal
to or close to zero, we can take u = 0. In the same way, you
can take p = 0, when the duplication of the logic elements
compensates all or almost all of short-circuit defects, and the
probability of such defects as "broken" by the action of radiation
is equal to or close to zero. Of course, we must always seek to
reduce the value of p. Next we will assess p for one circuit of
the imperfect duplicated logic element, shown as an example.
The technical measures to reduce this ratio be also given by us.

A common approach to ensure the correct logic output
signal of the duplicated logic element on filed-emission
transistors with duplicating of its structure

The different layouts of the duplicated logic element with-
out a memory can be developed for various filed-emission
transistors. The number of circuits can be overwhelming. In
[10] it is reported that only on the MIS type transistors you
can build 196 options of inverters. However, we are interested
in a simple example of the circuit of the duplicated logic el-
ement. As an example, we will build this circuit on filed-emis-
sion transistors of n-channel type [11]. As an example, as a
typical logic element as in [3] we will choose an element
negative OR (NOR), since the implementation of this logic
function is carried out without serial connection of the tran-
sistors, which requires a reduction in resistance of the opened
transistor. In this regard, in [10] is not recommended to use
NAND elements, because they require serial connection of
the transistors.

In the duplicated logical NOR element without regard to
its input signals it cannot be automatically determined wheth-
er its output is true. However, due to duplication in the input
cascade of the duplicated element we can prevent the occur-
rence of incorrect output logic signal "1". The appearance of
an incorrect output of logic signal "0" at the output of the log-
ical cascade of the duplicated element does not lead to an in-
correct output of signal "0" at the output of the duplicated el-
ement. This is the base of the idea of providing the correct
output signal of the duplicated element.

Circuit of duplicated logic element NOR

Fig. 1 shows a simple example of a non-redundant two-
input NOR element, which is to be duplicated. It consists of
two control transistors 7, 7, and a resistor R.

We will consider two-way duplicated element NOR with
duplicated structure in which resistors and a diode (fig. 2) are
used along with transistors. The second variant of the circuit
of this element is possible, in which transistors (not shown in
the figures) are used as the resistors and diodes. The first op-
tion (fig. 2) more clearly demonstrates the action principle of
the duplicated logic element, and the second makes it easier
to count the number of devices in this element, such as one
unit of equipment is a transistor.

Duplicated logical element NOR (fig. 2) consists of two
identical duplicated logical elements NOR; and NOR,. Du-
plicating transistors 7}_; and T;_, represent one duplicated
transistor controlled by an input signal X;, and duplicating
transistors 7,_; and T,_, represent one duplicated transistor
controlled by an input signal X,. The input (logical) cascade
of each duplicated logic element comprises transistors 77_q,

T\, T,_1, T, and a resistor R;. The output cascade of each
duplicated logic element comprises a diode D and a resistor
R,. This output cascade enables to connect two outputs of the
duplicated elements in a common output, on which the log-
ical signal Y, corresponding to a logic NOR function of the
input signals X; and X, must be formed if the duplicated logic
element working properly. When the circuit "source-drain”
opens in any one of the pairs of transistors 7;_y, T, and T,_,
T5_,, the output signals of the input cascades of duplicated el-
ements and the output signal of the duplicated logical become
true. Letters ay, ay, by, by, ¢, d, e, f, g h and crosses in fig. 2
in the upper duplicated element NORi mark the intercon-
nection points selected to verify the operation of NOR du-
plicated element interconnection at breakage in these points.

Since, in accordance with the accepted model of failure of
the redundant circuit [1—6], the duplicated logical element
in case of failure of one duplicated logic element should pro-
duce the correct output signal, let us to check the correct-
ness of operation of the two-input duplicated element NOR
for defects that occur in only one of its duplicated elements
in all possible input codes. The results of this test are shown
in tabs. 1, 2, 3, 4. To check, the equivalent electric circuit in
view of this defect was built for each defect for each input
code of the logical element. These results were obtained under
the conditions:

— particles can create defects in only one of the duplicat-
ed elements (for example, NOR; was selected as such an el-
ement);

— we take into account only the cases when the defect oc-
curs from a single particle at a time, which creates only one
defect — "opening", or short-circuit;

— if a particle hits the transistor, the "source-drain" circuit
can open or fault;

— if a particle hits a resistor or a diode, they can break or
short circuit;

— if a particle hits any of the points a;, a,, by, b,, ¢, d,
e, f, & h, the breakage of interconnection occurs at this point;

— the cases of short-circuit between an any point of in-
terconnection and the power supply or ground, or any other
point of interconnection are not considered.

In table 1 the columns under the heading "Openings in the
devices" specify "openings" in each device (transistor, resistor
and diode). Table 2 and 3 in the columns "Opening points"
show openings in each open point marked in fig. 12. Table 4
in the columns "Short-circuit in the devices" specify short-
circuits in each such device. Each of these tables under the
heading "Result" show the results of validation of the output
signal of the duplicated logical element (last column on the
right) and the output signal of the duplicated element
NOR, operating autonomously, i.e. without connection of
its output to the output of the duplicated element NOR,
(penultimate column to the right). The test results are indi-
cated by "+" (plus) if the output logic signal is true, and by
sign "—" (minus), if the signal is incorrect. A positive test re-
sult is labeled as the symbol "+*" if the output logical signal
is true, but the resistance changes at the output of the dupli-
cated logic element NOR. The remaining symbols in the ta-
bles are apparent from fig. 2 and mentioned above in the text
or are disclosed in the notes in table 4.

From table 1 it is clear that the duplicated logic element
operates correctly at the openings of transistors, diodes and
resistors in it, which is important when the defects are mostly
likely of the "opening" type caused by radiation. In table 2
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there are three cases in which incorrect result appears at
openings in the interconnects by affection of radiation at the
output of the duplicated logic element. You can exclude these
openings in the interconnects, increasing the width of inter-
connections or duplicating them at "dangerous" areas. Open-
ings in the interconnects (table 3) do not lead to incorrect re-
sults at the output of the duplicated element.

The total number of possible cases of defects, such as
"opening" in the circuit of repeated element NOR in fig. 2, at
all its input codes will be equal to

K="2%n,; + ny, (5)

where ¢ — the number of logic inputs of the element, n,; —
number of devices in this element, #; — the number of control
points of the internal interconnections of the element.

For the circuit in fig. 2 with ¢ = 2, n,; = 7, n; = 10, we
have K = 68. The total number K., of cases of affection of
the uncompensated defects of "opening” type in duplicated el-
ement with all its input codes can be found from tables 1, 2
and 3 as the number of cases in which the output signal of the
duplicated element NOR is incorrect. K,,, — is the total
number of characters (minus) in the "Duplicated ele-
ment” columns in the tables. It is seen that K., = 3 (table 2).
Then, in accordance with (4) we obtain u = 3/68 = 0,044.
However, if you make the interconnections marked by the
control points a, and b,, wider as the "openings" did not hap-
pen in them, or to duplicate these interconnections, for the
circuit in fig. 2 we obtain u = 0. In the case of short-circuit
defects, the number of incorrect output signals (fig. 2) will be
equal to the number of characters other than "+" in the col-
umn "Duplicated element” in table 4. Then, when n; = 0 (as
the short circuits do not occur in the interconnections, and
short-circuit between the interconnections are not considered
by us), we obtain K = 28, K. = 4, u = 4/28 = 0,14. How-
ever, if the circuit of duplicated element (2) to replace by the
circuit of duplicated element, which consistently duplicated
resistors R; and R, (fig. 3), we obtain p = 0 in the case of
short-circuit in these resistors.

Table 4 shows, that the short circuit in the resistor R; (see
fig. 2) leads to failure of the control transistors of input cas-
cade (logical), and the short circuit in the resistor R, (fig. 1)
can lead to incorrect results. To avoid this, it is proposed to
duplicate the resistor in series, as shown in fig. 3.

The short circuit in other devices of the duplicated ele-
ment does not lead to an incorrect logical output of the du-
plicated element NOR.

Thus, the proposed circuits of the duplicated logic ele-
ment NOR can ensure its correct operation when defects such
as "opening”, but with a very small increase in a number of
equipment — and in the case of defects such as short circuit.

Let us compare the circuits of two-input element NOR,
namely non-redundant element (fig. 1), the duplicated item
with duplicating of its structure (figs. 2 and 3) and the dupli-
cated element without duplicating of its structure, made in
parallel with redundant transistors (fig. 4).

Two-way non-redundant element NOR includes two
transistors (fig. 1) and a resistor. This element is not protected
from "opening" and short-circuits.

Structurally duplicated two-input element NOR without
serial duplicating of the resistors (fig. 2) contains 8 transis-
tors, 4 resistors and 2 diodes, that in the case of replacement
of resistors and diodes on the transistors gives 14 transistors.
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This element is protected from defects, such as "opening" and
many short-circuit faults types.

Structurally duplicated two-input element NOR with se-
rial duplicating of the resistors (fig. 3) contains 8 transistors,
8 resistors and 2 diodes, that in the case of replacement of
resistors and diodes on the transistor gives 18 transistors. This
element is protected from "opening" and short-circuits.

Two-input element NOR without duplicating of its struc-
ture, built on a parallel duplicated transistors (fig. 4), com-
prises 6 transistors. This element is protected only on the de-
fect type such as "opening".

At first glance, it may appear that duplicated element
without duplicating of its structure (fig. 4) is better than struc-
turally duplicated element, i.e., than the duplicated element
with duplicating of its structure (figs. 2 and 3), since it re-
quires 6 times less hardware. However, the structurally du-
plicated element not only protects against defects such as
"opening", but also from short-circuits. But, in addition, it is
important that when using structurally duplicated element,
the distance between the duplicated elements can be it easily
provided, exceeding the size of the damaged area created by
a radiation particle, as so it could not bring down just two du-
plicated logic elements.

Estimating of the probability of chip failure at various
ways of constructing of duplicated logic elements

Let us estimate the probability of chip failure using the du-
plicated element NOR with duplicating of its structure (fig. 2)
and chip failure with duplicated element NOR without du-
plicating of its structure (fig. 4, ») at u = 0 in the formula (3).
First, consider the case when the duplicated component is
logic element, i.e., when the duplicated element has dupli-
cated structure.

The area s, to be the unit of chip’s area corresponding to
one component of the logic element, which represents a de-
vice (e.g., transistors, diodes, resistors). Then, the area occu-
pied by a single duplicated logical element made in the case
of duplication of its structure will be

Sp = Silygs (6)
where n,; — the number of devices in the duplicated log-
ical element, i.e., in the element intended to duplicate its
structure.

Here
Hpq = bn,, 7)

where b — the coefficient, defined in the above mentioned
formula (2), b > 1; n, — the number of devices in the non-
redundant element.

The area occupied by the non-redundant circuit will be

Sy = s, N, 3)

H

where all values are defined above.
The area occupied by the duplicated chip will be

Sy = 2sm,4N. )]

The area occupied by a hypothetical non-redundant chip
containing a subset of duplicated logical elements in which
there are no elements that make up the pair forming the du-
plicated logic element will be

Sy = S,/2. (10)

In [6], the probability P, of failure of the above mentioned
hypothetical non-redundant chip during exposure till the fault




of the redundant circuit in distribution of its damage by Pois-
son law, corresponding to the formula:

P, = ®WS,, (11)

where ® — fluence or, in other words, the expected number
of particles, hitting 1 cm? of a chip during irradiation; W —
the probability of defect occurrence when a particle hit a unit
area of the chip; S, — the area defined above.

However, the formula (11) was derived under the assump-
tion that any defect ("opening" or short circuit) caused by par-
ticle hit the duplicated element leads to failure of this ele-
ment, and that the cases of its failure when a particle hit any
point of area occupied by the logical element, are equal. In
reality this is not so, because the defect ("opening" or short-
circuit) of one of the redundant components within the du-
plicated logic element does not lead to failure of this element.
Assuming that the cases of defects when a particle hit any
point of area occupied by the duplicated logical element have
the same probability, in contact with the particles to anywhere
in the area of duplicated logic element equally, the relative
probability of failure of this element with appearance of the
defect, caused by a particle, can be defined as the ratio of the
number of cases of defects that cause failure of the element
to the total number of cases of possible defects in the element
that can be formed by a particle. But the count of this relative
probability is very difficult to implement, since it is necessary
to consider all components of the duplicated logical element
(devices and interconnects), especially circuit elements, its
topology and codes on its inputs.

Therefore to simplify, firstly we estimate the relative prob-
ability of failure of the logical element when it hit by a par-
ticle, taking into account only its instruments, i.e., assuming
that there are no interconnection failures. Taking into ac-
count that a single particle can cause in a single device (e.g.,
in a transistor or in a resistor) only one type of defect at the
same time ("opening" or short-circuit), we assume that the to-
tal number of possible defects in the duplicated logical ele-
ment caused by the particle’s hit is equal to n,; — the number
devices in the element and the number of defects which can
cause failure of the element and it is equal to the number n,
of devices, defects in which can cause failure of the element.
Then the relative probability of failure of the duplicated ele-
ment in a case of a defect in it, caused by a particle hitting the
device, will be

[31 = nOTK/ned’ (12)
where ny,, < 1,4
You can complicate determination of the probability B,
by entering the probabilities of the different types of defects.
But since these probabilities depend on many factors, includ-
ing the type of device and radiation characteristics and they
are currently unknown, for simplicity, the assessment (12)
can be used separately for the failure of the one type — "open-
ing" or short-circuit. In [1] it is assumed that in the logical el-
ements of small size there are only "opening” type of defects.
For duplicated element NOR (fig. 2) n,,= 7, and
Ny = 3 for the "opening” failures, since the openings in the
resistors R, R, and the diode D cause the fault of this element.
In this case. according to (12), we have B, = 3/7 = 0,429.
The relative probability (12) makes it possible to consider
that a defect of one of the redundant units of the duplicated
logic element has no affection on its performance. However,
in the absence of redundancy of components of the duplicated
logical element, the defects of some of its components may

not affect the on obtainment of true output signals at some its
input codes. This can be seen from tables 1—3 — the influ-
ence of single failures in the work of duplicated two-input el-
ement NOR (fig. 2). In these tables, in the column "W/o du-
plication" (under the heading "Result") sign "+" indicates the
correct result at the output of this duplicated element, and
other designations in this column indicate the erroneous re-
sult, i.e., the failure of the duplicated element.

With that said, let us to approximately estimate the rela-
tive probability of failure of the logical element when it hit by
a particle, taking into consideration not only its equipment,
but also its interconnections, as well as codes on its inputs.
For an approximate calculation of the defects of the internal
interconnects in the duplicated logical element it is offered to
consider a defect at any point in an area of the interconnect
as a defect occurred in one "control" point of this area, indi-
cated on the diagram of the element (fig. 2). It should be not-
ed, that fig. 2 shows an example of the selection of the "con-
trol points”, which can be refined. External interconnections,
i.e., interconnection between the logical elements we will not
consider, assuming that they are protected from failures
caused by particle’s hitting by large enough selection of the
width or by redundancy.

Then the relative probability of failure of the duplicated
logical element the defect caused by particle’s hitting of its
components appears (device or interconnect) for all equally
input codes of this element will be

By = (2, * 2)/12%ngy + npl, (13)

where z, — the number of cases of failure of the duplicated
logical element in the case of defects in the devices arising
from all the input codes of the element; z; — the number of
cases of failure of this element in the case of defects in its in-
terconnections; ¢ — the number of logical inputs of this ele-
ment; 29 — the number of input codes of the element; #n,; —
number of devices in this element, n; — the number of inter-
nal interconnections of the element, equal to the number of
control points of these connections.

Thus, in the formula (13) the denominator indicates the
total number of possible cases of defects in the duplicated log-
ical element with all its possible input codes, and the numer-
ator of a fraction — the total number of cases of failure of this
element in the case of defects in its components (devices and
interconnects). Let’s illustrate the use of formula (13) on an
example of duplicated two-input element NOR (2), assum-
ing that the as defects of "opening" type are only possible (ta-
bles 1, 2 and 3). In this case, ¢ = 2, n,; =7, n; = 10 (only
reference points indicated in fig. 2 and in the tables are taken
into account), z,. = 2 (the results in the column "W/o dupli-
cation", which are not marked by "+"), z; = 12 (the results in
the column "W/o duplication", which are not marked by "+").
Substituting these values into the formula (13), we obtain
B, = 0,205. Apparently, the estimate of the relative probabil-
ity of failure of the duplicated logical element in the case of
the defect appearance therein caused by the hit of a particle
by the formula (13) is more accurate than the estimation by
the formula (12), since the latter do take into account the input
codes of the logical element and interconnections’ defects.

To collect for the impact of redundancy of devices within
the logical element and its input codes in the following we will
use new formula instead of (11):

P, = OWS,B, (14)
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where B — the relative probability of failure of the duplicated

logical element with a defect in it, caused by a particle hit; for

example, B = B; or B = B,; other values are as defined above.
Substituting (10) in view of (9) and (7) into (14):

P, = ©Ws,bn,NB. (15)
With regard to (15), from the formula (1) we obtain
Py = (OW)?(s,bn,)? - 2NB. (16)
From (8) we find
N=8,/(s;n,). 17)
Substituting (17) into (16) we obtain
Py = (DW)2S,, - 2n,b%s B2, (18)

Let us to mark the failure probability P, of the redundant
circuit built on duplicated elements NOR through P, _,, as it
shown in fig. 2.

When at p = B, = 3/7, i.e., by using the formula (12), for
the logical element shown in fig. 2, we find from (18):

Py, = (DW)2S,, - 6s,. (19)

When at g = B, = 0,205, i.e., by using the formula (12),
for the logical element shown in fig. 2, we find from (19):

Py = (®@W)2S, - 0,373s,. (20)

Consider the case when the duplicated component is a
transistor, i.e. the case where the structure of the logical ele-
ment is not duplicated (see fig. 4). It can be seen, that for
a redundant circuit, built on duplicated elements NOR, the
formulas (6—10, 13—17) remain valid, in the case if we take
n.q = n, = b—p = 1. Here, the choice § = 1 is caused by the
fact, that any opening in the duplicated component (in tran-
sistor or its interconnections) leads to its failure. Then the
probability of failure P, 4 of the redundant chip built on the
elements shown in fig. 4, will be

Py 4 = (OW)2S,, - 2s,. 1)

If we assume that the fluences in the formulas (19)—(21)
are the same, we can get the indicator of fault tolerance
change at p = B,

04 = Pro/Pyy =3, (22)
and at § = B,
Oy 4 = P2_2/P2_4 = 0,187 (23)
or
o4 = Py 4/Py,=1/0,187 = 5,35. (24)

Thus, the probability of failure of the chip with the dupli-
cated structure of NOR element (fig. 2) became 3-fold higher
than the probability of failure of the chip without duplicating
of the chip’s element structure (fig. 4) at p = B, and more
than 5-fold less than at B = B,. The latter estimation is more
accurate.

It should be noted, that only the defects of "opening" type
were considered in these estimates. As a consequence, in the
case of short circuit, the duplicated element without redun-

dancy of its structure appears unworkable, meanwhile, as
shown in table 4, the duplication of the structure of the logical
element (fig. 2) helps to protect against single short circuits.
An additional point, the advantage of the duplicated logical
elements with duplication of their structure (fig. 2) is that the
distance between them can be made large enough so one par-
ticle cannot damage two adjacent logical elements.

Conclusion

The observed ways to build the duplicated logical elements
with duplication of their structure and without its redundan-
cy, as well as the methods for estimation of the chip failure
probability using these methods, allow you to select an option
for duplication of the logical elements for specific applica-
tions. The relative probability of failure of the logical element
in case of a defect therein taking in account equally combi-
nations of logic signals at its inputs was used in assessing the
probability of failure of a chip. Although this case is associ-
ated with the logical function of this element and for sim-
plicity it is assumed that the chip is made up of the logical
elements same by the function, it provides a comparative as-
sessment of the approximate probability of chip failure with
different types of component-wise duplication in their work
during irradiation.
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