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PA3BOPOT U3OBPAXEHWUA BbICTYTIA INMPU EFTO MHOTOKPATHOM
CKAHUPOBAHWU B PACTPOBOM SAEKTPOHHOM MUKPOCKOIIE

Ilocmynuna 6 pedaxyuio 25.12.2017

Bobisigneno, umo npu MHO20KPAMHOM CKAHUPOBAHUU BbICIMYNA 8 KDeMHUEBOU NAACMUHE 8 PACMPOBOM INEKMPOHHOM MUKDO-
ckone (POM) eeo uzobpasicenue uzmensiem c60i HaKAOH, KAk 0bl NOBOPAUUBAACH BOKPYe OCU, NEPHEHOUKYAAPHOU NAOCKOCIU U300~
padxcerusi. Coenarno npednonodicerue, 4mo dmo A6AeHue C8A3aH0 ¢ HAgeOeHUeM 1eKmPUtecKo2o 3apsaoa 6 NOON0GEPXHOCHHOM CA0e
8bICIYNA U €20 GAUAHUEM Ha hopmuposanue uzoopaxcerus. [lpedaoxcen mexanuzm pazeopoma u300paxrceHuss, OUeHeHo GAUsHUE
00HAPYHCEHHO20 S6AEHUS HA 3HAYEeHUS NUHelHbIX eeauyut npu POM-u3zmepenusx.

Karoueevie caosa: HAHomempo.aocu, HU3K0BOAbMHDbLU pacmpoebid 3ﬂ€Kmp0HHbld MUKDPOCKOn, pazeopom u306pa;uceﬂuﬂ, Haee-

OeHHblIl dneKmpu4eckutl 3apsaod, WUpUHa cmpyKmypoi

BBenenne

B pa6ote [1] OBLJIO BEISIBJIEHO, UTO IPU MHOTOKpAaT-
HOM CKAHUPOBAaHUU B PACTPOBOM BJIEKTPOHHOM MUK-
pockorie (POM) BrIcTyna, pacIioJIOXXeHHOTO Ha KpeM-
HUEBON MJIACTUHE, MPOUCXOAUT UCKAXKEHNE ero U300-
paxxeHUusl, IPUBOSIILIEe K YMEHBIICHUIO U3MEPEHHOTO
3HAYEHUS €ro IIMPUHBL. DTO MCKaXeHue m3o0paxke-
HUSI BBICTYIIA OBLJIO OOBSICHEHO HaBEAEHUEM 3JIEKTPU-
YeCKOro 3apsiia B MOAMOBEPXHOCTHOM CJIO€ BBICTYIA
CKAaHUPYIOLIUM MTyYKOM U BIMSTHUU HaBEASHHOTIO JIO-
KaJIM30BaHHOTO 3apsiga Ha SMUCCUIO M3 TTOBEPXHOCTU
3JIEKTPOHOB, (POPMUPYIOLINX U300paKeHHUE 3TOTO BbI-
cryna. B naHHo#1 paboTe BBISIBUIOCH, YTO UCKaXKEHUE
M300paxKeHusl BHICTYIIA MPOSIBISIETCS TaKXKe B pa3BO-
poTe u300paXkeHUsI BLICTYNA BOKPYr OCHU, MEpIeHau-
KyJSIpHOM MJIOCKOCTU U300paxeHus. Lleab padboTbl —
KUCCIea0BaTh AeTalu, OOBSICHUTh IMPUYMHBI OOHaApy-
KEHHOTO SIBJICHUSI 1 OLIEHUTb €ro BIMSHUE Ha U3Me-
peHue JIMHEWHbIX pPa3MepOB.

DKcnepuMenT

HMccnenoBanusi MpoBOAWIN JJISI JBYX TUIIOB BbI-
CTYNOB Ha KPEMHMEBOI TIJIACTUHE C TOJIOTUMHU OOKO-
BBIMU CTEHKAMM: Ha BBICTYIaX TeCT-00bEKTa Mepbl
MIUIIC-2K [2] u Ha BBICTYyHax ¢ OOKOBBIMU CTEHKA-
MU, C(HOPMUPOBAHHBIMU C TMOMOILbIO XUMUYECKOTO

TpaBjeHus. BuICTymbl IepBOro Tuia (QopMHUpPOBAIN
QHU3O0TPOMHBIM TPaBJICHUEM ILIACTMHBI Ha TJIyOMHY
~0,41 MKM 1Ipu NeproAe UX PACMOIOXKEeHHUs Ha Tulac-
trHe 2000 HM TTpH yIJie HaKJIoHa OOKOBOM cTeHKU 54,7°.
M3o6paxkeHus1 BICTYNOB ObLIU MOJYYEHbI C TTOMOILIbIO
POM S4800 B MemieHHBIX BTOPUYHBIX 3JEKTPOHAX
(MB3) npu sHepruu 3JeKTPOHOB IMAJAIOIIETO MydyKa
20 xoB. Ha puc. 1 npeacraBieHbl KOHeUHbIE M300pa-
>KEHUS TIOCJIe HEeMpepblBAEMOro CKaHUPOBaHUS B Te-
yenue Bpemenu 20 u 160 c. Ha puc. 1, b 3aMereH pas-
BOPOT M300paKeHMsI BBICTYIIA IIPOTUB YaCOBOM CTpEI-
KM 110 CpaBHEHUIO C €ro M3obpaxkeHueM Ha puc. 1, a.

Mpbl 3aukcupoBaiM HM3MEHEHUE HaIpaBICHMS
pa3BopoTa u3o0paxkeHusl Ha MPOTUBOIOJIOXKHOE B pe-
3yJibTaTe CMEHbBI peXXruMa CKaHUPOBAHUS: ¢ May3aMu B
2 MUH MEXIYy OTOSTbHBIMHM KaapaMW MPOIOJIKUTETb-
Hocthio 10 ¢ (puc. 2, a u b).

7151 BBICTYIIOB BTOPOTO THIIA INIyOWHA TpaBIEHUS
coctaBuya ~0,35 MKM, LIMpUHA BEPXHETO OCHOBAHMS
(BO) onuHouHoro BbicTyna ~290 HM, yrojl HakJoHa
GOKOBOI1 CTEHKH ~65°. M1300paskeHNST OBIITN TTOTYUYCHBI
C IOMOLIBIO U3MepuTeIbHOT0 POM S-9260A mpu yBe-
JmyeHuu ~150.000x, sHeprum nagamIunx 3J16KTPOHOB
800 B, Toke myuka ~6 mA, yucie MUKCeIed Ha N300~
paxenun 512 X 512 mpm pa3mepe nukceis 1,75 HM.
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Puc. 1. Bapuanus HaKJIOHA HA M300paKeHUH BHICTYNA NMOCJE HENMPEPHIBAEMOro CKAHMPOBa-
HHsSA B Teyenue Bpemenn ckanuposanus 20 (a) u 160 c (b). Yeeanuenne — 30 000x

Fig. 1. Variation of the protrusion image after an uninterrupted scanning during time of 20 s (a)

and 160 s (b). Magnification — 30 000x

00paboTku n3obpaxkenuii [3]. C ee
MOMOLIbIO M300paxkeHue pa3douBa-
JIOCh Ha HECKOJIBKO IECATKOB II0-
JJIOC — CeKUHUi, pacroyioKeHHbIX
BIOJIb TOPM3OHTANBHOM ocH. B Kax-
IO M3 HUX (UKCUPOBAIUCH KpU-
Bole BuaeocurHaisa (BC) or Bcex
CTPOK pa3BepPTKM BHYTPH Hee, Mociie
yero (GopMUPOBAIUCh YCPEIHEHHbIE
kpuBble BC 115 Kaxmoil u3 cekiuid.
Ha puc. 3 nokaszana kpuas BC, yc-
penHeHHas Io BceM cTpokam. Bun-
HO, UTO €€ MOXHO pa3fe/uTh Ha He-
CKOJIBKO KBa3WMJIMHEIHBIX yIaCTKOB
(Mexnay toukamu [—2, 2—3, 4—5,
5—6). 3aTeM KaXIbIil U3 3THUX yJacT-
KOB aIllpOKCUMUPOBAJICS TIPSIMOI
nuHuei [4]. Y HakoHel, Ha niepece-
YEHUSIX COCEITHUX IPSIMBIX BBIICIISI-
JIUCh KOOPJAMHATBI OMOPHBIX TOYEK:
Havajia pocta aMIuIuTyabl ( /); Touek
M3MEHEHMST HAaKJIOHA YYaCTKOB KpU-
BOii (21 5); TOUEK MOJOXEHUST MaK-
cumyMoB MogenbHoil BC (3 u 4);
Touek cnaaa aMmriutyasl BC mo ¢o-
HoBoro 3HaueHus (6). CormacHo [4]
PACCTOSIHUSI MEXIy 3TUMU TOYKaMU
MO3BOJISIIOT OIPENEINUTh BCE JIMHEU-
Hble pasMepbl BbicTyna. Lupuny
BBICTYITA TIO TpaHWUIIAM BEPXHETO

Puc. 2. Bapnauus HAKJIOHA HA N300PaKEHUH BBICTYNA NOCJIe CKAHUPOBAHUSA C MAY3aMH: I1ep-
BBIN Kanp (a), 35-i kaap (b). YBemmuenue — 35 000x

Fig. 2. Variation of inclination the protrusion image after scanning with pauses: the first frame
(a), the 35th frame (b). Magnification — 35 000x

HccnemyeMblift BBICTYII CKaHMPOBAJIM MHOTOKPATHO.
Yucno HempepblBaeMbIX CKAaHUPOBaHUM (KaapoB) Of-
Horo BeicTymna coctaBasiao 400 unu 800. B kaxmom
LUKJe GopMUpPOBANIOCh Bcero 25 uzobpaxeHuil (cka-
HOB) BeIcTyIA. [1pn 400-KpaTHOM CKaHMPOBAHUM OXWH
CKaH (popMUpoOBaJICS yCcpeaHeHeM 1o 16 Kaapam, pu
800-kpaTHOM CKaHMpPOBaHMM — IO 32 Kajapam, 4TO
YBEJIMYMBAJIO YETKOCTh JAeTajieil M300paskeHMs B ITOC-
JielHeM ciiydae. bbl1o BhIMOIHEHO HECKOJBKO LIMKJIOB
800-kpaTHOrO CKaHMpPOBaHUS. BBISIBUIOCH, YTO 3Ha-
YyeHUE pa3BOpPOTa U300paKeHU, MOJyYeHHBIX B pa3-
JINIHBIX IUKJIAaX CKaHWMPOBaHUs, 3aMETHO BapbUpy-
ercs. [IpruemM U3MEHSIOCH HE TOJBKO 3HAUYEHUE pas-
BOpOTa, HO JaXe ero HarpabiieHme. [loaromy st
BBISIBIICHUSI 3aKOHOMEPHOCTEM B (heHOMEHE pa3BoOpoTa
U300paxkeHus ObUIO BHITTOJHEHO CEMb LIMKJIOB HETlpe-
pBIBaeMbIX CKAaHUPOBAHUI C TPOMEXYTKAMU MEXIY
HUMU OT HECKOJbKHX YacOB JO0 HECKOJBbKMX CYTOK.

Meroauka u3MepeHuii HAKJIOHA
H300paKeHns BHICTYNOB

Bapmannio HaKJIOHOB WM300paXeHWIl BBICTYIIOB
OLIEHMBAJIA KOJWYECTBEHHO C IMOMOILBIO MTPOrPaMMBbI
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OCHOBaHUS CJIeyeT OINpeacsTh Mo
paccTossHUI0O W Mexny Toukamu A
u B xpusoii BuneocurHana (BC) na
puc. 3. Touku pacmojaraloTcsi Ha
cepenuHax ydyacTkoB cnaga BC or ee MMKOB K y4acTKy,
COOTBETCTBYIOLLIEMY BEpXHEMY OCHOBAaHMIO BBICTYTIA.

ITocne BblAeneHUST OMOPHBIX TOYEK (pOpMHUpPOBa-
JJach 3aBHCMMOCTb HMX TOPU3OHTAJbHBIX KOOpAMHAT
Mo JUIMHE BbICTyna (MO HOMepaM CeKUMii pa3bue-
Hus). [TomyyeHHbBIE 3aBUCUMOCTU allllPOKCUMUPOBa-
JIUCh MPSIMBIMU METOJOM HaMMEHBILIUX KBAaApPaTOB C
ucnoyb3oBaHueM nporpammbl Origin 7.0, mocie yero
C ee e IMOMOUIbI0O BBIYMCIISICS TaHIeHC HaKJIOHa
3TUX NPSIMbIX Ha u300paxkeHuu. HakmoHbl JTUHMI
CIMOCOOHBI BIMSITh Ha 3HAUY€HWE JTMHEHHBIX BEJIMUMH,
OTpeaessTIoIInX pa3Mepbl BoIcTyma. [ToaTomy BMecTe ¢
TaHTeHCaMM HAKJIOHOB BBIYMCIISIUCH PACCTOSTHUS
MEXIy MUKaMHu Lp, paccTosiHUSI MeXay Toukamu I, 2
u 5, 6, a TaKKe IMPUHA BEPXHETO OCHOBAHMS BBI-
cryma W.

Mupuna W MoxXeT ObITh M3MepeHa HEIIOCPEACT-
BeHHO Mo KpuBoit BC (cM. puc. 3), a Takxxe BbIYUCTIe-
Ha 110 JaHHBIM M3MEepeHUsl L, 1 3HAUCHUIO IUaMeTpa
nydka (cMm. manee). HemocpeactBeHHO usmepeHHass W
TakXKe BKJIOYaeT B ceOs 3HaueHue 3(pGeKTuBHOro
JraMeTpa B CKpbITOi (popMme [4]. BbL1o BBIIBIECHO, UTO
3HAUEHUE BTOro, Apyroro tumna 3MdeKTUBHOrO Aua-
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Puc. 3. Kpusasa BC ot BbicTyna ¢ 0003Hauenuem Touek I — 6 m an-
NMpOKCHUMHpYIonIHe ee npsvbie (cepbie). PaccTosiHus Mexay Touka-
mu 1, 2n 5, 6 B0 TOPU30OHTAIBHOI OCH ONPEIENSIIOT THAMETP JJIeK-
TPOHHOTO MyYKa, paccTosiHue Wmexny Toukamu A u B cooTBercTByeT
mupune BO [4]; Lp — paccTosHMe MeXAy NMUKaAMH KPUBOM

Fig. 3. VS curve from the protrusion with marked points 1 — 6 and
straight lines (grey) approximating it. The distances between points 1, 2
and 5, 6 along the horizontal axis define the diameter of the electron
beam, distance W between points A and B corresponds to the width of
TB [4]; L, — distance between the curve peaks

MeTpa OTIIMYaeTCs OT 3HAYEeHUsI, TTOJTy4aeMOoro 10 TOY-
Kam Ha puc. 3 [3].

Pe3yabTaThl

B pesynbraTe pacueToB ObLIM OLIEHEHBI TAaHTE€HCHI
VIJIOB HaKJIOHA MPSIMbIX, COEAMHSIIOLINX HAOOPhI TO-
yek oT / 10 6 B ceKuusx pazouneHus. JIjist pa3BopoToB
1300pakeHU I BHICTYIIOB, MTOJTYYEHHbBIX B BBICOKOBOJIb-
THOM POM 1 mokazaHHBIX Ha puc. 1, 3HaUeHUsI TaH-
T€HCOB ObLIM YCPEIHEHBI 110 BCEM JIMHUSIM, COEANHSI-
IOINM TOYKM [—6: mjist puc. 1, a ycpemHeHHOe 3Ha-
yeHue TaHreHca cocrtaBuio 0,0028, mnsa puc. 1, b ¢
HauOOJbIIKM B JaHHOW pabOTe HAKJIOHOM JIMHUU —
0,0157 (uto cooTBeTcTBYET yriam paspopora ~0,2° u
~0,9%).

Ha HuskoBoibTHOM POM Haubonee 3ameTHbIE
pPa3BOPOTHI BBICTYIA OBIIM TIOJyYEHBI TIPU yCpeaHe-
HUM CKaHOB Mo 16 kagpaMm. B Ta6n. 1 mpeacTaBieHb
TaHTeHCHl YIJIOB HakjioHa mpsaMbix (Tg), coemuHsIO-
IIUX COOTBETCTBYIOLIME TOYKU OT [/ 10 6 U ClydaiiHbIe
MOTPEIIHOCTU UX ompeaeneHus: o. IlocaeaHsst Beau-
Y{Ha ONpeaesieT CTeNeHb OJIM30CTM alMpOKCUMMU-
pYIOLLIUX TIPSIMBIX K JIMHUSIM COOTBETCTBYIOLLIUX UM
yuacTkoB KpuBbix BC.

Kak BMAHO, MOTrpelrHOCTH OLIEHKM TAHT'€HCOB Ha-
KJIOHOB CUJIBHO OTJIMYAIOTCS JJIS1 pa3UYHBIX TOYEK.
IMorpemHocTu ompeneaeHWsT HAKJIOHOB IS TOYEK 2
U 5 0COOEHHO BEJIMKHU, YTO BEACT K YBEJIUUCHHOM CITy-
YaiiHO! MOIrPelIHOCTH 3HaYeHUM 3 HEeKTUBHOIO a1a-
MeTpa. HaubGosiee Bocrporn3BoaMMbl HAKJIOHBI IS TO-

yeK 3 U 4, BHOCSIIME BKJIA[ B IIOTPELIHOCTb U3MEpe-
HUS LIMPUHBI BBICTYTIA.

M3 manHbIX Taba. 1 ciemyeT BaXKHbIN BBIBOA: Ha-
KJIOHbI MPSIMBIX, COEIMHSIOIIMX COOTBETCTBYIOLINE
TOYKM Ha M300paxkeHWM, He OMMHAKOBHI Iaxe B Iep-
BOM cKaHe (1Tocjie 16 KagpoB). DTo 03HAYaeT, YTO Mps-
MBbI€, COeTUHSIONINE TOYKN I, 6, yXe B IIEPBOM CKaHe,
He mapajuieJibHbl, a TT0O3TOMY (hopMa COOTBETCTBYIO-
1KUX ydyacTKoB KpuBbix BC B pasHbIX CEKLUSX U300-
paxkeHusI HEeOAMHAKOBa (cxaTa WK pacTsaHyTa). B pe-
3yJbTaTe€ MHOTOKpaTHOro (OT MepBOro A0 25-To cKa-
HOB) CKAQHMPOBAHUS HAKJIOHBI M300paXeHUN JTUHUIA,
Kak BUIHO, W3MEHSIIOTCSA. 3aMeTHa TEHAECHLMS K
YMEHbIIIEHNIO HAKJIOHOB JIMHUK B 25-X CKaHax s
OOJIBILIMHCTBA HA0OPOB TOYEK B TabJI. 1, YTO 3pUTEIb-
HO COOTBETCTBYET Pa3BOPOTY M300pakeHMsI BbICTYyMa
1o yacoBoll crtpenke. Haubosnee 3aMeTHO yMeHbIlIa-
FOTCST HAKJIOHBI JIMHUM, OOBEIMHSIONINX TOUKA 2 1 6,
HanMeHee 3aMeTHO — JIMHUM, OObeINHSIIOIIMX TOUKU 3
u 4, rae 3HaueHre BC Haubogbliiee.

Heonpeneﬂeﬂﬂocu N3MEpPECHUA JIMHEHHBIX BEeJIUYHH

IIupuHa Tomonornyeckoro snemeHta MC sapnsger-
CS BaXHEWIIE KOHTPOJIUMPYEMOUN JTUHEMHON BETUYU-
Ho#l. OHa ornpeaensieTcsl Kak pacCTOSIHUE MeXAy Ma-
poii BblIeJIeHHbIX ToueK Ha kpuBoii BC (c yueTtoMm yBe-
JnueHusi POM). Takre TOUKM OObIYHO pacTiONOXeHbI
CUMMETPUYHO OTHOCHUTEJbHO HeHTpa kpuBoit BC u
3a7al0TCd 3HaYeHWEeM CHUTHaja, Ha3bIBaeMBIM "ypOB-
HeM otceuku” [4] (cm. puc. 3). B paborte [4] mokazaHo,
Kak JJ1s1 MOJEIbHON KpUBOI BBIOpaTh YPOBEHb OTCEY-
KM Tak, YTOOBI BbIIEISIEMbIE UM Ha KPMBOU TOYKU TOY-
HO COOTBETCTBOBAJIM TPaHUIIAM BEPXHETO OCHOBAHMS
MOJIEJIbBHOTO Tparelern1aJbHOro BbhICTyIa (a paccTosi-
HUE MEXIY HUMU — ero 1upuHe). OnHako peajbHO
COOTBETCTBME MEXIY IOJOXEHUEM 3a/aBaeMbIX TO-

Ta6auua 1
Table 1
3HayeHUs1 TAHreHCoB HakJoHa Tg U MX BOCHPOM3BOAUMOCTD G
IS IPAMBIX, COeTUHAIONMX ToYKM Tuna 1, 2 u 10 6
HA KPMBbIX BHIEOCHTHAJIA HA MEPBOM M MOCJEIHEM CKaHAX
B HeNmpepbiBAeMOM HHKJIE CKAHHUPOBAHUS

Values of the tangents of inclination Tg and their reproducibility
or the straight lines connecting reference points of type 1, 2 and up to 6
on the video signal curves in the first and the last scans
of the uninterrupted cycle of scanning

[MapaMeTpbl IPSIMOi1, OOBbETUHSIOIINX TOYKHI
Parameters of the straight line,
connecting the points

Howmep | Benu-

cKaHa | YMHaA
Scan Quan-

number tity

1 2 3 4 5 6

Tg | 0,0085| 0,0128 | 0,0093| 0,0089 | 0,0058| 0,0115
c 0,0012| 0,0059| 0,0006| 0,0008 | 0,0026| 0,0014

Tg | 0,0060| 0,0106| 0,0097| 0,0085| 0,0059| 0,0089
s |0,0014] 0,0051| 0,0011 0,0009| 0,0017| 0,0017
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YeK Ha KpMBOW W KpaeB OCHOBAHUS OOBIYHO OTCYTCT-
ByeT [6].

Baxneliimm ycioBueM onpeneneHus mmpuHbl BO
BBICTYIIa B HAHOMETPOJIOTUU SIBJISIETCS] y4eT 3Haue-
HUs IMaMeTpa 3JeKTPOHHOTO Iy4yKa, (hOpMUPYIOIIETOo
n3obpaxenue [4]. 3HadeHne JUaMeTpa MCITOJIb3YeTCs
B (hopMe TONPaBKU, MO3BOJISIONIEH ONPEACTIUTh IIIH-
puny BO, eciu uaMepsITh pacCTOSIHUE MeEXIy MUKaMKU
KpuBoii (cM. puc. 3) [4]. U3MepeHue nuameTpa 3JeKT-
POHHOTO ITy4YKa, SMUTHUPYEMOTO MOBEPXHOCTHIO U (hop-
MUPYIOLIETo U300paxkeHue, SIBISIeTCS, MO-BUANMOMY,
caMoil BaxXHOI M HauboJiee CI0XHOM 3amadyeit POM-
MeTposioruu. IlorpemiHocTb B 3HAYEHUM OUAMETpa
ITyYKa 0COOEHHO KPUTUYHA TIPU U3MEPEHUHN Pa3MepOB
B auaraszoHe nopsiaka 10 HM ¢ momoibio POM ¢ ma-
JIBIM IUAMETPOM TIAJafoIero Imydyka (T. €. ¢ BBICOKMM
paspeleHrem).

B Halwueit crpaHe guamerp Iydyka, (hOpMUPYIOIIETO
POM-uzobpaxenue, npemioKeHO ONpeaessaTh 0 Kpy-
Boit BC, monyyaeMoil mpu CKaHUPOBAaHWUU BBLICTYIA
Mepbl wpuHbl MIITTIC-2K (B pamKax MCTIONIb3yeMO
Mojenu (opMUpoBaHUs M300paxkeHus BbIcTyma) [4].
B pamkax 3Toit Momenu guaMeTp Iydyka He 3aBMCHUT
OT KaKMX-JI1M0O0 BJIMSIOIIMX Ha €ro 3HAaUeHMe BeIUUYNH
MU allpMoOpHO COBMAmaeT ¢ MapaMeTpaMM I1agaloliero
nyyka. Pazmep aToro MojesbHOro myyka Ha3BaH 3¢-
(GEeKTUBHBIM ITUAMETPOM (def) [4]. Ucnonb3oBanue
9TOM BEJIMYMHBI MO3BOJISIET ONpeAeJuTh upuHy BO
BBICTYIA OTHOCUTEJILHO TTPOCTO U TOYHEE, YeM MO Mpo-
U3BOJBHBIM ToukKaMm Kpuboii BC. B cooTBeTcTBUU C
[4] 3HaueHme def OIpenesieTCs yCpeAHEHHBIM PacCTO-
SIHAE€M BIOJIb OCU CKAHUPOBAHUSI MEXIY TOYKaMu [—2
" 5—6 (cM. puc. 3). 3HaueHne def omnpeaesseT LUPUHY
BeicTyna W-

W=L,-d, (1)

rne L, — paccTossHUe Mexay MukaMu Ha kpuBoit BC
(cm. puc. 3) [4]. IToaToMy Ojisi OLIEHKM W3MEHEHMS
3HAYEHMs IIMPUHBI BBICTYIIA MPU pa3BopoTe M300pa-
XKEHUSI HEOOXOOUMO OIIPENeIsiTh BapUALIIIO defI/I Lp.

Tabauua 2
Table 2
3navenus Adeﬁ ALp U AW nas ceMH IUKJIOB CKAHMPOBAHUSA

Values of Ady, AL, and AW for seven cycles of scanning

]'C[,;IEZ Ad,;, nm AL, nm AW, nm

1 1,7 -0,5 -1,1
2 0,7 -0,5 —0,6
3 2,0 -0,5 -0,7
4 0,9 0,7 -0,4
5 0,5 —0,2 —0,7
6 2,3 —0,1 —0,6
7 0,2 0,0 —0,6

Cpentee 1,2 —0,16 -0,7

Average
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Puc. 4. Bapuanust d,, Brois puunst Beicryna (). Ilpsmas 2 0T00-
pakaeT 3aKOHOMEPHBIN POCT d,; OT BepXa K HU3Y H300paKeHus

Fig. 4. Variation dys along the length of the protrusion (1). Straight line 2
presents a tendency of growth a’ef -from the top to the bottom of the image

BcnenctBue miaoxoil BOCpOU3BOAMMOCTY HaKJIO-
HOB OpsIMBIX (M. TabJ. 1 Habophl Touek [—2 1 5—6)
Mbl OLIEHUBAJIM U3MEHEHUeE def Mo pe3yjbTaTaM CKa-
HUPOBaAHUS BBHICTYyINA B CEMM LIMKJAX (LUK COCTOSLI
u3 800 HerpepblBaeMbIX CKaHMPOBaHMIt). Pe3ynbTaThl
OLEHKN BapHalLUK BeTMIUH dyp L, B BULE PAasHULIBI
3HAYEHUH, ITOJyYeHHBIX 110 25-My U IIepBOMY M300pa-
KEHUSIM (Adef, ALp) B CEMHU LIMKJIax IIpeJICTaBJIeHbl B
Tabs. 2. OgHako pe3yabTaThl onpeaeneHus AW nony-
YyeHbl HemocpeacTBeHHo o KpuBoit BC (He ¢ momo-
wpio (1)). CinydaitHasi HOrpeLIHOCTb U3MEPEHMUST 11U -
puHBI BbicTyna (26) B cepuu KaapoB (U COOTBETCTBY-
omnx KpuBbix BC) cocrasinsna 0,2...0,4 M. Ilpu
yCpPeIHEHUU CKaHOB-U300paxkeHui 1o 32 KagpaM ciy-
yaifHasl TOTPEIIHOCTh IIMPUHBI B CKaHE He ITOJIKHA
npeBbiiath 0,1 HM. IToaTomy Bapuanuio AW B He-
CKOJIBKO JECSIThIX HAaHOMETpa Mbl CBSI3bIBAEM C CUCTE-
MaTUYECKUM MU3MEHEHMEM IIMPUHBI B Pa3HbIX CKaHax
U LIMKJIaX.

IMorpemrHocTs def JIOJI>KHA OBITh TTOABEPXKEHA CITy-
yallHbIM M3MEHEeHUsIM B Haubojbluei crerneHu. Ha
puc. 4 mokasaHa Bapualus def MO MOJIOCAaM OJHOTO
1300paXkeHUsI BOOJb JJIMHBL BbICTyIA (IIpU yCpeaHe-
HUU ero mo 32 Kaapam).

BunHo, 4yTo cTaHAapPTHOE OTKJIOHEHUE OT CpelHe-
o defno JIJIMHe BBICTyIa 0Ju3Ko K ~0,3 uM (20). I1pn
YCPEAHEHUH €ro Mo BCeM MoyiocaM M300paxkeHUsT OHO
JOKHO ObITh MeHble 0,1 HM. 3aMeTHO uU3MEHEeHue
CPE/IHero 3HAUYCHHUSI dyr B TIPE/IENIaX OAHOTO U306paxke-
Hus (BIOJb NpsiMOIi) Ha ~2 HM. OJHAKO yBeJMUeHue
3HAYEHUs CPEIHETO d,r 10 25 U300pakeHUsAM COCTa-
BuJ0O Bcero 1,7 Hm (tadm. 2, uuki 1). Ilo-BuguMomy,
JIMILIb OJM HaBEACHHBIX NO0AaBOK K def B KaXaoMm
1300pakeHUM CYMMUPYIOTCS IO BCeM M300pakeHUSIM
B Ipejesiax OMHOTrO LMKIIA.




M3 panHbIX TaOa. 2 BUAHO, YTO MHOTOYUCJIEHHbBIE
CKaHMPOBAHMSI BBICTYNA BHYTPM KaXKIOT0 LIMKJIA MPU-
BOMSIT K YBEIMUCHUIO d(D(HEKTUBHOTO AMAMETPA dyr
(B cpenHeM Ha ~1,2 HM) NpU yMEHBIIEHUU PaCCTOSI-
HUS MeXOy mrKaMmu (B cpenHeM Ha ~0,16 aM). B co-
OTBeTCTBUM C (1) 3TH Bapuauuu JOKHBI IPUBOIUTH K
YMEHBILIEHUIO IHUPUHBI BHICTYNA MOYTU Ha ~1,4 HM.
Ho no panHbIM TaGa. 2 yMeHbIIEHNE 3HAYCHUN IH-
puHbl AW coctaBnsier Bcero ~0,7 HM. PasHuily Mbl
O0BSICHSIEM OTJIMYMEM 3HauYeHMsT 3((HEKTUBHOIO aua-
MeTpa d,p OT €r0 3HAUCHMSI, KOTOPOE HESIBHO OIpesie-
JISIeT LIMPUHY BBICTYIIA HEMOCPEACTBEHHO TPpU U3Me-
peHusix 1o kpusoii BC. B pabote [6] ObL10 yKazaHo,
YTO TMpU cKaHupoBaHUU BO choKycHMpOBaHHBIM ITyY-
KOM B BKCIIEpUMEHTE METOAMYECKU HEBEPHO OIpe/e-
JISITh €r0 IIUPUHY 110 3HaYeHUsIM 3P PeKTUBHOro Ara-
MeTpa def. Jleno B TOM, 4TO 3HAUYEHME defB monenu [4]
ompeaensieTcsa mo yyacrkam kKpuBoil BC, dopmupye-
MBIM IeTalSIMM MPOMUIsS BBICTyHAa OKOJO HUXKHEIO
OCHOBaHHUS (TaK KakK Majalolluii U 3MUTUPOBAHHbIE
BJIEKTPOHHBIE MYYKH B MOIEIM MapasljiebHBI).

Pa3BopoThl MICXOOHBIX 1 KOHEYHBIX U300paXeHUIA B
pPa3HBIX LIMKJaX, KOTOPbIE UCIOJb30BAIUCH JJIs1 TTOJY-
YeHHUsl pe3yJIbTaTOB B Ta0j. 2, IPOUCXOAWINA MPOTUB
YacOBOU CTpeNKM ¢ OOJbIIMMU pazdpocaMu MO YIiy
(B omHOM cityyae 3apMKCUpPOBaH pa3BOPOT IO YaCOBOM
CTpeJiKe). DTO CBUIETEILCTBYET O 3aMETHOM BJIMSIHUU
Ha 3HauYe€HME pa3BOpOTa CJIydyailHbIX HEYYTEHHBIX Be-
JuuyuH. [1pu 3ToM uxX BIMSHUE Ha Bapualluio defu Lp
pa3IMyHO: pa3Max defno BCEM LIMKJIaM CKaHUPOBaHUK
coctaBui 1,5 HM, B TO BpeMsl Kak pazMax Lp (kpome
YyeTBepTOro, rae 3aukcupoBaH BbIOpoc) — 0,5 HM.
DTU 3HaYEHUS pa3Maxa KOpPpEeIUupylT ¢ BOCIIPOU3BO-
JIHUMOCTBIO TAHT€HCOB YIJIOB HAKJIOHA MPSIMbBIX, OIpe-
JeJISTIoIIMX 3HaYeHUsl 9((EeKTUBHOIO AuaMeTpa U pac-
crosiHUIT Mexny nukamu KpuBoil BC B Tabm. 1 (mis
LUKJIOB [, 2, 5, 6 1 cOOTBeTCTBEeHHO 3, 4). M3 Tabn. 2
BUIHO TaKXe, 4To pa3Max AW (HemocpeAaCTBEHHO 13-
Mepsiemoit mpuHbl BO) cocraBui Tonbko 0,7 HM, T. €.
pacueTsl IIMPUHBI ¢ UCHOJb30BaHUEM BbipaxkeHus (1)
MeHee BOCIIPOU3BOIVIMBI.

ITpuynna Bapuanuy HAKJIOHA

[MpramHO¥ BapmallMd HaKJIOHa Kpas M300paxe-
HUS BBICTYIIA SIBJISICTCS, TTO-BUIMMOMY, SJIEKTPUUEC-
KWA 3apsi, JIOKAIbHO HABOAWUMEIN CKaHHPYIOIIM
Iy4KOM Ha TIOBEPXHOCTU BBICTYyMA. [1ydoK, CKaHUPY-
IOINI CTPOKY M300paxkeHnsT N, HAaBOIWT 3apsI Mpe-
MTOJIOXXKUTEJEHO HE TOJIBKO B IOJIOCE CKAaHMPOBAHUS,
HO TaKXe M B MOJIOCE TIOBEPXHOCTH, TIE B TTOCIICIYIO-
1IeM IpOoM30iAeT cKaHupoBaHue ctpoku N + 1. Ha-
BEJICHHBIN 3apsii He YCIeBaeT peJakKCcupoBaTh 3a Bpe-
MsI CKaHUPOBAaHUSI CTPOKM N M M3MEHSET 3MUCCHUIO
MBD® B nonoce pa3BepTku cTpoku N + 1. DMuccHMoH-
HBIN TOK JU1s1 CTpoKu N + 1 MoxkeT 1100 yBeIn4nBaTh-
cs, 1ubo ymeHblatbes. Ecau B mocneaytonei cTpoke

pa3BepTKu OH OoJbiie, To BC B COOTBETCTBYIOIIUX
TOYKaX HAYHET pacTu paHblIe U MOJOXEHUE ITUX TO-
YeK CMECTUTCS Mo KoopauHare X BiaeBo. B aTom ciy-
yae M300pakeHHWe BBICTYIA pa3BEpHETCS MO YacOBOM
crpeske. Eciv amuccusi yMeHbIIUTCS, TO TOYKU CIBU-
HYTCS BIIPABO, a Pa3BOPOT U300paKeHUsI IIPOU30MIET
MPOTHUB YacoBO cTpesiku. Pa3Hble HampaBieHus pas-
BOPOTa U300paKeHUsI BBICTYIA MOATBEPKACHBI IKCIIEe-
PUMEHTAJILHO TIPU Pa3HBIX PEeXMMax CKaHUPOBAHUS
OmHOTO BBICTYMA (CM. pucC. 1, 2). PaKT MOHOTOHHOM
BapHvalliy 3MUCCUM BJIEKTPOHOB 13 TTOBEPXHOCTH BbI-
CTYIIa B X0/Ie CKaHUPOBaHUs ¢ (POpMUPOBAHUEM MHO-
TMX KaapoB M300paxkeHUs MpeacTaBieH B padote [7].
B »r10i1 pabore ckaHMpoBaHNE Ha BBICOKOBOJBTHOM
POM nipoBoauu B ABYX pexXrmax: IIpU HelpepbiBae-
MOM CKaHMPOBAaHUHM U C May3aMU MEXAY OTAeIbHBIMU
Kagapamu. Okaszajoch, YTO MPY HENpepbhiBAEMOM CKa-
HUpPOBaHUU aMIUIUTyAa Ha kpuBoii BC Ha mociegHem
KaJpe yMeHbllIajgach MO CPaBHEHWIO C MEPBbIM Kal-
poM, a IIpM CKaHUPOBAHUU C Tlay3aMU — HA0OOPOT.

3akmouenne

JnutebHOE CKAHMPOBAaHUE BBICTYIA C MOJOTUMU
OOKOBBIMU CTE€HKaMM B KpeMHUM B POM mpuBoaut
K pa3jMYyHbIM UCKaXeHUsM ero POM-u3zobpaxkeHus.
B manHo#i paboTe mpeacTaBieH ONMH U3 BUAOB UCKa-
>K€HUSI — Pa3BOPOT U300pakeHusl BbICTyNa (B HarpaB-
JICHUU U TI0 YaCOBOM CTpeJike 1 MPOTUB Hee) Ha Yroj
Io 1° mpu 4yucie CKaHMPOBAaHUIT HECKOJIBKO COT pas.
Pa3BopoThl M300pakeHU MPOUCXOAIT KaK B HU3KO-
BOJIETHOM, TaK M B BBICOKOBOJBTHOM POM. Ilpuun-
HOI pa3BopoTa U300paxkeHUsl SBJSIETCS, 110 BUAUMO-
MY, 3JEKTpUYECKMIA 3apsifi, HABOAUMbBINH CKaHUPYIO-
IIAM IIY9KOM B TIOATIOBEPXHOCTHOM CJIO€ BBICTYIIA.
IIpennoxeH MexaHU3M BIMSHMS 3apsiga Ha pa3BOpOT
M300paXeHUsI C YUETOM HampaBiIeHUs ero BpallleHus.

B cBsizu ¢ pasBopoToM H300paxkeHUs] 3HAYCHUE
IIWPUHBI BEPXHETO OCHOBAHMS BEICTYIIA MOXET YMEHb-
mwuThed Ha 2,4 HM. (OTMeTUM, 4TO abCOJIIOTHAS IOT-
PELIHOCTh M3MEPEHMS IUPUHBI YKa3aHHBIX YYaCTKOB
KpUBOI JoKHA ObITh 1 HM [8].) BeisiBUIOCH, 4TO B
XOZIe pa3BOPOTa TPOMCXOINT HEOOAWHAKOBOE CMEIIe-
HUE OTMOPHBIX TOYEK (MEXOY KOTOPBIMU M3MEPSIETCS
paccTosiHUEe Ha OIHOM CTPOKE KPUBOIl BUACOCUTHAIIA)
B pa3HbIX cTpokax omHoro kaapa. (ITostomy pasznuy-
Hble JUHWUH, COCIWHSIONINE OTHOTHITHBIE OIOPHBIC
TOYKH B TIOCJIEIOBATEILHBIX CTPOKAX Kaapa, pa3Bopa-
YMBAIOTCS Ha pa3HbIi yroiu.) B pe3ynbsrare pa3mep on-
HOTUITHBIX YYaCTKOB KPUBOIl TMHEWHO U3MEHSIETCS B
nocJjieioBaTeIbHBIX CTPOKAX Kaapa, MPUBOJIS B UTOTe K
YMEHBIIIEHUIO CPEIHETO 3HAUYCHUS ITMPUHBI BEPXHETO
OCHOBaHUS. MOXHO BEIOPATh IPYTHE OMOPHBIC TOUKU
IUTSL U3MEPEHMST INMPUHBI BEPXHETO OCHOBAHYS (B paM-
Kax MeToja [4]), 4To NIpuBeAET K MEHbIIE Bapualuu
€€ 3HaUYeHUI MPU HAKJIOHAX U300pakeHUsI.
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Rotation of an Image of the Protrusion at its Repeated Scanning in a SEM
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The image of the protrusion on a silicon plate scanned in a SEM is discovered to change its inclination to screen axes as if it
is rotated around the axe which is perpendicular to an image plane. A phenomenon occurs at scanning of a protrusion in a high or
a low voltage SEM. It is supposed to link with induction of electric charge in the protrusion undersurface layer which influence at
image formation. A mechanism of an image rotation is proposed and the influence of the phenomenon on protrusion linewidth values
is estimated. Linewidth values of nanostructures are changed mainly due to variation of effective electron beam diameter values of
a SEM measured by using video signal curve from the scanned protrusion. Variation of a beam diameter is estimated to be about

2,5 nm for a low voltage SEM.
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Introduction

In [1] it was discovered, that during a repeated
SEM scanning of a protrusion located on a silicon
plate, a distortion of its image occurred leading to re-
duction of the measured value of its linewidth. This
distortion of the protrusion image was explained by
the induction of an electric charge in the protrusion
subsurface by a scanning beam and influence of the in-
duced localized charge on the emission of electrons
from the surface, which formed the image of that pro-
trusion. In the given work it was revealed, that a dis-
tortion also occurred in the form of a rotation of the
protrusion image around its axis, perpendicular to the
plane of the image. The aim of the work is to inves-
tigate the details, explain the reasons for the discov-
ered phenomenon and estimate its influence on meas-
urement of the linear sizes.
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Experiment

Research was done for two types of protrusions on
a silicon plate with gentle slopes: on the protrusions of
a test object of measure of MShPS-2K [2] and on the
protrusions with the slopes formed by means of chem-
ical etching. The protrusions of the first type were
formed by anisotropic etching of a plate to the depth of
~0.41 pum at the angle of inclination of the slopes of
54.7°. The images of the protrusions were obtained by
means of SEM S4800 in a regime of slow secondary
electrons (SSE) at the energy of the electrons of the in-
cident beam of 20 keV. Fig. 1 presents the final images
of the protrusion after its an uninterrupted scanning
during the periods of time of 20 s and 160 s. In fig. 1, b
one can see a turn of the image of the protrusion in the
counter-clockwise direction in comparison with its im-
age in fig. 1, a.




We recorded a change of the turn of rotation direc-
tion of the image for the opposite one as a result of the
change of the mode of scanning: with pauses of 2 min.
between separate frames with duration of 10 s (fig. 2, a
and b).

For the protrusions of the second type the depth of
etching was ~0.35 um, the width of the top basis (TB)
of a protrusion ~290 nm, the angle of inclination of the
slope ~65°. The images were obtained by means of
measuring SEM S-9260A at magnification of ~150.000,
the energy of the incident electrons of 800 V, the beam
current ~6 pA, number of image pixels — 512 X 512 at
the size of a pixel of 1.75 nm. The tested protrusion was
scanned repeatedly. The number of uninterrupted scan-
nings (frames) of one protrusion was 400 or 800. In
each cycle only 25 images (scans) of the protrusion
were formed. In case of 400 frames one scan was formed
by averaging of 16 frames, in case of 800 frames — by
averaging of 32 frames, which in the latter case im-
proved the image clarity. Several cycles of 800-times
scanning were done. It turned out that the values of the
image turns recorded in various cycles of scanning var-
ied considerably. At that, not only the value of a turn,
but even its direction changed. Therefore, in order to
reveal the regularities of the phenomenon of the image
rotation seven cycles of uninterrupted scannings were
done with the intervals between them from several
hours up to several days.

Technique for measurement of turns
of the protrusions images

The variation of turns of the protrusion images were
estimated quantitatively by means of a program for im-
age processing [3]. With its help an image was divided
into several tens of strips—sections located along the
horizontal axis. In each of them the video signal (VS)
curves from all the scanning lines in it were recorded,
after which the average VS curves for each of the sec-
tions were formed. Fig. 3 presents a VS curve averaged
by all the lines. It is visible, that it can be divided into
several quasi-linear sites (between points /—2, 2—3,
4—5, 5—6). Then, each of those sites was approximated
by a straight line [4]. And, finally, on the crossings of
the neighboring straight lines the co-ordinates of refer-
ence points were defined: beginning of the amplitude
growth ([/), the points of inclination change of the sites
of the curve (2 and 5), the points of positions of the
maxima of the model VS (3 and 4), and the points of
recession of the VS amplitude down to the background
value (6). According to [4], the distances between these
points allow us to determine all the linear sizes of the
protrusion. The width of the protrusion between the
borders of the top basis should be determined by dis-
tance W between points A and B of the video signal
(VS) curve in fig. 3. These points are arranged in the
middle of the sites of VS recession from its peaks to the
site corresponding to the top basis of the protrusion.

After determination of the reference points the de-
pendence of their horizontal co-ordinates along the

length of the protrusion on the number of image strips-
section was formed. The recorded dependences were
approximated by the straight lines by the method of the
least squares with the use of Origin 7.0 program, and
then the program was used to calculate the tangent of
inclinations of these straight lines on the image. Incli-
nations of the lines can influence the values of the linear
quantities, which determine the dimensions of a pro-
trusion. Therefore, together with the tangents of line in-
clinations the distances between peaks L , the distances
between points /, 2and 5, 6, and also tﬁe width of the
top basis of the protrusion W were calculated.

Width W can be measured directly by VS curve (see
fig. 3), and it also can be calculated from the value of
quantity Lp and the value of the effective beam diam-
eter. Directly measured W also includes the value of the
effective diameter in a latent form but this diameter is
of another type [4]. As it was revealed, the value of the
other type of the effective diameter differed from the
value received by the points in fig. 3 [5].

Results

As a result of the calculations, the tangents of the
angles of inclinations of the straight lines connecting
the sets of reference points from 1 up to 6 in the strips-
sections were estimated. For the turns of the images of
the protrusions recorded in a high-voltage SEM and
shown in fig. 1, the values of the tangents were averaged
on all the lines connecting points /—é6: for fig. 1, a the
average value of the tangent was 0.0028, for fig. 1, b
with the greatest inclination line in the given work —
0.0157 (which corresponds to the turn angles of ~0.2
and ~0.9°).

For a low-voltage SEM the most noticeable turns of
the protrusion image were obtained in case of averaging
of the scans by 16 frames. Table 1 presents the tangents
of the angles of the straight lines (Tg) connecting the
corresponding points from 1 up to 6 and the random er-
rors of their definition . The latter value determines
the degree of affinity of the approximating straight lines
to the lines of the curve VS sites corresponding to them.

Apparently, the errors of estimation of the tangents
of inclinations differ greatly for various points. Errors of
definition of inclinations for points 2 and 5 are espe-
cially great, which leads to an increased casual error of
the values of the effective diameter. Inclinations for
points 3 and 4, bringing a contribution to the error of
measurement of the protrusion width, are mostly re-
produced.

From the data presented in table 1 an important
conclusion follows: inclinations of the straight lines
connecting the corresponding reference points on the
image are not identical even in the first scan (after
16 frames). This means that the straight lines connect-
ing points /—6 are not parallel already in the first scan,
and, therefore, the forms of the corresponding sites of
VS curves in different sections of the image are not
identical (either compressed or stretched). Apparent-
ly, as a result of the repeated (from the first up to the
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25-th scans) scannings the inclinations of the line im-
ages vary. A trend for reduction of the inclinations of
lines in 25-th scans for most sets of reference points in
table 1 is appreciable, which visually corresponds to a
clockwise turn of the protrusion image. The reduction of
the inclination of lines connecting set of points 2 and 6
is most visible while for the lines connecting points 3
and 4, where the value of VS is the greatest, the incli-
nation reduction is the least.

Results. Uncertainty of measurement
of the linear sizes

The width of the topological element of IC is the
most important controllable linear quantity. It is de-
fined as the distance between a pair of the marked
points on VS curve (with account of SEM magnifica-
tion). As a rule, such points are disposed symmetrically
in relation to the centre of the VS curve and are set by
the value of the signal called "a cut-off level” [4] (fig. 3).
In [4] it is shown, how to select a cut-off level for a
model curve so that the reference points marked on the
curve would correspond precisely to the borders of the
top basis of the model trapezoidal protrusion (and the
distance between them would correspond to its width).
However, a real correspondence between the positions
of the reference points set on the curve and the borders
of the top basis is usually absent [6].

A major condition for definition of the width of pro-
trusion TB in nanometrology is account of the value of
the diameter of the electron beam forming an image
[4]. The values of the diameter are used in the form of
an amendment, allowing us to determine the width of
TB, if the distance between by the peaks of the curve is
measured (fig. 3) [4]. Measurement of the diameter of
the electron beam, emitted by the surface and forming
the image, is, apparently, the most important and most
difficult problem of SEM metrology. An error in the
value of the beam diameter is especially critical during
measurement of the dimensions within the range of
about 10 nm by means of SEM with a small diameter
of the incident beam (i.e. with a high resolution).

In our country it was suggested to measure the di-
ameter of the beam using VS curve obtained during
scanning of the protrusion of the width measure of
MShPS-2K (within the framework of the used model
for formation of the protrusion image) [4]. Within the
framework of this model the diameter of the beam does
not depend on any influence quantity and a priori co-
incides with the parameters of the incident beam. The
size of this model beam is called an effective diameter
(def) [4]. Use of this value allows us to determine the
width of TB of the protrusion rather simply and more
precisely, than by any points of the VS curve. Accord-
ing to [4], the value of d,ris determined by the average
distance along the axis of/ scanning between points /—2
and 5—6 (fig. 3). Value of d,rdetermines the width of
protrusion W:

W=L,—dy, (1)
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where L, — distance between the peaks on the VS curve
(see fig. 3) [4]. Therefore, for an estimation of the
change of the value of the protrusion width during an
image turn it is necessary to determine variation of def
and Lp.

Because of a bad reproducibility of the inclinations of
the straight lines (table 1, sets of points /—2 and 5—06),
we estimated the change of def by the results of scan-
ning of the protrusion in seven cycles (a cycle consisted
of 800 uninterrupted scannings). The results of the es-
timation of the variation of values of d , L in the form
of the difference of the values, recoded flc))r the 25-th
and the first images (Ad AL,) in seven cycles, are pre-
sented in table 2. However tlf results of determination
of AW were defined directly from the VS curve (not by
means of (1)).

A random error of measurement of the protrusion
width (2 o) in the series of frames (and the correspond-
ing VS curves) was 0.2...0.4 nm. In case of averaging of
the scans — images by 32 frames a random error of the
width in a scan should not exceed 0.1 nm. Therefore,
we put in correspondence a variation of AW of several
tenths of a nanometer with the systematic change of the
width in various scans and cycles.

Error d,r is expected to be subjected to random
changes in the highest degree. Fig. 4 presents variation
d,r for the strips of one image along the length of the
protrusion (in case of its averaging by 32 frames).

It is visible that a standard deviation from mean
value d,ralong the length of the protrusion is close to
~0.3 nm (2c). If averaged by all the image strips, it
should be less than 0.1 nm. A change of the mean
value of d,-within one image (along the straight line)
by ~2 nm — is noticeable. However, an increase of the
value of d,r averaged by 25 images was only 1.7 nm
(table 2, cycle 1). Apparently, only fractions of the in-
duced additives to defin each image are summed up by
all the images within one cycle.

From table 2 it is visible, that numerous scannings
of the protrusion in each cycle lead to an increase of the
effective diameter d, (on average by ~1.2 nm) at a re-
duction of the distance between the peaks (on average,
by ~0.16 nm). According to (1), these variations should
lead to a reduction of the width of the protrusion almost
by ~1.4 nm. But, according to table 2, reduction of the
values of width AW equals only to ~0.7 nm. We explain
the difference by the fact that the value of the effective
diameter d,differs from its value, which implicitly de-
fines the width of the protrusion in case of measure-
ments directly by the VS curve. In [6] it was specified,
that during scanning of TB by a focused beam in the
experiment it was methodically incorrect to define its
width by the values of the effective diameter d,.. The
matter is that value d,-in model [4] is determined by
the sites of the VS curve formed by parts of the pro-
trusion profile near the bottom basis (because the in-
cident and the emitted electron beams in the model
are parallel).




The turns of the initial and final images in different
cycles, which were used for obtainment of the results in
table 2, occurred in the counter-clockwise direction
with a great angle spread (in one case a clockwise turn
was recorded).This testifies to an appreciable influence
of the random, not considered quantities, on the value
of a turn. At that, their influence on variation d,rand L,
was different: the span of d,rin all cycles of scannings
was 1.5 nm, while the span of Lp (except the fourth one,
where random spike was recorded) was 0.5 nm. These
span values correlate with the reproducibility of the tan-
gents of the angles of inclination of the straight lines de-
fining the values of the effective diameter and the dis-
tances between the peaks of VS curve in table 1 (for cy-
cles 1, 2, 5, 6 and, accordingly — 3, 4). From table 2
it is also visible, that the span of AW (of the directly
measured width of TB) was only 0.7 nm, i.e. the cal-
culations of the width with the use of expression (1)
were less reproducible.

The reason for variation of the inclination

The reason for variation of the rotation of the edge
of the image of the protrusion is, apparently, the elec-
tric charge, locally induced by a scanning beam on the
surface of the protrusion. The beam scanning a the line
of an image induces a charge, presumably, not only in
the strip of scanning, but also and in a surface strip,
where the line N + 1 will subsequently be scanned.

The induced charge has no time for relaxation dur-
ing scanning of line NV and changes emission of SSE in
the scanning strip of line N + 1. The emission current
for line N + 1 can either increase, or decrease. If in the
next line of scanning it is more, then VS in the corre-
sponding image points will start to grow earlier and the
position of these points will be displaced by along axis
Xto the left. In this case the image of the protrusion will
turn clockwise. If the emission lessens, then the image
points will move to the right, while the image will turn
in the counter-clockwise direction. Different directions
of the turn of the image of the protrusion were con-
firmed experimentally at different modes of scanning of
the same protrusion (fig. 1, 2). The fact of a monoto-
nous variation of the emission of electrons from the sur-
face of the protrusion during scanning with formation
of many frames of the image is presented in the work
[7]. In this work scanning in a high-voltage SEM was
done in two modes: during an uninterrupted scanning
and with pauses between the separate frames. As it
turned out, in case of an uninterrupted scanning the
amplitude on the VS curve in last frame decreased in
comparison with the first frame, while in case of scan-
ning with pauses it was vice-versa.

Conclusion

A prolonged SEM scanning of the protrusion with
low gradient slopes in silicon leads to various distortions
of its SEM images.

The given work presents one kind of distortions —
a rotation of the image of the protrusion (in the clock-
wise and the counter clockwise directions) by the angle
up to 1° at the number of scannings of several hundreds.
The image rotated both in a low-voltage and in a high-
voltage SEM. The reason of an image rotation was, ap-
parently, the electric charge induced by the scanning
beam in the subsurface layer of the protrusion. A mech-
anism of influence of the charge on a turn of the image
was proposed taking into account the direction of its ro-
tation.

In connection with a turn of the image the value of
the width of the top basis of the protrusion can decrease
by 2.4 nm. (We should point out, that an absolute error
of measurement of the width of the of the top basis
should be 1 nm [8].) It was discovered that a turn
caused unequal displacements of the reference points
(between which the distance was measured at the curve
of the video signal) for different scanning lines of one
frame. (Therefore, various lines connecting the similar
reference points in the consecutive lines of a frame
turned to a different angle.) As a result, the size of the
similar sites of the curve changed linearly in the con-
secutive lines of a frame, leading, as a result, to a re-
duction of the average value of the width of the top ba-
sis. It is possible to select other reference points for
measurement of the width of the top basis (within the
same method [4]), which will lead to a smaller variation
of its values in case of the image rotation.
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Yenewnoe pewenue 3a0au npoekmuposarus u paspabomxku KMOII CbUC, a makace nocmpoerus npubopoe Ha ux 0CHoge He-
603m00icHo 6e3 npumerneruss CAIIP kak Ha 31eMeHmHOM, MAK U HA CXeMOMmeXHU4ecKkux yposusx. /lns paouayuoHHo-cmoukux
CHUC smu 3a0auu cyuyecmeenHo YCAOICHAIOMCA HeobX00UMOCMbI0 OONOAHUMENbHO YHUMbIBAMb 8030elicmaue paduayUoOHHbIX
axmopos. Ymobbl cmacuams pucku ux 6030eticmsus, Heooxo0umo npedycmampuéams paouayUOHHyH CMoUKoCmb NPUbOpPos ¢ Ha-

Hansa ux npoeKmupoeanusi.

Knrouesas poav 6 maxux CAIIP npunadaexcum komnakmuoim modeasm KM OII-anemenmos, nockoavky om cmenenu yuema
BAUAIOWUX (DAKMOPOB8 U UX MOUHOCIMU 8 NEPEYI0 04epedsb 3asUCUM J0CMOBEPHOCMb Pe3yAbMAmM08 CXeMOMEXHUHECK020 npoeKmu-
posanus. Taxum obpazom, pazpabomia Ho8bix u yayuuierue cyuecmayrouux SPICE-modeneil snemenmos paouayuouHo-cmouKux

KMOII BUC seasemca akmyanvhol 3a0a4el.

Karoueevie caosa: KMOII-mpanzucmop, modeauposanue,

HatypHble sKcniepuMeHThl 10 aHalu3y BO3AEHCT-
BUsI MoHM3UpYollero nsnyyeHus Ha CBUC nocrarou-
HO TPYZOEMKH U He Bcerma MHGOPMATUBHBI OTHOCH-
TeJIbHO MPOTeKaIINX PU3NIYecKuX Ipoieccos [1, 2],
MO3TOMY XOPOIEel allbTepPHATUBOM SIBJISIETCSI BKIIIOUE-
HUue 3(P(PeKTOB MOHUBUPYIOLIETO WU3TYyYEeHUsS] B KOM-
ITAKTHBIE MOIEIN YCTPOUCTB, MCITOIb3yeMbIX B CTaH-
JMApTHBIX CUMYJISITOpaX 3JeKTPUUECKUX lieneil. Bkio-
yeHue 3TuxX 3(PEPeKToB TpedyeT 3HAHUS (DUNUECKUX
MPOLIECCOB, KOTOPbIE CITOCOOCTBYIOT BO3HUKHOBEHUIO
Ne(eKTOB BCJIEACTBME MOHU3MPYIOLIETO W3JyYeHUs,
U BIMSHUSI, KOTOpble 3TU 3(P(eKThl OKa3bIBaIOT Ha
9JIEKTPUYECKHME XapaKTePUCTUKU KOMIIOHEHTOB B Tie-
penoBbix KMOII-texHonorusax [3, 4].

[TpuGopHO-TeXHOJOTMYECKOE MOJeIMpOBaHKE
MOII-tpan3uctopoB KHC- 1 KHHU-tuna, padorato-
X B YCJIOBUSIX PaIvallMOHHOTO BO3IEMCTBUS, TIPEI-
cTaBisieT coboii cioxHywo mpobiemy [5]. Hapsany c
0COOEHHOCTSIMU TEXHOJIOTMUYECKOTO Tpoliecca HeoOXo-
JMMO YUUTHIBATh U3MEHEHUE (PH3UUECKUX TTapaMeTPOB,
Mpoucxosiiiee Moj AeCTBMEeM paJualliu, U ero Biu-
sSTHUE Ha BBIXOTHBIC 3JCKTPUUYECKUE XapaKTePUCTUKMU.

DD heKTUBHOCTb NPOESKTUPOBAHUST 3aBUCUT OT TOU-
HOCTU aHaJIUTUYECKUX MOneJeil TPaH3UCTOPOB, MPU-
MEHSIEMBIX B MOAEIMPOBAHUM [6].

IIpu monmenupoBanuu MOII-TpaH3UCTOPOB MpU-
MEHSIIOT TTOAXO0/bI, OCHOBAaHHbIE HA MOHSITHUM MOPOro-
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UOHU3Upyrwee usry4erue, nOBep.XHOCI’ngIlZ nomeruyuan

BOro HamnpsikeHus (V;;,), ”HBEpCMOHHOTO 3apsa (g;) 1
MOBEPXHOCTHOTO TNoTeHIMana (¢,) [7].

B Mozensix, OCHOBaHHBIX Ha MOHSTUU IIOPOTOBOIO
HaTpsDKeHUs, TJIOTHOCTh 3apsiia B KaHaJle Ompeaessi-
eTcsl KaK IUIOTHOCTD 3apsiiia IMIOCKOro KOHAeHcaTopa,
00pa30BaHHOTO 3aTBOPOM M KaHAJIOM, B TIPEATIONIOXKE-
HUHU, UTO TTIOBEPXHOCTHLII ITOTEHIIMA B PEXKUME CUIThb-
HOIl MHBEpPCHUM HE 3aBUCUT OT HaNPSLKEHUS Ha 3aTBO-
pe. I1n10THOCTh MOABMIKHOTO 3apsia B KaHajie orpee-
JIIETCSA Pa3HOCTBIO MEXAY HampssKeHWEeM Ha 3aTBOpe
1 MIOPOTOBBLIM HAaNpPsLKEHUEM, IMPU KOTOPOM MOIBMK-
HBII 3apsg/ B KaHajie oTcyTcTBYeT. HemoctaTku Moje-
JIeil, OCHOBaHHBIX Ha MMOPOTOBOM HAMPSIKEHUU, TaKue
KaK paspbIBbl B pa3HbIX pabouMx o0JACTSIX, OTpUIla-
TeJdbHasE €MKOCTb M OTpHIIATeNIbHAS TTPOBOINMOCTb,
npuBeaeHbl B padote [8].

Mopnenu, ocHOBaHHbIEe Ha TTOHATUM 3apsiga UHBEP-
cuoHHoro cios [9, 10], onmuchIBalOT NMOBEeACHUE TPaH-
3UCTOpPa BO BCEX peXMMaxX paboThl M ITO3BOJISIOT
YMEHBIIUTh YUCIO IapaMmMeTpoB Mojaeiau. Hemocrar-
KOM SIBJISIETCSI HEBO3MOXKHOCTh OITMCAHUSI peXX1UMa Ha-
KOIUJIEHUS 3apsiia ToJ 3aTBOPOM U B OOJIAaCTU Tepe-
KPBITHS 3aTBOPOM MCTOKA U cToKa. [TI0THOCTE 3apsima
B MHBEPCUOHHOM CJIO€ TaKKe SBIISIETCS HEYyTOOHOM
BEJIMYUHON JJISI ONMUCAHUS LIIYMOBBIX CBOMCTB TpaH-
3UCTOpa, pa3lde/ieHUsI ToKa 3aTBOpa B KaHalle MEXIy
CTOKOM U MCTOKOM.




B pesynbraTe mosiBWICS 3HAYUTENbHBIN WHTEpEC K
pa3paboTKe MojeJieil Ha OCHOBE ITOBEPXHOCTHOTO TO-
teHumazia [11—16]. I1penioxeHo HECKOJIBKO KOMIIaK-
THBIX MoOJieJiell Ha OCHOBE MOBEPXHOCTHOTO MOTEHIIM-
ana [6, 17, 18], Ha ocHOBe Monenu 3apsima bproca [19].
dusnueckne 3PPekThl, TaKUe Kak 3P HeKThl KBAHTO-
BaHMsI, YaCTO PACCMaTpPUBAIOTCSl KaK JOMOJHEHMST K
TakuM MogaeisaMm [20].

Mogenu, oCHOBaHHbIE Ha MOHSITUM TMOBEPXHOCT-
HOTO TOTeHLMala, YYUTHIBAIOT MPaKTUYeCKu Bce Pu-
3uueckue 3¢ dexThl B HaHoMeTpoBbiXx MOII-TpaH3uc-
topax [21]. X OCHOBHBIM JOCTOMHCTBOM SIBJISIETCSI
(uznyecku 00OCHOBAHHOE MOJAEIMPOBaHUE 00JIACTU
YMEPEHHOM MHBEPCUU, KOTOPAsi CTAHOBUTCS MpeodJia-
nawoueid B coppeMeHHbix MC, paboTatoiiux npyu Ha-
npseKeHuu nutaHus ot 1,2 no 1,5 B. OT1o memaet Mo-
JIeJI TIPUTOIHBIMU 11 IPOEKTUPOBAaHUS UMD POBBIX,
aHaJoroBbIXx M paaumodacToTHbIXx MC, co3maHHBIX MO
HAHOMETPOBBIM TEXHOJOTUSIM. Takoil Moaxoa Mmo3Bo-
JIIeT HAWTU eIMHOE BhIpaXeHUE, OMUChIBaIOIIee Kak
MOAIIOPOroBYI0 00J1aCTh, 00JIACTh YMEPEHHOU U CUJIb-
HOIl MHBepcUM 0e3 MNpPUMEHEHUS CIJaXXUBaIOIIUX
byHKIIUA.

Ha ocHoBe cooTHOLIEHUI, ONpeAeIsSIIOIIMX 3aKOHO-
MEpPHOCTH TIPOIIECCOB, MPOTEKAIOIINX B TTOYTIPOBOI -
HUKOBBIX CTPYKTypax MpH BO3NEHUCTBUU MOHM3UPYIO-
1IETO U3JTyYeHUsI, B pabOTe MpeyIoKeHbl 3aBUCMMOCTU
Jerpajgaldu rmapaMeTpoB 3JEMEHTOB CXeMOTEXHUYEC-
KOT'O YPOBHSI, KOTOpPbI€ AOTOJIHSIOT Spice-MOIEIH.

Tak Kak spice-TiapaMeTpbl B3aMMOCBSI3aHbl U Xa-
paKTepU30BaHBI IO TeMIIepaType, MOACTABUB ITOTY-
YeHHbIE 3HAYEeHMS MOABMXXHOCTU M MOPOrOBOr0 Ha-
NPSKEHMSI, MOXKHO TMOJYYUTh OCTaJIbHbIE MapaMeTphl,
XapakKTepHbIe IJISI UBTYUYEeHUSI.

DKCIepuMeHTaJIbHO YCTAHOBIIEHO, YTO JAeTpagalius
BJIEKTPUUECKUX MapaMeTPoOB, a TakKe BO3HUKAaIOIIMe
(byHKIIMOHABHBIE OTKAa3bl B 3HAYMTEILHON Mepe OIl-
peaesIIoTCsS MOLTHOCTBIO JO3bI, T. €. CKOPOCThIO, C KO-
TOpOI1 OBUI OCYIIEeCTBJIEH Habop o3kl [22].

HccnenoBaHust MoKasbpiBalOT, YTO KJIOYEBBIMU Me-
XaHM3MaMU Jerpajalu, OOYCJIOBJIEHHBIMU TIOTJIO-
IIEHHON 103011 M3JIydeHUs, SBJSIOTCS HaKOIUIeHUe
NOJIOXUTENIbHOrO 3apana (N,) B obiactu 3arBopa
[23, 24] u oOGpa3oBaHUEe MOBEPXHOCTHBIX COCTOSIHUI
Ha rpaHuile pasneja OKCUA — TMOJYyIPOBOAHUK (MH-
tepdeiicHbie n0ByIKK) (N;) [25, 26]. B nHTErpanbHbIX
KMOII-cTpykTypax, NOABEPXEHHBIX BO3IEIICTBUIO
BBICOKOI 103bl MIOHU3UPYIOLIEN paguany, BO3MOXHO
3alueakuBaHue [27—29].

B pesynbrare MaciuTabMpoBaHUS YMEHbIICHUE
TOJILMHBI MTOJ3aTBOPHOIO OKCHUIA (f,,) U yBEIUYEHHE
YPOBHSI JIETMPOBaHWS KaHajda M obbema IOJIyIpo-
BOJHUKA YJYUILIWIA paiUuallMOHHYIO CTOMKOCTb CYyO-
MukpoHHoit KMOII-TtexHomoruu. 9To 00yCIOBIEHO
YMEHbBILIIEHUEM BJIUSHUS KJIACCUYECKUX paadallliOH-
HbIX 3¢ ¢eKToB (HanpuMep, HaKOIUIeHUsT (PUKCUPO-
BaHHOTO 3apsaa B ITOA3aTBOPHOM OKCHIIE), KOTOPHI
OIIPENIENIAETCA TONMHOM okeuna f,,,. OnHaKo HaKoI-
aenue N, u N, BOIU3M rpaHULBI pasjeia IMoJyIpo-

BOJHUK — OKCHJ TIPU TJYOOKOM M30JISIIMU KaHaBKa-
MU SIBJISIETCS TMTOTEHLUIMAIILHOM paaialilMOHHOM yrpo30i
[30—32] m oka3pIBaeT 3aMeTHOE BJIMSHME Ha OCHOB-
HbI€ XapaKTepUCTUKM MHTEerpajbHbIX cxeM [33].

B pa6ote [34] omucaHa MeToauKa, IMO3BOJISIOLIAS
pasenuTh paTualiiOHHO-WHIYIIMPOBAHHBIA CIBUT TIO-
porosoro HampskeHuss AUy, Ha €ro CoCTaBJIAIOLLME
AUy;; — BKJIAJ 3apsi/ia, JIOKAJIM30BaHHOTO Ha MOBEPX-
HOCTHBIX JIOBYIIKax IpaHulbl Si—SiO, u AUy, —
BKJIaJI COOTBETCTBEHHO 0O0BbEMHO-BCTPOEHHOTO 3apsi-
J1a I0J3aTBOPHOTO Au3IeKTpuKa SiO, B MPeaIonoxe-
HMM, YTO obuiee usmMeHenue Uy paBHO aJJIMTUBHOM
CyMMe€ COCTaBJIIOLIMX BKJIaNOB HanpskeHut AUy, =
= AUy + AUppy

B pabotax [35—38] npennoxeHbl aganTUPOBaHHbIE
MOJIEJIA TPAaH3UCTOPOB, YUUTHIBAIOIINE BIUSHUE U3ITY-
yeHMUs1 Ha anekTpodusnmdyeckue mapamerpbel KMOII-
TPaH3MCTOPOB.

NmnnemeHTanusl BAUSHUS TOTJIOIIEHHOM 03B
MU3JYYeHUs B MOJIeJIb Ha OCHOBE MTOBEPXHOCTHOTO I10-
TEHIMAJa OCYIICCTBISICTCS MyTeM IepeHOPMUPOBKHU
ypaBHEHHST TTOBEPXHOCTHOTO ITOTEHIIMAIa, KOTOPOE
nuMeer cieayroumii Bug [39]:

2.2
(Ve = Vi = &wy)” = 170, H(Bvy), (D
rie V, — HanpsbkeHue Ha 3atBope; Vpp — Hampsixe-
HUE IJIOCKMX 30H; Wy — MOBEPXHOCTHBII MOTEHLUAI;

_ 298N, . a1
Y= ——— ¢, — TeMIepaTypHbIi MOTeHUMAT, } = — ;
CO)C d)t

g — JUDJIEKTPUYECKAs POHULAEMOCTb MOJIYIPOBO/I -
Huka, N, — yposeHb Jeruposanus; C, — €MKOCTb
okcupga; H — omeparop 'amuibToHAa.

Hanpsixenue riockux 30H Vg MeeT cienyroimmit
Bun [40]:

[ _ 4Nyt D)
FB—OPMs™ — ¢ >
o0x

TI€ ¢ jzg — PA3HOCTb PabOT BBIXOAA 3aTBOP-IIOJIYIPO-
BOJHMK; ¢ — 3apsjl 3JEKTPOHA; ¢, — OOBEMHBIN IO-
teHuMan; N, — 3apan B o0beMe okcuaa; D;, — mior-
HOCTb JIOBYILIEK Ha MOBEPXHOCTH, a apaMeTp & paBeH

0x

YpaBHeHME TOBEPXHOCTHOTO IoTeHnana [41], uc-
MOJIb30BAaHHOE B Spice-MOJieJIM Ha OCHOBE MTOBEPXHOC-
THOTO ITOTEHIIMANA, UMEET BUL,

(V= Vg = wy)? = v0,H(Py,).

Takum obpaszom, ypaBHeHMe (1) paciupsieT cTaH-
JApTHYI0O MOJEJb 3a CYET yuyeTa nmapamerpa &, xapak-
TEPU3YIOIIETO TUIOTHOCTb ITOBEPXHOCTHBIX COCTOSI-
HUI Ha rpaHMle pas3neja KpeMHUI — OKCHUIL.

YToObl BKITIOUUTHL 3(PPeKThI, 00YCIOBICHHBIE MOT-
JIOUIEHHOW J030i W3Ay4YeHMsI, B CYIIECTBYIOLLYIO

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 7, 2018 397



+0 rad

* 200 rad

= 700 rad

| |
| |
| |
| |
| |
| |
| |
| |
| |
I & 100 rad I
| |
| |
| |
| |
| |
| |
| |
| |
| |

CpaBHeHHE JKCHEPUMEHTAJLHBIX (mouKka) W PacyeTHBIX (AUHUSA)
CTOK-3aTBOPHBIX XaPAKTEPUCTHK p-KaHaibHoro MOII-Tpan3ucropa
TPH Pa3JMYHBIX 3HAYEHUSX MOIJIOMIEHHOW 103b1 HOHU3UPYIOUIETO U3~
JIy4eHus

Comparison of the experimental (point) and calculated (line) drain-gate
characteristics of a p-channel MOS transistor at various values of the
absorbed dose of the ionizing radiation

CTPYKTYpYy MOJEIU Ha OCHOBE TMOBEPXHOCTHOTO ITO-
TEHIIMaJia, BBITIOTHSIETCS TTEPEHOPMUPOBKA:

Vg* = V,/¢E, Vg = Veg/é.
Orcloma cienyer, 4YTo
(V; = Vig = v)* = ("), HPBy,). )

B otnuuwme ot (1), ypaBHeHME (2) MOXHO PELIUTH
OTHOCUTEJILHO , UCIIOJIb3Ysl BHICOKOTOUHbIE aHAJIM-
TUYECKHE aNMpoKCUMAallMU, KOTOpble MPUMEHSIOT B
spice-MOIeTpOBaHNN [6].

ITpu paccyuTaHHBIX MTOBEPXHOCTHBIX MOTEHIIMATAX
UCTOKA Y U CTOKA Y,y 3HAYEHME TOKA CTOKA MOXET
OBITh MOJIyYeHO METOJOM CUMMETPUYHOM JIMHeapur3a-
muu [42]:

w
[d = Z Hefr Cox(qim + OLm(l)l‘)A\V'

Bruto nipoBeneHo cpaBHEHME 3HAYEHMI TOKA CTOKA
p-kananpHoro MOII-TpaH3ucTOpa TpU Pas3IUYHBIX
3HAYEHMUSIX MOMIOIIEHHON 103bl MIOHU3UPYIOLIEIO 13-
JIyUeHUSI, TOJYUYEHHbIX SKCIEPUMEHTAIbHBIM IyTeM
[43] u paccuyMTaHHBIX COMIACHO MOJENU (CM. PUCYHOK).
ITapaMeTpbl TpaH3ucTOpa: OJMHA KaHajiaa 1,5 MKM;
muprHa kaHana 180 MKM; ToJIIIMHA MOA3aTBOPHOTO
okcumaa 400 HM.

IIpoBepka vccaeayeMoit KOMIAKTHOW MOJAEIU TO-
Kaszaja XOpOILYI KOPPEesSLUIO0 C SKCIePUMEHTAIbHO
MOJIy4eHHbIMU CTOK-3aTBOPHBIMU XapaKTepUCTUKAMU
1 aIeKBaTHOCTD CIAETAHHBIX TPEATTOIOKEHMIA.
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Natural experiments for analysis of the influence of
the ionizing radiation on VLSI are labor-consuming
and not always informative enough about the proceed-
ing physical processes [1, 2]. A good alternative for
them is inclusion of the effects of the ionizing radiation
in the compact models of the devices used in the stand-
ard simulators of the electric circuits. Inclusion of the
effects demands knowledge of the processes, which
promote occurrence of the defects owing to the ionizing
radiation, and the influences of the effects on the elec-
tric characteristics of the components in the CMOS
technologies [3, 4].

The device-technological modeling of the MOS
transistors of the SOS and SOI types, operating in the
conditions of the radiation influence, is a complex
problem [5]. Alongside with the specific features of the
technological process it is necessary to take into ac-
count the variation of their physical parameters under
the influence of radiation, and its influence on the out-
put electric characteristics.

Efficiency of designing depends on the accuracy of
the analytical models of the transistors [6].

The approaches applied for modeling of the MOS
transistors are based on the concept of the threshold
voltage (V},), inversion charge (g;) and surface potential
(¢, [71.

In the models based on the threshold voltage con-
cept, the charge density in the channel defined as the
density of the charge of the flat condenser formed by
the gate and the channel, assuming, that in the mode
of a strong inversion the surface potential does not de-
pend on the gate voltage. The density of the mobile
charge in the channel defined by the difference between
the gate voltage and the threshold voltage, at which the
mobile charge in the channel is absent. The drawbacks
of the models based on the threshold voltage, such as
ruptures in different working areas, negative capacity
and negative conductivity, presented in [8].

The models based on the concept of the inversion lay-
er charge [9, 10] describe the behavior of a transistor in
all the operating modes and allow us to reduce the
number of the model parameters. A drawback is impos-
sibility of a description of the mode of a charge accumu-
lation under the gate and in the area of overlapping of the
source and the drain. The charge density in the inversion
layer is also an inconvenient value for description of the
noise properties of a transistor, separation of the gate cur-
rent in the channel between the drain and the source.

As a result a considerable interest appeared to de-
velopment of the models based on surface potential
[11—16]. Several compact models based on surface po-
tential [6, 17, 18] and based on Bruce charge model
[19] were proposed. The physical effects, such as the ef-
fects of quantization, often considered as an addition to
such models [20].

The models based on the concept of the surface po-
tential take into account practically all the physical ef-
fects in the nanoscale MOS transistors [21]. Their basic
advantage is the physically substantiated modeling of the
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moderate inversion area, which becomes prevailing in
IC, working at the power supply voltage from 1.2 up to
1.5 V. This makes the models suitable for designing of the
digital, analogue and radio-frequency IC, created by the
nanoscale technologies. Such an approach allows to find
an uniform expression describing the subthreshold area
and the region of moderate and strong inversion without
application of the smoothing functions.

On the basis of the correlations defining the order of
the processes in the semiconductor structures under the
influence of the ionizing radiation, the dependences of
degradation of the parameters of the elements of the cir-
cuit level, which expands the spice models were proposed.

Since the spice parameters are interconnected and
characterized by temperature, by substituting the re-
ceived values of the mobility and the threshold voltage
it is possible to obtain the other parameters, character-
istic for the radiation.

Experimentally established, that the degradation of
the electric parameters and arising functional failures
are determined by the dose rate [22].

The researches demonstrate that the key mecha-
nisms of degradation determined by the absorbed dose
of radiation are accumulation of a positive charge (N,,)
in the area of the gate [23, 24] and formation of the sur-
face states of the oxide-semiconductor interface (inter-
face traps) (N;) [25, 26]. In the integral CMOS struc-
tures, exposed to influence of the high-dose ionizing ra-
diation, a latching is possible [27—29].

As a result of scaling, the reduction of the thickness
of the gate oxide (7,,) and increase of the channel doping
level and the semiconductor volume, the radiation resist-
ance of the submicronic CMOS technology was im-
proved. This was due to the reduction of the influence of
the classical radiation effects (for example, accumulation
of the fixed charge in the gate oxide), which is deter-
mined by thickness 7, of oxide. However, accumulation
of N,,and Nj; near the semiconductor — oxide interface
with deep trench isolation appear a potential radiation
threat [30—32] and has a significant impact on the basic
characteristics of the integrated circuits [33].

In [34] described the method dividing the radiation-
induction shift of the threshold voltage AU, into its
components AUy;, — contribution of the charge local-
ized on Si—SiO, surface interface traps, and AUy, —
contribution of the volume-built-in charge of the gate
oxide in assumption, that the total change Uy, is equal
to the additive sum of the contributing voltages:
AUy = AUy + AUpy,

In [35—38] offered the adapted models of the transis-
tors, which take into account the influence of radiation on
the electrophysical parameters of the CMOS transistors.

Implementation of the influence of the absorbed
dose of radiation in the model on the basis of the sur-
face potential is carried out by means of a renormali-
zation of the equation of the surface potential, which
looks like the following [39]:

(Vy = Vg — &wy)? = v20,H(Pyy), (1)




where Vg — gate voltage; Vpp — flat band voltage; y, —

2qe N,
o

0x

surface potential; y = ; &, — temperature po-

tential; B = 4% , & — dielectric permeability of a semi-
t
conductor; N, — doping level; C,, — oxide capacity;
H — Hamilton operator.
Flat band voltage — Vpp expressed as [40]
q(No+ Dydp)
VFB = Qs — otC it'h ,
(29

where ¢,,¢ — gate-semiconductor work functions dif-
ference; ¢ — electron charge; ¢, — volume potential;

N,, — oxide trapped charge; D;, — interface traps den-
sity, while & parameter is equal
qD;
=1+ =¥,
5 C

ox

Equation of the surface potential [41], used in the
spice model based on the surface potential, looks like
the following:

(Ve = Vg — vy)* = v0,H(Py,).

Thus, the equation (1) expands the standard model
due to account of the parameter characterizing the den-
sity of the surface states on the interface of silicon —
oxide — E.

In order to include the effects caused by the ab-
sorbed dose of radiation into the existing structure of
the model on the basis of the surface potential, the fol-
lowing renormalization is carried out:

Ve = Vo/&  Vig = Vip/s.
Hence follows
(Vs = Vig = v)> = ()0, H(Byy). ()

Unlike (1), equation (2) can be solved in relation to
vy, by using the high-precision analytical approxima-
tions, which are applied in the spice modeling [6].

At the calculated surface potentials of source vy, and
drain vy, the value of the drain current can be received
by the method of symmetric linearization [42]

Id = _I%/“eﬂcox(qim + amd)t)A‘V'

A comparison of p-channel MOS transistor drain
current, for various values of the absorbed dose of ion-
izing radiation, obtained experimentally [43] and cal-
culated according to the model, was made (figure). The
transistor’s parameters: length of the channel — 1.5 um;
width of the channel — 180 um; thickness of the gate
oxide — 400 nm.

Testing of the investigated compact model demon-
strated a good correlation with the experimentally re-
ceived drain-gate characteristics, and adequacy of the
made assumptions.
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Memodom KoHGOpMHBIX 0MObpadiceHUl NPOBedeHO MameMamu4eckoe MoOeAUPosanue Aa3epHoli NOO2OHKU NAEHOYHBIX N02A0-
warowgux nemenmose CBY ammenioamopos no ocaabneruro u 6Xx00HOMY (8biXOOHOMY) CONPOMUBACHUIO C YHeMOM PEedlbHbIX Pa3-
Mepos8 Na3ePHbIX Pe308 U NOCAe08aMEAbHOCIU UX 66e0eHUs. Yuem 6biA6ACHHbIX 6 NPEON0NCEHHOU MOOeaU 3A8UCUMOCMEN NO360-
JA5em nOBbICUMb MOYHOCHb NOOSOHKU, ee NPOU3B00UMENbHOCMb U GbIX00 200HbLX.

Pabomocnocobnocms memoouku npogepeHa MooeAuposaHuem 8 Ome4ecmeeHHoM npoepammuom Komnaekce Elcut, a makoce
NOO02OHKOU PeanbHblX 00pa3y08 Man02abapumubix HAGEeCHbIX NOAOUAIOWUX INEMEHMO8 MUKDONOAOCKOBbIX AMMEHIOAMOPO8.

Karoueevie caoea: nienounwili noerowarowui 3nemerm, 1a3epras HO02OHKA, MOOeAUPOBAHUE C YHemOM MOAUWUHBL AA3EPHO20 Pe3a

Baenenne

IInenouyHslie noroliaiore 3aemMeHThl (I1D) B Bu-
JIe TIPSIMOYTOJIBHBIX AUBJIEKTPUUECKUX TUIACTUH C Ha-
HECEHHOM Ha HUX PE3UCTUBHOMU TNICHKOU LIMPOKO UC-
MOJIB3YIOT B BOJIHOBOJHBIX, KOAKCUAJIbHBIX 1 MUKPO-
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MOJIOCKOBBIX arTeHroaropax [1—5]. Kauectso I1D u
YCTPOMCTB HA MX OCHOBE CYIIECTBEHHO 3aBUCHUT OT
TOYHOCTM BOCIIPOM3BEAECHUSI BXOIHOTIO (BBIXOZHOTO)
conporusieHus Ry, (Om) u ocnabiaenus g (1b). Cuu-
KeHue paszdpoca 1o Ry, U g, 0OYCIOBIEHHOIO TEXHO-




JIOTUYECKUMU TIOTPEITHOCTSIMU M3TOTOBJIEHUSI, obecIIe-
YUBAEeTCs JIa3epHOM MOArOHKOM [6], 3aKimoyaroleiics
BO BBEICHNH MPOPE3N CUMMETPUIHO BIOJIb OCH Y T -
HOM ¢ 1 1MpuHOI 2e > 0, a TaKXe B MOJApe3Ke 3a3eM-
JIEHHBIX KOHTAaKTOB Ha IJIMHY f ¢ KaXa10il CTOPOHHI [7].

B ocHOBe MeTOAMKU MOATOHKM JiexXUT [1-o0pa3Has
CXeMa 3aMELIEHUs C CONpPOTHUBJIEHHUEM R;|3 B ropu-
30HTAJIbLHOM U Rj; = Ry3 B BEPTUKAJIbHBIX IUIEYAX,
MpuYeM BBeIeHNEe TOHKOW LIEHTpaJIbHOI Mpope3n oKa-
3bIBAa€T BIMAHWE Ha R;3, a Moape3Ka 3a3eMJIEHHBIX
KOHTakTOB Ha Rj3 u R;, omHoBpeMeHHO. IloaTomy
MOJPE3KOM KOHTAKTOB 00ecIeunBaloT Tpedyemele R,
1 Ry3, a BBEIEHUEM LIEHTPAIBHOM 1pope3u — Ry [7, 8].

B ciyyae KkoHeYHO# HIMPUHBI JIA3€PHOTO pe3a, YTo
aKTyaJIbHO JJISI COBPEMEHHBIX U MEePCIeKTUBHBIX Ma-
JnorabaputHeix I19, u moape3ka 3a3eMJIEHHBIX KOH-
TaKTOB, U LIEHTpaJibHas MPOpe3b OKa3bIBAIOT BIUSHUE
cpasy Ha Ry3 1 Ry,, 4TO 3aTpyaHseT noaronky. Mc-
MOJIb30BaHUE TOJBKO BKCIEPUMEHTAIbHBIX JaHHBIX
BCJIEAICTBME OTPAaHUUYEHHOTO MX 00BbeMa OKa3bIBaeTCS
HEIOCTAaTOYHBIM TSI IIOJIHOTO aHaIu3a Mpoliecca Moj-
roHku. TpeOyercsl IIOCTpOeHNEe MaTeMaTUYECKOM MO-
JIeJn JJa3epHON MOATOHKHU, KOTOPOMY M TOCBSILEeHa
HacTtogast padora.

MeTtoauka pacyera

3agaua penaeTcsi METOAOM KOH(GOPMHBIX OTOOpa-
xeHuit [8, 9]. Tomonoruss HecummeTpuuHoro I1D
npejcrasieHa Ha puc. 1, a. Jluauu MoM,y, MM,
M6M7 — BXOJHOM, BBIXOAHON M 3a3€MJICHHBIA KOH-
TaKTbl COOTBETCTBEHHO. B OOJIBIIMHCTBE CIy4YaeB UC-
MOJIb3YIOTCSI CUMMETPUYHBIE OTHOCUTENBHO ocH X 13,
pacueT KOTOPbIX CBOAMTCS K pacyeTy HeCUMMETpUY-
HbIX [1D ¢ yMeHblLIEHHBIM BIBOE yAEIbHBIM MOBEPX-
HOCTHBIM COMPOTUBJIEHUEM p PE3UCTUBHON TIJICHKMU.
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Puc. 1. Ilnenoynsiii IID ¢ nuenTpanbHOii Npope3bio pasMepamu 2e, ¢
M JJIMHO#M f MOJApPe3KH 3a3eMJIEHHOI0 KOHTAKTAa B ILIOCKOCTH Z (a) M
ero 0To0pakeHne Ha BEPXHIOW MOJyIIockocTb Imw > 0 (b)

Fig. 1. Film AFE with the central cut of the size 2e, c and length f of the
cutting of the earthed contact in plane z (a) and its mapping on the top
semiplane Imw > 0 (b)

Orobpaxaem MHOTOyrofnbHUK M MyMiMsMgM oM, M,,
B IJIOCKOCTH Z (pUC. 1, @) Ha BEPXHIOIO MOJYIJIOCKOCTh
Imw > 0 ¢ yka3zaHHbBIM Ha puc. 1, b COOTBETCTBUEM TO-
yek ¢ moMoliblo nHTerpana Kpucroddens — IIsapua

[9]:

2= AJ 0~ ag)/w — YW’ —BHW - Dydw. (1)
0

B cnyuyae cummerpuyHoro IID HMXHSIS 4YacTb
(mpu y < 0) oToOpaxaeTcsi HA HUXKXHIOK TMOJIYILIOC-
KocTb Imw < 0 ¢ TeM ke COOTBETCTBMEM TOYEK.

KoncraHtel oy, o, B ONpENeadIOTCa U3 CHUCTEMbI
ypaBHEHUI

e/c=1/1,, e/(a—e)=1,/15, c/(a—e)= 1,/1I3,
I, =

%o
= A] Jod - wh@ - wHEt - wh - whydw,
0

1 =
? @)

= AT Jo? = o) /(@® = wh(B - wh(1 - wP)dw,

%o

[3=

B
= 4] Jo? o) /WP — oDy - wh (1P - whydw.

Iunepaunruyeckue uHTErpansl /; — I3 Borumc-
JISIIOT ¢ UCIIOJIb30BaHUEM KBaapaTypHBIX (OpMya Hau-
BBICIIEH CTENEHU TOYHOCTHU ITOCJIC NPUBEACHUS WH-
TEepBaJlOB MHTETPUPOBAHUSA K cTaHgapTHomy (—1, 1)
U BBIICJIECHWIO OCOOCHHOCTEHl B BECOBYIO (PYHKIIMIO
1/(1 — wH)2 [10]:

1

| gwydw . m
-1 /1_W2

ITocne OIIPEAC/ICHUA KOHCTAHT o — O3 BEJIMINHA Oy
HaxoauTCd U3 YypaBHCHUA

N
v ng lg(cosz’;]_v1 n) )

N(w2 —ad)/ W= a3) (W —a3)(1 - wh)dw
d _a
b

. .
2 2 2 2 2 2 2

j J(W —a))/(W —ay)(a3-w)(1l-w)dw
o3

s mapaMeTpoB CXeMBbI 3aMEILeHUs] CUMMEeTPUY-

HOI OTHOCHUTEJIBHO OCU X CTPYKTYyphl 1D (puc. 1, a)
noay4yaem [8]

K(m) 5 g2 -8)
Ry = Ry 2 Kimy)’ y2 (yziﬁz),
_ [K(m)y Kmpyoo 552 p?
Ris =0/ i~ Ky " y—p—z_ﬁz, 3
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Lae p — yAeJIbHOE IOBEPXHOCTHOE COIPOTUBJIEHUE Pe-
3UCTUBHOM IIeHKU; K(m) u K(m) — moHble 3JIMII-
TUYECKUe UHTErpajbl 1-ro posa MOAyJsl m U my COOT-
BeTCTBEHHO; K(m) u K(m|) — noJHBIE 3JUIANITUYEC-
KUe I/IHTerEU'[H 1-To poma ;[ononHmeanoro MOIYJIST
m—(l—m) 21/1m —(l—m )

B yacTHOM citydae y3KOI/I npopesu e = 0, oy =
terpan (1) mpuBoauTcs K Buay [9]:

0 un-

w

z—(atib)=A4 wdw =

Lo —abowr - phHowt - 1)
2
=_4 F[arcsin W—_l,kj, (4)
1-a’ w’ - B’
o

rne A — KOHCTaHTa otoOpaxkeHus; Fo, k) — amnmumn-
THYECKUI WHTETpaI 1-To poma apryMeHTa ¢ W MOIYJIS
k=1* —a?)/(1 = oa?)]'/2

M3 coOTBETCTBUS TOUEK Z = ib 1 w = oo TTOJTydaeM
A=—a(l — ocz)l/ 2/I(, rae K — TIOJHBIN 3UIMIITUYEC-
KMii mHTEeTpan 1-ro poma Momyis k.

Oo6paiiast uHTErpai (4) 1 UCHOJNb3YS najiee JUTUII-
THYeckue (pyHkunu JAKodu, rnojayyaem

v:V;l;z = sn[(l + ’ba )K k} (5)

M3 coOTBeTCTBUSI TOUCK 7 = @ M1 W = B CIIeIyeT CO-
OTHOILIeHME I onpeneneHus K u k:

b/a = KK, (6)

rme K u K' — TONHBIE 3JIUNTUYECKUE WHTErPaIb
1-ro poma Moaynst k W JOMOJHUTEILHOTO MOMIYJIS
k'=(1— k)2

CootHomreHue (5) ¢ ygeToM ycioBus (6) mepemnu-
1IeM B BHIE

2
W —L = dn(zK/a, b/ken(zK/a, k).
w-p
W3 cootBeTcTBUSg TOUeK z = icuw=0,z=en
w=a,z=(@—fH+tibuw=y,z=a+iduw=3,
z= e+t icuw= oy nonyyaem [9]:

o~ 1-pPsn’([1-e/a+ith—c)/alK.k}
cn{[l-e/a+i(b-c)/alkK k} ’

o — B ksn (1-e/a)K. k]
(l—e/a)Kk ’

s — B2 Ksn’[(d/b)K k' jsn’[(c/)K' K1 )
dn[(d/b)[( ]

_ 1A’ [(f/a K k]
(oK k]
B =dn[(l — ¢/b)K’, k'].

Y
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Kak BumHO, mapamMeTp 3 3aBUCUT TOJIBKO OT IJIMHBI
IIPOPE3U; 0, O, & — OT JUIMHBI U IUMPUHBI IIPOPE3HU;
Yy — OT JUIMHBI KaK TMpope3u, TaK U TOAPEe3KH 3a-
3eMJIEHHbIX KOHTakTOB. [Ipu e = f=¢c =0, B = £,
ag =o=0,y=1,8=k/dn(dK/b, k') n cooTHOLIEHNA
(3) NpuBOAATCSI K U3BECTHBIM BhIpaXKeHUSIM [8]:

R /K(m)[((ml)

B K(m)K'(my)’

_ K'(m)K'(m))
q= 201{{1 +2/[ | Km Kmy) IH , 8)

m = cn[(1 — p)K’, k'],

Hpu b/a > 3, Ry = (p/D)JN(1-p)/p u q =
= 8,68/[ (1~ p)p(b/2a)] nb.

Ipu (b — ¢)/a < 1/3, Ry = (p/2)K'(sinnp/2)/K X
X(sinmp/2) u q = 8,68na/b nb.

B npyrom yactHoM cinyuae f=0, e =aunc < d
ag = o = 3 ¥ Ul BXOIZHOTO CONPOTUBJIEHUS] U OCJIa0-
JIEHUs CIIpaBeIJIMBBI COOTHOLLIEeHUs (8) mpu 3ameHe d
ubnad—cub—ec

BBeneHue y3koit (e ~ 0) mpope3n 3KBUBAJICHTHO
yBEJUYEHUIO IJIMHBI a ucxoaHoro I1D 6e3 mpope3u
B K'(f)/K(?) pa3 npu npexHux pasmepax d u b, t =
=dn[(1 — ¢/b)K’, k']. [TapameTphl K', k' HaxonsaTcs U3
cooTHouieHust K/ K = b/a.

PesynbraTthl MogenupoBanust aist [19 npu b/a = 1
MIpUBEIEHBI HA pUC. 2 M TIOKA3bIBAIOT BIMSTHNE BBOIM-
MBIX rpope3eii. [Togronka Ha 10...15 % no ocaabiaeHUIo
1 BXOITHOMY COITPOTHBIICHUIO OOECTICUMBAETCSI BBEIE-
HUeM TIpopeseit ¢/b u f/a, He TipeBbInaommx 7 %.

3agaya MOATOHKM MMeEET €IMHCTBEHHOE pellleHue
TosibKO Tipy e = 0. Tlo 3agaHHbIM 3HAYeHUsIM R, g
onpeesaoTcsa 3HaueHus Rz u Ry, m, m; 1 KOHCTaH-
TBI B, ¥ U O&:

m; = cn(pK', k"), p = d/b.

Ri5 = R (A2 — 1)/Q2A);
Ry = R23 = Ry (A + 1)/(4— 1);
_ loq/zo;

X/ BBIX

B = mmy/(m'm); & =m/mi,y=1;

m=1-m)V% m'=1-m)

Ilpu e # 0 MHOXeCTBO pelIeHW HaXoHAT cie-
nyoimuM odpasom. s mo6oro BeiopaHHoro B < 1
(3agaeT MIMHY IIPOPE3U ¢) OMNPEACNISIOT BEIMYMHBI
d=Pm/my,y=3mi|/m= pm'm|/(mm), a BLIGOpOM
napaMeTpoB o 1 o U3 YCJIOBUS 0< oy < a < 3 Haxo-
JUTCSI BCE MHOXECTBO PEIIeHWI 3amauy MOATOHKHU C
pPa3IMYHBIMU pa3MepaMM TIPOPe3d W IIMHAMU TIOMI-
pe3KU 3a3eMJIEHHbIX KOHTAaKTOB. 3aBUCHUMOCTU HOp-
MMPOBaHHBIX BEIUYUH Rj3/p u R|,/p OT pa3mepos
npope3eil I yacTtHoro ciayvast b/a = 1, d/b = 0,5




Puc. 2. 3aBucumocTb ocaadenns (a) 1 HOPMHPOBAHHOTO BXOAHOro conportusienus (b) or

ffanc/bupn b/a=1,d/b=0,5ue/a=0,2

Fig. 2. Dependence of attenuation (a) and normalized input resistance (b) on f/a and c/b at

b/a=1,d/b=0.5ande/a = 0.2

Puc. 3. 3aBucumMocTh HOPMHPOBAHHBLIX BeqH4uH Ry 3/p (a) u Ry,/p (b) ot f/a u c¢/b npu
b/a=1,d/b=0,5n¢e/a=0,2
Fig. 3. Dependence of the normalized values R;3/p (a) and R;,/p (b) on f/a and c/b at b/a = I,
d/b =10.5and e/a = 0.2

npuBeieHbl Ha puc. 3. Beanuunsl Ry3/p u Ry,/p 3a-
BHCSIT OT BCEX ITapaMeTpoB TOATOHKHU (f/a, c¢/b, e/a),
npuyeM ajist KopoTkux 13 (b/a > 5) 3aBUCUMOCTH BbI-
paxkeHBI pe3ye.

IMapamerpsl Ry3 U R, B peanbHOM oOpasue [19
OIPENENISIIOT IIYTeM 3aMBbIKaHUsI COOTBETCTBYIOIINX
KOHTAaKTOB, MPU 3TOM B cUMMeTpu4HOM [1D Heobxo-
JIUMO OOECITeYUTh CUMMETPHUIO BBOAUMBIX TIpOpe3eil 1
3JIEKTPUYECKYI0 cuMMeTputo. [To u3aMepeHHBIM 3Haye-
HUAM Rj3 1 R;, ¢ IOMOLUBIO NPEMIOKEHHON MO
ONpeeIsIIOT MapaMeTphl TIOATOHKY f/a u ¢/b 1ipu 3Ha-
YeHUM e/a, He MEeHBIIEM AraMeTpa Ja3epHOro ISITHA.
IMoapesky 3a3eMIEHHBIX KOHTAKTOB 151 O0ECIIeYEHMSI
TpeOyeMOoro 3Ha4YeHUs R|, IPOBOIAT C yYETOM I1OCJIe-
JYIOIIETO €ro yBEeJWYEHUs 32 CUET BBEICHUS LIEHT-
PaIbHOM TPOPE3N sl TOJIyYeHus Tpedyemoro Rjs.
ITpu e/a > 0 TOUHOCTb MOATOHKU, €€ MPOU3BOAUTEb-

HOCTb U BBIXOJ TOIHBLIX 0e3 yuera
BBISIBJICHHBIX CBSI3€il CYILIECTBEHHO
CHIXAIOTCS.

PaGoTocnnocoOHOCTL  METOIMKM
MpoBepeHa MOJCIUPOBAHUEM B OTE-
YeCTBEHHOM IIPOIPAMMHOM KOMII-
nexce Elcut v moaroHkoit oOpas3loB
HaBecHBIX [ID MMKpPONOIOCKOBBIX
aTTEHI0AaTOPOB C pasMepaMu 2X2 u
1x1 MMm.

3akinouyeHue

ITocTpoeHna MaTeMaTudeckas
Mofdenb na3epHoil moaronku I1D
JUISI KOAKCHATbHBIX, TTOJOCKOBBIX U
MUKPOMOJOCKOBBIX aTTeHIaTOPOB
o OCJabJeHUI0 U BXOAHOMY (BBI-
XOIIHOMY) COIIPOTUBJIEHUIO C Y4Ye-
TOM peaJIbHbIX pa3MepoB Ja3epHBIX
pe30B U TIOC/IEeN0BaTeIbHOCTU HUX
BBeaeHUs. [IpuBeaeHbl 3aBUCUMOC-
T ocyiabjieHusi, HOPMUPOBAHHOIO
BXOJTHOTO CONPOTHMBJICHUSI W Mapa-
meTpoB II-00pa3Hoii cxeMBl 3aMme-
LLIEHUSI, UCTTOJIb3YEMOI MTPU MOATOH-
K€, OT pa3MepoB JIa3epHBIX PE30B.
OTMmedeHo, YTo Oe3 yueTa BhISIBJICH-
HBIX 3aBUCUMOCTEl TOYHOCTH TOI-
TOHKHM, €€ MPOU3BOIUTEIbHOCTb U
BBIXOA TOIHBIX CYIIECTBEHHO CHU-
XKarorcsi. PaboTtocrmocoOHOCTD mpe-
JIOXKEHHOM METOAMKU TIpoBepeHa
MOJEIMPOBAaHUEM B IPOrpPaMMHOM
koMmIuiekce Elcut u aKkcriepuMeHTa-
MU Ha peajibHbIX 0Opasliax Majiora-
G6aputHbix I1D.
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By the method of conformal mapping a mathematical modeling was carried out of the laser trimming of the film absorbing mi-
crowave elements of attenuators for attenuation and input (output) resistance with account of the real sizes of the laser cuts and the
sequence of their introduction. The account of the dependencies identified in the proposed model allows us to improve the accuracy

of trimming, its efficiency and product yield.

The operability of the technique was verified by modeling in Elcut domestic program complex and also by trimming of the real
samples of the small-sized hinged absorbing elements of the microstrip attenuators.
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Introduction

The film absorbing elements (AE) in the form of the
rectangular dielectric plates with a deposited resistive
film are widely used in the waveguide, coaxial and
microstrip attenuators [ 1—5]. The quality of the devices
on their basis depends essentially on the accuracy of re-
production of the input (output) resistance Ry, (©2) and
attenuation g (dB). A decrease of variation by R, and
g, which is due to technological errors, is ensured by the
laser trimming [6] consisting in introduction of a cut,
symmetric to axis y with length ¢ and width 2e >0, and
also in cutting of the earthed contacts for length ffrom
each side [7].

The method of trimming is based on a U-shaped
equivalent circuit with resistance Ry in the horizontal
arm and R;, = Ry3 in the vertical arm, at that, intro-
duction of a thin central cut influences R;3, while cut-
ting of the earthed contacts influences Ry3 and Ry, si-
multaneously. Therefore, the cut of the contacts en-
sures the demanded R}, and R,3, while introduction of
the central cut ensures R;5 [7, 8].

In case of the final width of the laser cut, which is
important for the small-sized AE, and cutting of the
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earthed contacts, and the central cut have an influence
on Ry and Ry,, which complicates trimming. Use of
only experimental data due to their limited volume ap-
pears insufficient for a complete analysis of the trim-
ming process. Construction of a mathematical model of
laser trimming is required. And this is exactly the aim
of the present work.

Design procedure

The task is solved by the method of conformal map-
ping [8, 9]. The topology of an asymmetrical AE is pre-
sented in fig. 1, a. Lines MgM,), M3;M, and MM are
the input, output and earthed contacts, accordingly. In
most cases, the symmetric in relation to axis x AE are
used, the calculation of which boils down to calculation
of the asymmetrical AE with twice as little specific sur-
face resistance p of the resistive film.

We map a polygon of M{MyM;MsMgM, M, M, in
plane z (fig. 1, a) on the top of semiplane /mw > 0 with
the specified in fig. 1, b conformity of points by means
of Schwarz-Christoffel-integral [9]:

2= A] Jo —ady /o - oW - B - Dyaw. (1)
0




In case of a symmetrical AE the bottom part (at
y < 0) is mapped on the bottom semiplane /mw < 0 with
the same correspondence of points.

Constants o, o, p are found from the following sys-
tem of equations:

e/c=1/1,, e/(a—e)=1,/15, c/(a—e)= 1,/I3,
I] =

G
= A] Jog- WD /(e - whEE - wh(1 - w)dw,
0

[ =
? @)

= AT S —ad)/(a? = wh (B - wh(1 - whydw,

)

13:

B
- Aw(w2 —a)/ (W o) (BT = wh) (12— wh)dw.

The hyperelliptic integrals /,—/;are calculated with
the use of the quadrature formulas of the highest degree
of accuracy after reduction of the integration intervals
to the standard (—1, 1) and isolation of the specific fea-
tures into the weight function 1/(1 — wz)l/ 2 [10]:

After determination of constants a; — o3 the value
of ay is found from the following equation:

04

| Jo? oD /WP —aByow* — a2y (1 - W) dw
d _ %3
b

: .
| j(w2 —a)/(w —a3) (a3~ wH(1 - whydw

a3

For the parameters of the equivalent circuit, sym-
metric in relation to axis x of AE structures, fig. 1, a,
we get [8]:

Km) 2 _ g8
— R = pAUM), _ B .
Rip=Ry3 =5 Kmp® ™ IS
_ (K Kmpy oo, 52 p?
Ry = o/ | R0 K,(ml)}, y—ﬁ—z_ﬁz, 3)

where p — specific surface resistance of the resistive
film; K(m) and K(m;) — full elliptic integrals of the st
kind of the modulus m and my, accordingly; K'(m) and
K'(m;) — full elliptic integrals of the 1st kind of the ad-
ditional modulus m'= (1 — m*)"2 u m} = (1 — m})!/2.

In the particular case of narrow cut e = 0, o,y = 0 and
integral (1) it is reduced to the following kind [9]:

2= (a+ib) = Af wdw =
Lo — oDy - pHw? - 1)
2
=_4 F(arcsin w-l kJ, (4)
1-o? W —B
(04

where A — mapping constant; F(¢p, k) — elliptic inte-
gral of the Ist kind of argument ¢ and modulus k£ =
= [(B* —a?)/(1 = oa?)]'/2

From the conformity of points 7 = ib and w = « we
get A= —a(1 —a?)'/2/K, where K — full elliptic inte-
gral of the 1st kind of modulus k.

By turning integral (4) and using further the elliptic
Jacobi functions, we receive

2 .
w -1 =sn[(1+m;z)KkJ. (5)
2 2 a
w—pB
From the conformity of points z = a and w = {3 the
correlation follows for determination of K and k:

b/a = KK, (6)

where K and K’ — full elliptic integrals of the Ist kind
of modulus k& and additional modulus £'= (1 — kz)l/ 2

We will rewrite correlation (5) with account of the
condition (6) in the following way:

2

wz ~ 12 = dn(zK/a, k)/ken(zK/a, k).

From the conformity of points z = ic and w = 0,
z=eandw=o,z=(@—f)tibandw=vy,z=a+ id
and w =3, z = e + icand w = a we get [9]:

_ 1 pPsn?([1 —e/a+i(b—c)/alK. k)
en{[l—e/a+ib-ojalk k}

o

o — B - KPsn’[(1—e/a)K k]
dn[(1-e/a)K, k] ’

5 = B’ - K’ [(@/BK Ko’ [(e/DIK K] (7
dn[(d/B)K . k] :

_ 1’ [(/a)K k]
! (/K k]

B =dn[(1 — ¢/D)K, k'].

Apparently, parameter B depends only on the length
of the cut; oy, a, 3 — on the length and the width of the
cut; y — on both the length of the cut, and of the cut-
ting of the earthed contacts. Ate =f=c =0, B =k,
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ag=a=0,y=1,3=k/dn(dK'/b, k') and correlations
(3) are brought to the known expressions [8]:

R /K(m)K(ml)

o K(m)K'(m))’

_ K'(m)K'(m))
q= 201g{1+2/( /K(m)K(ml) lﬂ, 8)

m=cn[(1 —pK’, k'], m =cn(@pK’, k'), p= d/b.

At b/a > 3, Ry = (p/2)J(1-p)/p and g =
= 8,68/[~(1-p)/p(b/2a)] dB.

At (b—c)/a<1/3, R, = (p/2)K{(sinnp/2)/K(sinnp/2)
and g = 8,68na/b dB.

In another particular case of f=0, e = a and ¢ < d,
oo = a = B and for the input resistance and attenuation
the correlations (8) are fair at replacement of d and b
with d —cand b —c.

Introduction of a narrow (e = 0) cut is equivalent
to an increase of length a of the initial AE without cut-
ting in K'(7)/K(¢) times at the former sizes of d and b,
t = dn[(1 — ¢/b)K’, k']. Parameters K’, k' are found
from correlation K/K = b/a.

The results of modeling for AE at b/a = 1 are pre-
sented in fig. 2 and demonstrate the influence of the in-
troduced cuts. Trimming by 10—15 % for attenuation
and input resistance are ensured by introduction of cuts
of ¢/b and f/a, not exceeding 7 %.

The trimming problem has a solution only at e = 0.
By the set values of R, g, the values of R|3 and R,,
m, m; and constants B, y and & are defined:

Ri3 = Ry (42 — 1)/(24);

Rl = R23 = RBX(A + l)/(A - l)’
20.
X/ BbIX 10q/ O’
B= mml/(m my); 8 =m/my,y=1

my=(1—m)HYV% m'=(— )2

At e = 0 a set of solutions is found as follows. For any
selected B < 1 (which sets the length of cut ¢) we define
d=pPm/mi,y=3dm)/m= Pm'm|/(mmy), while all the
set of solutions to the problem of trimming with various
sizes of the cuts and the lengths of the cuts of the
earthed contacts are found by selection of parameters of
ag and o from condition 0 < oy < o < B. The depend-
ences of the normalized values of Ry3/p and R,/p on
the values of the cuts for the particular case of b/a = 1,
d/b = 0.5 are presented in fig. 3. Values of R;3/p and
Ry,/p depend on all the parameters of trimming
(f/a, c/b, e/a), at that, for short AE (b/a > 5) the de-
pendences are expressed more sharply.

In a real sample of AE, parameters R;; u Ry, are de-
termined by closing of the corresponding contacts, at
that, in a symmetric AE it is necessary to ensure the
symmetry of the introduced cuts and the electric sym-
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metry. By the measured values of R;; and R, by means
of the proposed model the trimming parameters of f/a
and ¢/b are defined at the value of e/a not less than the
diameter of a laser spot. Cutting of the earthed contacts
necessary to ensure the demanded value of Ry, is car-
ried out with account of its subsequent increase due to
introduction of the central cut for obtaining of the de-
manded R,3. At e/a > 0 the accuracy of trimming, its
efficiency and product yield, without account of the re-
vealed bonds, decrease essentially.

The operability of the technique was verified by
modeling in Elcut domestic program complex and by
trimming of the samples of the hinged AE of the micro-
strip attenuators with the sizes of 2x2 and 1X1 mm.

Conclusion

A mathematical model was constructed for laser
trimming of AE for the coaxial, strip and microstrip at-
tenuators, for attenuation of the input (output) resist-
ance with account of the real sizes of the laser cuts and
sequences of their introduction. Dependences were
presented for attenuation, normalized input resistance
and parameters of the U-shaped equivalent circuit,
used for trimming, on the sizes of the laser cuts. It was
pointed out, that without the discovered dependences
the accuracy of trimming, its efficiency and product
yield decrease essentially. The efficiency of the pro-
posed technique was verified by modeling in Elcut pro-
gram complex and by experiments on real samples of
the small-sized AE.
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METOA MPELIM3MOHHOM AASEPHOM PE3KM KPEMHMEBbIX MAACTUH
HA KPUCTAAABI C OPTAHUYECKUMW CBETOU3AYYHAIOLLNMU CTPYKTYPAMU
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Onuceisaemcs memood NPeyu3UOHHOU Pe3KU KPEMHUEBbIX NAACMUH HA OCHOe Na3ePHO20 YNPABASeMO20 MEPMOPACKAAbI8AHUS
¢ Hepabouell CMOPOHbL, KOMOPbLU N036045em 00padamvieams CA0NCHbIe YCMPOUCMEA, UYECMEUMENbHbIE K BbICOKUM MeMnepamy-
PaMm, a UMeHHo opeanuteckue ceemousayyarougue ouodst OLED (organic light emitting diode) uau OCHJI, uzeomosnerHsie no

"candeuy "-mexnonoauu.

Karoueevie caosa: nazeproe ynpasasiemoe mepmopackanvieanue (JIYT), opeanuueckue ceemousznyuaroujue 0uoost (OLED unu

OCHI), pe3ka KpeMHUEBbIX NOONONCEK

BBenenne

PazBuTre opraHuyecKuX MoJynpoOBOIHUKOB CTUMY-
JIUpYeT UHTEepeC K MPOU3BOJICTBY NUCILIEEB HA OCHOBE
opraHumyeckux cperousnydawuux auoaoB (OCHU/I)
(puc. 1, cM. BTOpy1o CTOpOHY 00J10kKH1) [1], MOCKOIb-
Ky OpraHM4ecKUe CTPYKTYpPhl MOTYT MEHSTH (PU3UKO-
XUMUYECKHE CBOMCTBA (pabOTy BhIXOJA 3JI€KTPOHOB,
OIITORJIEKTPOHHBIE CBOMCTBA, 2JIEKTPOIPOBOIHOCTD,
azcopOII1IO, IJIOTHOCTh U 2JIEKTPOMAarHUTHOE MOTJI0-
IIEHMWEe) W TMO3BOJISIIOT M3rOTaBIMBAaTh YHMKaJIbHbIE
MHKPOSJIEKTPOHHEIE YCTPONCTBA, B YACTHOCTU MUK-
PONUCIUIEN C BBICOKUM pPa3pellieHUEM.

Ha cerogHsimuHuii 1eHb MUKPOIUCILIEW HaXOIST
LIMPOKOE TMTPUMEHEHUE B CAMbIX Pa3IMYHBIX 00JACTSIX
TexHukKu. OO6JacTIMu MPUMEHEHUS] MUKPOIMCILIECEeB
SIBJISIFOTCS, TIPEXIe BCEro, BEICOKOA((HEKTUBHBIE MH-
IUBUAYyaJIbHbIE CPEICTBA OTOOpaKEeHMSI MH(POPMALIUU:
HAroJIOBHBIE WJIM HallJIEMHbIE BUICOMOMYJIN; YCTPOIi-
CTBa BM3yaJlU3allMM U BUIOMCKATENU (HOTO- U BUIEO-
KaMep, TeIUIOBM30POB; BUACOMOIYJIM, BXOISIIUE B
SKUIUPOBKY BOSHHOCYXXAIIUX, PA3JIMUHOIO poja pe-
MOHTHBIX OpUTajl, padOTaIOLIUX B CJIOXKHbBIX YCIOBUSIX;
TeXHUYECKUE CpeiacTBa MH(POPMaLMOHHO-pa3BIeKa-
TeJIbHOW cdepbl, 0COOEHHO B paMmKax pa3Butus 3D-
TeXHOJIOTUIA OTOOpaxkeHMs1 rpaduueckoil mHboOpMa-
uuu. MHouBuayalbHbIE CpelCcTBa OTOOpaxKeHUST MH-
¢dopMalLM JOKHBI UMETh Majdylo Maccy, HeOOIbIINe
pa3Mepbl 1 HU3KOE 9HEPronoTpedaecHre, odecneunBast
MPU 3TOM HEOOXOIMMBIE CBETOTEXHUYECKHE MapamMeT-

pbl. Pa3Butiie MUKPO3JIEKTPOHUKH BEIAET K YMEHBIIIE-
HUIO pa3MepOB MUKPOIUCILIEEB TTPH OJHOBPEMEHHOM
YBEJIMYEHUU paspellaolieil CnocoOHOCTH.

Ilo Mepe pa3BUTHS MUKPOTUCIUICHHOW TEXHWUKHU
OyIyT TOSIBISITHCS BCe HOBBIE OOJIACTU WX IPUMEHE-
HMSI, IOCKOJIbKY MX UCITOJIb30BAHUE CYIIECTBEHHO 00-
JIErJaeT BBIMOJIHEHHWE Pa3IMYHBIX 3a7a4 MPaKTUYeCKU
BO BCeX ODJIACTSIX YeJ0BeUYEeCKOM KU3HEIEITeTbHOCTH.

MeToapl pe3ku KpeMHueBbix miactud ¢ OCHUJ

O0paboTKa KpeMHHUEBbIX TJIACTUH C OpraHuyec-
KUMU CTPYKTYpaMH UMeEET PsII CYIIeCTBEHHBIX Orpa-
HUYEHUH, MOCKOJBKY TemIepaTypsl cBoile +90 °C,
BO3ACHCTBMSI BOIbI, KUCIOPOAA W BUOpALMM, BO3HU-
Kallrie B TMpolecce pe3Ku KPeMHUEBbIX TJIACTUH C
OpPTaHWYECKUMH CTPYKTypaMW, BBI3BIBAIOT Ierpama-
uuio OCHU/ [2].

IlepenoBeie MPOM3BOAUTEIN MHUKPOIMCILIEEB Ha
OCH]] ipuMeHsTIoT Hanbosiee pacipoCTpaHEeHHBIN Me-
TOJI TVCKOBOM aJIMa3HOM pe3KN KPEMHMEBBIX TUTACTHH,
KOTOPBIA UMEET CIEAYIOLINE KAYECTBEHHbIE HETOCTAT-
KU [2—4]: neeKThl BOOJIb IMHUU pe3a, KOTOPhIE BIIM-
SI0T Ha KAYeCTBO KPUCTAJJIOB; 10JTOBPEMEHHbBIE TEM-
nepaTypHble BO3IAEMCTBUSI U OOJBIIOE KOJUYECTBO
BOJIbI, TIPUBOISIINE K AeTpamalliid U pa3pyIIeHUIo Op-
TaHUYECKUX CTPYKTYP.

B mnpousBoactBe MukpomuciuieeB Ha OCHU]
MO 01 [5] Ha omepaLUIO Pe3KU MOCTYIAIOT CBETO-
W3JIyYyamoliue MaTpUllbl, U3TOTOBJIEHHbIE HA KPEMHM-
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IIpuMeHeHWe TIPELIM3NMOHHBIX JIa-

I H i \
| o 1 . | 3epHBIX METOJLOB IIPU PE3KE B IIPOU3-

o H b ikt .
: Zza [ X Penecraie mMeTwm anA ceawwn reference mark for cutting : BOACTBE U3ACTIUHN Ha Oaze OCMH or-

Kpom opradmueckon cTowkTyow edge of OLED
| — S L] g g g Do o OLED | PAaHWYEHO MUHUMAJIbHBIM PACCTOSTHU-
I o0 oo Penecwue neTiq AR maxoocsookw reference mark for microassembly | €M OT JIMHUM pe3a 10 OPraHnveCcKUux
I D& I® DENEDHRE HMETHH ‘
| o (o am sumaorvean | global reference mark | CTPYKTYp Ha KpHUCTaJllax, JaHHOE pac-
: ) ) [ gl:l gg S esa A v ROTSTINE, - line (cutting width < 300 um) : crossaue ot MO 01 paBHO 1,68 MMm.
| o o o Y b) IloaTomy Ha 6a3ze meTtoma JIYT [6, 7]
| % DDDEE : | GBI pa3paboTaH W BHEIPEH HOBBIN
| b | . o
« I MeToA NMPEIN3NOHHOU JIa3€PHOU PE3-

| cover \"_El/___u,as m'j N ! A TIp p b
I glass CTERAD N S I KM KPEMHMEBBIX HpI/I60pHLIX Jiac-
| ¥ T OBWOA TOAUMHO 1425 MKM I i
| : el ckness 1435 . TUH c Hepaboueil CTOpOHBI B cOope ¢
: e R : 3allMTHEIM cTekyiom [8—10], Omaro-

Puc. 2. Yeprexk NOAJIOKKHM C pazMepaMi KPUCTAJIOB MUKPOIUCILIEEB W Pa3MepaMH, UMe-

IOIIUMHA 3HAYCHHUE NMPH pEe3Ke

Fig. 2. Drawing of a substrate with the dimensions of the microdisplay crystals and the dimensions

important for cutting

eBoii TomIoxke 200 MM, cocTosIIIMe M3 KPUCTAJLJIOB,
KOTOpEIE MPEICTABIISTIOT CO00il KpeMHUEBbIE WHTET-
pajbHble cxeMbl. Ha moBepxHOCTU 3TUX cxeM chop-
MMPOBAHBI CBETOU3IYYAIOIIME OPraHWYECKUEe CTPYK-
TYpbl C 3allIMTHON CTEKISIHHOM KpbIIKO 200 MM,
Tak HaszbpiBaeMble "caHABUYU" (puc. 2). TpeboBaHUs K
Ka4eCTBY M TOYHOCTH 00pabOTKM KPEMHUEBBIX TTOIJIO-
Xek co crpykrypamu OCH]I BbicOKUE, BBUAY UX BbI-
COKOM ce6eCTOMMOCTH.

[uckoBasi pe3ka He MO3BOJISIET YIPABISITh KauecT-
BOM KPEMHHUEBBIX KPUCTAJJIOB U3-3a CKOJIOB, BBUIY M3-
HOCa MHCTPYMEHTa HYKHO OTCJIEXKWBATh KaXKIbIi pe3
U MPY HEOOXOIUMOCTH MEHSTh TEXHOJOTUYECKUEe pe-
>KUMBI UM caM pexXyLIui nuck. KpoMKy KpeMHHEBbIX
KPUCTAJUIOB CO CKOJaMU IOCJEe OUCKOBOW aaMa3HOM
pe3KH MpeacTaBieHbl Ha pUc. 3 (CM. BTOPYIO CTOPOHY
00J10kK1). CKOpOCTh AMCKOBOI PE3KM COCTaBIISIET BCE-
ro 1..4 mM/c (HU3Kasl TIPOU3BOOUTEILHOCTD), a Cpel-
HUI BBIXOI TOAHBIX KpuctautoB ¢ OCHU/L 53,9 %.

T,°C

210

1x107

(¥

=
A

Puc. 4. PacnpeneneHus TeMnepaTypbl Ipd HAHECEHHH NEPBOHAYAb-
HbIX JeeKToB MMIyJibcHbiIM Y@ jnazepom co cToponbl pe3a (1) u ¢
00paTHOii cTOpPoHbI (2)

Fig. 4. Temperature distribution during deposition of the initial defects
by a pulse UV laser from the cut side (1) and from the reverse side (2)
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napst MK-kamepe ¢ 4yBCTBUTEIHHOC-
ThIO B criekTpe 1460...1625 HM, 103~
BOJIAIOLIEH TMOJlydaTb W300pakeHue
IUIACTUHBI, PACIIOJI0XEHHOM JIULIEBOI
CcTOpoHOU BHM3. Pa3paboTaHHbIN Me-
TOJI TIO3BOJISIET YIIPABJIATH KAYeCTBOM
3a CYET CJEAYIOLIMX BO3MOXHOCTEN: Pe3KU KpeMHUE-
BbIX TUIACTMH B COOpE C 3alLMTHBIM CTEKJIOM; CHUXKE-
HUsI HarpeBa OpPraHUYECKUX CTPYKTYP; YMEHbILEHMUS
LIMPUHBI pe3a ¢ padboueil CTOpOoHBI mpakTudyecku A0 0;
ycTpaHeHUs AeheKTOB MO pabouyrM KpPOMKaM Kpuc-
TaJIJIOB 32 CUET OTCYTCTBUSI CKOJIOB.

Tenuora, BbAensieMasl Ja3epHbIMU HMCTOYHUKAMU
HarpeBa IMpY HAHECEHUU MPeaBapUTEIbHBIX 1e()EeKTOB
u nocaeaytoeM JIYT KpeMHUEBBIX IIJIaCTUH, paclpo-
CTpaHsieTCsl Ha MpuJieramliue K JUMHUSIM pe3a ydacT-
ku. [Tpy HarpeBe U MOCJEAYIOLIEM OCThIBAHUU B 3THUX
yyacTKax M3MEHSIIOTCS CTPYKTypa M CBOMCTBa KpeMm-
HUS. Y4acTOK TIJIaCTUHBI, TOABEPTalolIuiics B IPO-
1iecce pe3Ku HarpeBy A0 TeMIepaTyphl, IPU KOTOPOW
MPOUCXOASAT BUAMMBIE WINW HEBUAMMbBbICE U3MEHEHUSI,
HasbIBalOT 30HOI Tepmuueckoro BausiHus (3TB). Ha-
psioy C TEIJIOBBIM BO3IEMCTBMEM KPEMHUI B 00JacTu
3TB noasepraercs MmjiacTUYeckoi nehopMaluu.

Harpes pasnbix yuactkoB 3TB npoucxoaur B nipe-
JieJ1ax OT BBICOKOM TemIiepaTypbl (110 JUHUU pe3a) 10
HayaJIbHOM TeMIlepaTypbl KPEMHUEBOM ILIACTUHBI.
Pasmepsl u crpoenue 3TB 3aBucsr ot terogusndec-
KHX XapaKTepUCTUK, XMMUYECKOTO COCTaBa MaTepuaia
1 TEPMMUYECKOro LIMKJIAa Ja3epHOil 00pabOTKM.

ITon BAMSIHUEM TEPMUUYECKOTO BO3IAEHCTBUS U BbI-
3BaHHBIX UM Jedopmanuit ipu npouecce JIVT moxer
HaomonaTtbes gerpagauusgs OCHUJ. TexHomornueckuit
MpoLIeCC Ja3epHOM Pe3KU JOJKeH CyOCUAMpPOBaTh OIl-
TUMaJIbHbIE YCJIO0BUSI (DOPMUPOBAHUSI CKBO3HOM Tpe-
IIMHBI ¥ TIOJTyYEeHUST HallJIeXalllero KauecTBa KpeMHUS
U OTCYTCTBHUS Ierpaialliy OpraHUYECKMX CTPYKTYp,
OT 3TOr0 3aBHUCUT PabOTOCIIOCOOHOCTh IOJIYYaeMbIX
kpucraios ¢ OCHU/I.

MaremaTnyeckas MoJeJib Ja3epHOil pe3Ku

TexHosornyeckue mapaMeTpbl ONTUMU3UPYIOT ITy-
TeM MaTemMaTudeckoro MoxaeaupoBanus [11, 12]. Pac-
CUMTBHIBAIOT TeMIMEepaTypbl, BO3HUKAlOIIME MpPHU Ja-
3epHOI pe3Ke KPeMHUEBOU IUIACTUHBI C 00eUX ee CTO-
poH B 30He o0Opaborku. Ha puc. 4 mpeacraBieHO
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Puc. 5. Pacnpenenenue remnepatypsl npu JIYT KpeMHHEBBIX IIACTHH MO MOBEPXHOCTSM CO CTOPOHBI pe3a (1) u ¢ 0dpaTHOIi cTopoHs! (2) BAOJIBL
JIMHAA pe3a (a) ¥ B 30He MAKCUMAJILHOTO HArpeBa momnepek Junanm pe3a (b)
Fig. 5. Temperature distribution during LCT of the silicon plates on the surfaces from the cut side (1) and from the reverse side (2) along the cut
line (a) and in the zone of the maximal heating across the cut line (b)

pacmpenejieHue — TeMIlepaTyphbl
MpY HaHEeCEeHWH TIepBOHAYAIb-
HBIX Je(PeKTOB UMITYTLCHBIM YD
JIa3epoM.

Takum oOpa3zoM ompeneaecHbI
ONTHMAaJIbHbIE MapaMeTpbl HaHe-
CEHMS TIepBOHAYAILHBIX IedeK-
ToB Y® nasepom (L = 356 HM):
MolIHOocTh ~4,5 Bt, wu4acrtora
monynsguuu 100 kI, pasmepsnl
myuyka 0,05 x 0,05 MM, cKOopoCTb
30 mm/c.

Pacnipenenenuss temiepary-
pol nipu JIYT mpencraBieHbl Ha
puc. 5.

Hns JIYT onTumanbHble ma-
paMeTpHI CIeIyIOIIMe: MOIITHOCTh
usnyyeHus 200 Bt; pazMepsl 271-
JIMIITUYECKOTO JIa3ePHOIo IyykKa
2a X 2b = 1400 X 200 MKM; CKO-
poctb 80 mMm/c [11].

MaremMaTu4ecKoe MOACIUPO-
BaHME TIO03BOJIMJIO OIPEIETUTD
TeMIepaTypy HarpeBa paboueit
CTOPOHBI TUTACTUHBI, MCKIIIOYA-
IONIYI0 Jerpajgalliio  CTPYKTYP
OCU]I, Ha paccrostHun 1,68 MM
OT JJUHUU pe3a, TPU ONTUMAJb-
HBIX ITapaMeTpax TeMIiepaTrypa Hy-
xe kpurnyeckoit (T, =90 °C).

OneHKa KayecTBa pe3Ku
KPEMHHEBBIX IUIACTHH
¢ OCHJI na KpuCTaJLIBI

B T1abn. 1 mpuBeneHbl Iapa-
METpbl KauecTBa KPHCTAILJIOB C
OCH], nist mpoM3BOACTBA MMK-
ponucruiee MO 01.

B cooTrBeTcTBMM ¢ mapamMeT-
pamMu KadecTBa pa3paboTaHa H
BHEApeHa CUCTEMa TeXHUYECKOTO

s Awr.'ﬂ ﬁ."
. Ra=23.407 ym
= N ko ﬂ')“ o = -::nnl-

43

ot

o

' Rz=0.005 sm

Puc. 6. @ororpadmn KpoMOK KPHCTAJLIOB M NPO(AIOrpaMMbl OBEPXHOCTEl HX KPOMOK MOCJIE
nuckoBoii pesku (a) u mociue JIVT (b)

Fig. 6. Photos of the edges of crystals and surface profilograms of their edges after a disk cutting

(a) and after LCT (b)

Tabauua 1
Table 1

ITapameTpsl KayecTBa KpemMHHEBbIX KpucTawioB ¢ OCHUJI nas mukpoaucmiees MO 01
Quality parameters of the silicon crystals with OLED for microdisplays MDO 01

HaumMeHnoBaHme mapameTpa,
eIMHULIA U3MEPEHUST
Parameters, units of measurement

3HaueHus mapaMmeTpa

Parameters

Haunmenrbliee
Lowest

HomunansHoe
Nominal

HaubGombiiee
Highest

Pasmepsr kpucrauia X/, MM
Crystal dimensions WXL, mm

14,508 % 17,15

14,61x17,25

[IlepoxoBaTocTh TOPLOB, R,;, MKM
Roughness of the end faces, R,, um

<0,008

<12,5

25

JledekThl Ha paboyeil MOBEPXHOCTU KPHUC-
Tajljla BAOJIb JIMHUI pe3a*, MM

Defects on the working surface of a crystal
along the cut lines*, mm

<0,05

Spkocte OCUI**, K1/M2
Brightness of OLED**, cd/m2

150

540

800

HepaBHomepHOCTh sipKOCTH, %
Non-uniformity of brightness, %

* nOBpe)KI[CHI/IC KOHTAaKTHBIX IJIOIIAJ0K HE TOITyCKaCTCsA

* Damage of the pads is not admissible

** Tlerpamaumst ctpykrypsl OCUJL He mormyckaeTtcst
** Degradation of OLED structure is not admissible
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Tabauia 2

Table 2
CootserctBue Kpuctamio ¢ OCUJ nas mukpoaucniees MJIO 01 kpurepusiv KavecTa
Conformity of the crystals with OLED for MDO 01 microdisplays to the quality criteria
KoHntponbHbiid | Pasmepbl KpucTaiia Hedekrbl Ha paboyeit ApKocTh, | HepasHoMmepHOCTD
obpazerr No I x O, mMm Ra, MKM | TOBepXHOCTU KpUCTAJLIa, MM Vanr B I, MA KI[/M2 apKocTH, %
Control Crystal dimensions | Ra, um | Defects on the working surface Vi V I, mA Brightness, Non-uniformity
sample no. W x L, mm of a crystal, mm cd/mz of brightness, %
1 14,6 x 17,23 543
2 14,6 x 17,25 579
3 14,61 x 17,24 0,005 OtcyTeTByIoT 4 5 702 <10
Absent
4 14,61 x 17,25 606
5 14,6 x 17,24 565

MeKOoMepallMOHHOTO KOHTPOJISI KaueCcTBa KPUCTAUIOB C
OCH] nns obecrieyeHUs] HaIeXKHOCTU U 3(PHeKTUB-
HocTH mpou3BoxacTsa [12, 13], KoTopast MO3BOISIET B
IMOJTHOM Mepe OlIeHWBaTh KayeCTBO KPHUCTAIJIOB U
BJIMSIHHE TeMIIepaTypHOI'o HarpeBa U MCTOUHUKOB Jia-
3epPHOI0 U3JYyYEHMS] Ha OpraHUYeCKUe CTPYKTYPHI.
IIpoBeneHO cpaBHEHUE M KOJMUYECTBEHHAs OLIEHKA
KayecTBa TOPLOB KPUCTA/UIOB Ha JIMILIEBOM CTOpOHE;
mocJje OIMCKOBOM ajaMa3Hoil pe3ku u nocie JIVT Obuia
U3MepeHa 1IepPOXOBATOCTb MOBEPXHOCTU KPUCTAJIOB
10 paboYrM KPOMKaM (puc. 6) ¢ MOMOILbIO IPOPUIO-
MeTpa moaeau XP-200 dupmbl Ambios (CILA).

Pesynbratel M3MepeHMIT IMapamMeTpoOB KadyecTBa
omnbITHBIX 00pa3ioB MO 01, nosydeHHBIX TpU TIPO-
M3BOACTBE C MpHMMEHEHHUEM Jla3epHOM pe3Ku (Tabi. 2),
COOTBETCTBYIOT KPUTEPUSIM KauecTBna.

3akmouenue

HoBbili TpeL3MOHHBIM MeTOHA Ja3epHOM pe3Ku
kpeMHueBbix nomnoxek ¢ OCHUJL umeer cienyouiye
MPEeUMYILeCTBa MO CPABHEHMIO C AUCKOBOU aliMa3HOM
pe3koii: 6e3nedekTHass pabodyast KpOMKa; OTCYTCTBY-
er aerpagauust ctpykryp OCHJL; BricoKasi CKOpOCTb
80 MM/C Ha TMOpPSIAOK YBEJIMYUBAET MPOU3BOAUTEb-
HOCTb; BBIXOJ rogHbIX KpucTtajuoB ¢ OCU/L Belllle Ha
45,7 %.
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Requirements for high precision and improved surface finish and demand for production of microdisplays based on organic
light emitting diodes (OLED) explain the necessity for effective techniques for cutting of the silicon device wafers. This paper deals
with the quality of cutting of the silicon device wafers into chips with the organic light-emitting diodes. This work is aimed to in-
troduce a high efficiency technological precision laser cutting process of the silicon wafers into production of the microdisplays
based on OLED. The article describes the precision cutting method of the silicon wafers based on the laser controlled thermoc-
racking (LCT) from the non-working side, which allows processing of high-end technology devices sensitive to high temperatures,
namely, the organic light-emitting diodes made by the sandwich technology. This technological process is controlled and has less
aggressive modes unlike the other mechanical and laser methods, such as mechanical dicing, scribing, laser scribing and laser
cutting. The article presents a qualitative analysis of the crystal edges after cutting. The article also discusses modeling of a moving
laser source during the laser cutting of the silicon wafers into crystals based on the laser controlled thermocracking. The authors
prove the efficiency of the mathematical modeling for assessment of the heating effects on the organic light-emitting structures.
This paper substantiates and experimentally proves possibility and efficiency of the laser controlled thermocracking method in

OLED technology.
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Introduction

Development of organic semiconductors stimulates inter-
est to manufacture of the displays based on the organic light
emitting diodes (OLED) (fig. 1, see the 2" gide of cover) [1],
because the organic structures can change the physical and
chemical properties (work function of electrons, optoelec-
tronic properties, electroconductivity, adsorption, density
and electromagnetic absorption) and allow us to manufacture
unique microelectronic devices, in particular, microdisplays
with high resolution.

The microdisplays find wide application in most varied
technologies. Their spheres are, first of all, highly efficient
individual means for displaying of information: head or hel-
met video modules; visualization devices and view-finders of
the photo- and videocameras, thermal imagers; the video
modules as part of equipment for military men, various kinds
of the repair brigades working in difficult conditions; hard-
ware for the information-entertaining sphere, especially
within development of 3D technologies for displaying of
graphic information.

The individual information display devices should have
small weight, small dimensions and low energy consump-
tion, ensuring the necessary lighting parameters. Develop-
ment of microelectronics leads to reduction of the dimen-
sions of the microdisplays at a simultaneous increase of their
resolution.

In the process of development of the microdisplay tech-
nologies, new areas of their application appear, because their
use facilitates solving of problems practically in all the areas
of human life.

Methods for cutting of the silicon plates with OLED

Processing of the silicon plates with the organic structures
has a number of essential restrictions, because temperatures
over +90°C, influence of water, oxygen and vibrations arising
in the process of cutting of the silicon plates with organic
structures, cause degradation of OLED [2].

The leading producers of OLED microdisplays apply the
most wide-spread method of the disk diamond cutting of the
silicon plates, which has the following drawbacks [2—4]: de-
fects along the cut line influence the quality of the crystals;
long-term temperature influences and a considerable quantity
of water lead to a degradation and destruction of the organic
structures.

Production of OLED MDO 01 microdisplays envisages
cutting of the light-emitting matrixes made on @200 mm sil-
icon substrates and consisting of crystals, which are silicon in-
tegral circuits. On the surface of the circuits the light-emitting
organic structures are formed with a protective &200 mm
glass cover, sandwiches (fig. 2). The requirements to the
quality and accuracy of processing of the silicon substrates
with OLED structures are high in view of their high cost price.
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The disk cutting does not allow us to control the quality of
the silicon crystals, because of the cleavages and because of the
tear and wear of the tools it is necessary to check every cut and,
if necessary, to change the technological modes or the cutting
disk. The edges of the silicon crystals with cleavages after a disk
diamond cutting are presented in fig. 3, see the 2 side of cov-
er. The speed of the disk cutting is only 1...4 mm/s (low pro-
ductivity), while an average product yield of the crystals with
OLED is 53.9 %.

Application of the precision laser methods for cutting in
manufacture of products on the basis of OLED is limited by
the minimal distance from a cut line to the organic structures
on crystals, and the given distance for MDO 01 is equal to
1.68 mm. Therefore, on the basis of LCT [6, 7] a method was
developed and introduced for precision laser cutting of the
silicon instrument plates from the non-working side in as-
sembly with a protective glass [8—10], due to an IR chamber
with sensitivity in the spectrum of 1460...1625 nm, allowing
us to obtain an image of the plate located with its face down-
wards. The developed method ensures control of the quality
because it allows us to do the following: to cut the silicon
plates in assembly with a protective glass; to lower heating
of the organic structures; to decrease the width of a cut from
the working side practically down to 0; to eliminate the de-
fects on the working edges of the crystals due to absence of
cleavages.

The warmth emitted by the laser sources of heating dur-
ing deposition of the preliminary defects and subsequent
LCT of the silicon plates, extends to the sites adjoining the
cut lines. Heating and cooling change the structure and
properties of the silicon in these sites. The site of a plate,
which during cutting is exposed to heating up to the tem-
perature which makes visible or invisible changes, is called
the zone of thermal influence (ZTI). Alongside with the
thermal influence, the silicon in the area of ZTI is subjected
to a plastic deformation.

Heating of different sites of ZTI occurs from a high tem-
perature (on the cut line) up to the initial temperature of a sil-
icon plate. The dimensions and structure of ZT1 depend on
the thermal characteristics, chemical compound of a material
and the thermal cycle of the laser processing.

Under the thermal influence and due to the deformations
caused by it during the LCT the process of degradation of
OLED may be observed. The technological process of the la-
ser cutting should subsidize the optimal conditions for for-
mation of a through crack, obtaining of the appropriate
quality of the silicon and absence of degradation of the or-
ganic structures, the operability of the received crystals de-
pends on this.

Mathematical model of laser cutting

The technological parameters are optimized by mathe-
matical modeling [11, 12]. The temperatures, arising during
the laser cutting of a silicon plate from both sides, are calcu-
lated. Fig. 4 presents distribution of temperatures during dep-
osition of the initial defects by a pulse UV laser.

Thus the optimal parameters were determined for depo-
sition of the initial defects by an UV laser (A = 356 nm):
power ~4.5 W, frequency modulation — 100 kHz, dimen-
sions of the beam — 0.05 X 0.05 mm, speed — 30 mm/s.

Distributions of temperatures during LCT are presented in
fig. 5.
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For LCT the optimal parameters are the following: radia-
tion power — 200 W, dimensions of the elliptic laser beam —
2a X 2b ~ 1400 x 200 um, speed — 80 mm/s [11].

The mathematical modeling allowed us to determine the
temperature of heating of the working side of the plate, ex-
cluding degradation of the OLED structures, at the distance
of 1.68 mm from the cut line at the optimal parameters of
temperature below the critical level 7, , =90 °C.

Estimation of quality of cutting of the silicon plates
with OLED into crystals

Table 1 presents the parameters of quality of the crystals
with OLED for manufacture of microdisplays MDO 01.

In accordance with the quality parameters, the system of
technical interoperational quality control of crystals with
OLED was developed and introduced in order to ensure re-
liability and production efficiency [12, 13], which allows us to
estimate fully the quality of the crystals and influence of the
temperature heating and sources of laser radiation on the or-
ganic structures.

A comparison and quantitative estimation of the quality of
the end faces of the crystals on the face side were done; after
the disk diamond cutting and after LCT the roughness of the
surface of the crystals on the working edges (fig. 6) was meas-
ured by means of XP-200 profilometer from Ambios Co.
(USA).

The results of measurements of the quality parameters of
the MDO 01 prototypes manufactured with application of la-
ser cutting (table 2) correspond to the quality criteria.

Conclusion

The new method for laser cutting of the silicon substrates
with OLED has the following advantages in comparison with
the disk diamond cutting: faultless working edges; no degra-
dation of OLED structures; high speed of 80 mm/s ensures a
10-fold productivity increase; product yield of crystals with
OLED is 45.7 % higher.
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IAEKTPOMEXAHUYECKUE CBOMCTBA U AKYCTUYECKMUE
XAPAKTEPUCTUKU KOMIMO3UTA CETHETOIbE3OKEPAMUKA —

KOPYHAOBAfl KEPAMUKA — BO3AYX

Ilocmynuna ¢ pedaxyuro 30.01.2018

Hccnedosanvt aghghexmuenbie s1exkmpomexanuqeckue ceolicmea komnosuma muna 3—0, 6 cocmae Komopozo 6x00sm cee-
nHemonvesokepamurxa LITC-19, nnomnas kopyndosasa kepamuxa (ob6semnas konyenmpayus 0,05 < m, < 0,18) u 6030yx. Y-
MAaH0BNeHbl NPAKMUHECKU PABHble 006eMHble KOHUEHMPAYUU KOPYHO08bIX KAHOUEHUT U 8030YUWIHBIX HOD, YMO CYUECMBEEHHO 61U~
Aem Ha C0licmea KOMNO3Uma, e2o K03Q@uyueHmol 31eKmpomMexanu4eckoil C8s3u U CKOpoCmu pacnpoCmpaneHus 36yKa 6 HeM.
DihpexkmusHbvle napamempovl UHMEPNPEMUPOBAHBL 8 PAMKAX MOOeau "KOMRo3um 6 Komnosume" ¢ siemeHmamu ceésznocmu 3—O0.

Karoueegnie caoea: nve30aKkmugHblil KOMNO3UM, CE2HEMONbE30KePAMUKA, KOPYHA08as Kepamuka, cesazHocmb 3—0, Koagpu-
YUueHm 31eKmpomMexanu4eckoll c6sa3u, CKOpoCmb 36yKa, 006eMHAs KOHUEHMpAayus, Modeab KOMno3uma, @KA4eHue

BBenenune

KoMIT03uThl Ha OCHOBE CETrHETOIIbe30KEePaMUK
(CIIK) sBasitOTCSI MHOTOUMCJICHHOW TPYMIIOM aKTWB-
HBIX JUBJIEKTPUKOB, 3()(PeKTUBHbIE CBOICTBA KOTOPHIX
CYILIECTBEHHO 3aBUCSIT OT CBOMCTB U OOBEMHBIX KOH-
LEHTPA KOMITOHEHTOB, MUKPOTEOMETPHUH, TEXHO-
Jornyeckux u apyrux dakropon [1—3]. Cpeau nByx-
KOMITOHEHTHBIX KOMITO3UTOB CO CBSIBHOCTSIMU o—f3
(roe o ¥ P MPUHUMAIOT OJHO U3 CIEAYIOIIMX 3HAYe-
auit: 0, 1, 2 wmm 3 [4]) 3—B-Kommo3uTHI |5, 6] ocTa-
IOTCS 0 HACTOSILLEIO BpEMEHM MEHee MCCJIeIOBaH-
HBIMU 110 cpaBHeHUIO ¢ 1—3-, 2—2- 1 0—3-KoMmo-

sutamu [1—3]. [Ipumepsl 3—pB-kommo3utoB "CIIK —
nojauMep” MOKa3bIBAIOT, YTO UX MbE303JEKTPUUECKUE
CBOICTBa, TMAPOCTATUYECKUE M JIpyTHe TapaMeTpbl
[5, 6] U3MeHSIIOTCS B JOCTATOYHO IIUPOKUX Ipeaesax
W MPEACTABISIOT UHTEPEC ISl Mbe30TeXHUUECKUX TTPH-
MEHEeHUN. YyullleHue OTAEJbHBIX MapaMeTpoB KOM-
MO3UTOB AJOCTUTAETCS MPU BHEAPEHUU BMECTO TOJIMMe-
POB HEOPTraHWYECKMX ITbe30ITaCCUBHBIX KOMIIOHEHTOB,
TaKMX KakK IJIMHA, eCOK, LEMEHT, a-Al,O3 (KopyHn) 1
ap. [7—11]. B wactHocTu, B pabote [10] mpuBeaeHbl
9KCMEepUMEHTAIbHbIC TaHHBIE 110 3JeKTPOMEXaHnYeC-
KHUM CBOMCTBaAM KepaMMYeCKOro KOMIIO3UTa, COMIEp-
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Puc. 1. Mukpodotorpaduu CKoJIOB HENoJISIPA30BAHHBIX 00PA3I0B KOMMO3UTA "KepaMHMKa fm ¢
ITC-19 — xopyHnoBas KepaMHKa — BO3IYX" NpPH KOHIEHTPALMHM KOPYHIOBO#H KepaMHKH ’
Jme = 2,5 mac. % (a); fr, . = 5,0 mac. % (b); fi,c = 7,5 mac. % (¢); fi,c = 10,0 mac. % (d).

MHEKpPOCTPYKTYPY 00pa3uoB HMCCJIEA0BAIM C MOMOINbI0 CKAHHPYIOMIEr0 3JEKTPOHHOIO MHK-

pockona JSM-6390L

Fig. 1. Micrographs of sections of non-poled ZTS-19 ceramic/corundum ceramic/air composite
samples at the volume fraction of corundum ceramic f,, . = 2.5 wi. % (a); Jme = 3.0 wt. % (b);

Sine = 75wt % (), fy o = 10.0 wt. % (d). Microstructure of the samples was studied using the

scanning electron microscope JSM -6390 L

kauero CIIK tuna Pb(Zr, Ti)O5 u a-Al,O5. ITocnen-
HuM xapakrtepusyetcs [10, 12] MonynsiMmu yripyrocTu,
Ha TOPSAOK MPEBBIIIAIOIIMMU MOAYJU YIPYrOCTH
CIIK, u au3neKTpuyeckoi MpOHUIIAEMOCTbIO, KOTO-
pas Ha 1Ba TOpsIAKa HUKE TUIJIEKTPUIECKON MPOHU-
naemoctu CIIK, uto cymectBeHHO oTanyaet a-Al,O5
10 CBOMCTBAM OT TAKMX KOMIIOHEHTOB, KaK IOJIMMEPHI
uid riavHa. OgHako Npu AOCTaTOYHO MAaJIbIX OOBbEM-
HBIX KOHLEHTpauusx a-Al,O3 (okono 10 % u Huxe)
JIeTaIbHO He McceaoBaINCh 3(pDeKTUBHbBIEC CBOMCTRA,
K03(hGULMEHTHI 351IeKTpoMexaHnueckoi cBsizu (KOC)
1 pakTOpbl aHU30TPONIUM KOMITO3UTA, a TAKXKe HE pac-
CMATPUBAIUCh OCOOEHHOCTH €T0 CBA3HOCTHU. Llenb Ha-
cTosllliel paboThl — wucciaenoBaHue 3(POEKTUBHBIX
cporictB, KOC m ckopocTeil 3ByKa B IMbE30aKTMBHOM
koMno3ute Tuma 3—0 mpu 00beMHBIX KOHILIEHTPALIUSIX
KOpYHIOBO# KepaMuku MeHee 20 %.

DKcnepuMeHTabHAs YaCTh

OO6pa3ipl MCCIeAyeMOro KOMIIO3UTa TIOJTyYeHBI B
MHCTUTYTE BEICOKMX TEXHOJIOTHI U ITbe30TeXHUKU FO3K-
Horo denepanbHoro yHuBepcutetra (HKTB "Ilbe3o-
mpubop"). B KayecTBe Mbe30aKTUBHOTO KOMITOHEHTA
KOMIO3UTa OblJla KCITOJb30BaHa CErHeTOKepaMuKa
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LTC-19 [3, 13], B KauecTBe IbE30-
MAaCCUBHOIO KOMITOHEHTa — BaKy-
YM-TUIOTHAsI KOPYHIOBasl KepaMu-
ka BK-94-1 (Takxe uzBecTHas Kak
22XC) c¢ comepxanueM 94,39 %
Al,Oj5 [14, 15]. IpeccoBanue u crie-
kaHue oopasuoB u3 BK-94-1 nposo-
IWIKM II0 OOBIYHOM KepaMU4yeCKOK
TEXHOJIOTUH, a MOC/Ie CIIeKaHUs pas3-
pylianym oopasibl o JaBIeHUEM U
MpoceuBaIv Yepe3 CUTO s MoJy-
YEHUSI CIIEYCHHOM KepaMUYEeCKOM
Kpouiku. KepamMuyeckyio KpoUIKy
BK-94-1 TmiaresbHO cMellIMBaIu C
nopoikoM LITC-19 npu dpuxcupo-
BaHHbIX KOHULeHTpauusix BK-94-1
2,5 mac. % < f,, . < 10,0 mac. %, B
KauecTBe CBHB};IOH_IGFO BellleCTBa
HCITOIb30BaJI PAcTBOp ITOJUBU-
HujoBoro cnuprta. Ilocne atoro
MIPOBOIMIIM TIepeMelTnBaHue, Iie-
peTupaHue U MpOCEeUBaHUE CMECHU
B IEJISIX TIOJTyYeHMS TPaHyIMPOBaH-
HOTO CcOCTaBa Mpecc-TopoIIKa Mpu
const. Kpome Toro, nms
CpaBHEHUS TTapaMeTPOB KOMIIO3UTA
¢ nmapamerpaMu MmoHoJutHoK CITK
W3TOTABIMBAIM  TIPECC-TTOPOIIOK
yucroro LITC-19.

OOXUT CIIPECCOBAHHBIX KOMIIO-
3UTHBIX 00Pa31I0B IIPOBOAMIN B CBU-
HellcomepxXanieit arMocdepe mpu
ckopocty HarpeBa 50 K/4 u Temmne-
patype T = 1513 K B TeueHue 2 4. IIpouecc oxnax-
JIeHWS TIPOXOAUJ €CTECTBEHHBIM 00pa3oM, 6e3 huKCcH-
pOBaHHOI CKOpOCTH oxJiaxaeHusi. OOpaslibl, UCTIONb-
30BaBIINECS IS JATBHEWIIIAX UCCICTOBAHUN, UMETU
dopmy nucka auamerpom (10,00 + 0,06) MM 1 BBICO-
toii (1,00 £ 0,07) mm.

ITpumepsl MukpodoTorpacduii CKOJI0B KOMIO3UT-
HbIX 00pa3loB (10 UX MOJsIpU3allMM) MOKa3aHbl Ha
puc. 1. MukporeomeTpus MoJydeHHbIX 00pa310B ycC-
JIOXKHSIETCSI C YBEIMYEHUEM KOHLEeHTpauuu f, .. Ha-
OaromaeTcs COCylleCTBOBaHME 00JacTeil, oboraiieH-
HBIX KOPYHAOM, M BO3AYLIHBIX MOpP, a MOPUCTOCTb
00pasloB m,, BO3PAcTaeT ¢ yBeINIeHUeM fm, ¢~ 3aBUCHU-
MOCTH OOBEMHBIX KOHILIEHTpALUii KOPYHIOBBIX BKJIIO-
UCHUI M, N BOSAYLIHBIX [OP /1, B KOMITO3UTHBIX 00-
pasuax U UX IUNIOTHOCTHU OT f,, . TPaUyYECKH NpPeaCTaB-
JIGHBI Ha puc. 2, a. OTMeTUM "?;epKaJIbHOG" BO3pacTaHue
00BEMHbIX KOHLICHTPALWI M, 1 BO3IYLIHbIX II0P M, B
uHTepBaie 2,5 mac. % < f,, . < 10,0 mac. % (puc. 2, a),
¥ TTog00HOe TToBeicHe 00beMHBIX KOHIICHTPAIINi pa-
Hee He OTMeYasaoch B JIUTEpaType Mo KOMIIO3UTaM Ha
ocHoBe CITK. OcHoBbIBasiCh Ha JaHHBIX pUc. 1 1 apy-
TUX BKCIIepMMEHTAJIbHBIX pe3yJibTaTaX, Mbl paccMart-
pUBaeM JAHHBIA MaTepual Kak KOMIO3UT Tumna 3—O0.
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Puc. 2. DOkcnepumenTanbHbie Janabie no mapamerpam kommo3uta "CIIK IITC-19 — KopynnoBasi KepaMHKa — BO3IYX'" NpPH KOMHATHOM TeM-
nepatype: @ — 0ObeMHble KOHLEHTPALUN KOPYHAOBBIX BKIIOUCHNH m, M BO3AYILIHBIX [0 M, ¥ ILIOTHOCTb 00pasLoB p* (B 103 xr/m3) Kak

(YHKLMY MacCoBOM NOJM KOPYHIOBOW KePaMUKH f,, . B 00pasLax; b — HOPMUPOBAHHbIEC MapameTpbl X */X“), XapaKkTepU3yIOLI1e TUDJIEKT-

puueckue (KpuBbie 1 ¥ 2) 1 ITbe303JIeKTpHIecKre (KpUBbe 3 11 4) CBOWCTBA KOMITO3MTA IIPY PasInyIHbIX m,; ¢ — KOC k3, k; , k; m ckopoctn

E D
PacIpOCTPaHEHMs 3BYKOBBIX BOJIH v}, v}~ (B KM/C) B KOMIIO3UTE MIPU PA3TUUHBIX M1,

Fig. 2. Experimental data on parameters of the ZTS-19 FPC / corundum ceramic/air composite at room temperature: a — volume fractions of corundum
inclusions m, and air pores m, and density of samples p* ( 1 kg/m3) as a function of the mass fraction of corundum ceramic f,, . in the samples;

b — normalized parameters X */X( D characterizing dielectric (curves 1 and 2) and piezoelectric (curves 3 and 4) and properties of composite at different

m, values; ¢ — ECFs k3, k; , ki and propagation velocity of sound waves v’{E, v’gD (km/s) in the composite at different m, values

CBS3HOCTb KOMITO3UTA B MCCJIEAYEMOM MHTEpBANE M,
MOXeT OBbITh TipeacTaBieHa kak 3—0—0, roe mocuen-
HUIT HYJIb COOTBETCTBYET M30JMPOBAHHBIM BO3MYIII-
HBIM TTOpaM, a CPeIHUN HYJb — M30JMPOBAHHBIM KO-
PYHIOBBIM BKITIOUCHUSIM.

[Monsgpuzanio KOMNO3UTHBIX 00PA3LIOB MPOBOIM-
JIX B BO3MyXe MNP HAMPSKEHHOCTH 3JIEKTPUUIECKOTO
noist E= 1,25 kB/mMm, Temniepatype 7= 638 K, a 06-
1Iee BpeMs IOJISIpM3allii oOpa3lia COCTaBiIsLIoO 75 C.
Cnyctd ceMb THEH Tocie MONSpU3aluv U3MEpPEHMS
3JIEKTPODU3NIECKHUX TTapaMeTPOB TTOJISIPU30BAHHBIX
00pa3IoB MPOBOIWIIM, UCTIONB3YSI U3MEPUTETLHYIO arl-
napatypy "Llensypka-MA" [16] o MeTony, omucaH-
Homy B OCT [17]. MccnenyeMblii KOMIO3UT Xapak-
TEPU3YETCST cUMMeTpuei comm 1o aHajgoruu ¢ CITK
[3, 13, 18], u B majbHeMIeM ocTaTOUHas MOJisIp13a-
1usi obpasia npexncrasiusiercst Kak Py |OX; B npsimo-
YrOJIbHOM cucteMe KoopauHat (X;X,X3). 1o pesynb-
TaTaM HM3MEPEHUI IMOCTPOECHBI IKCIEPUMEHTAIbHBIC
KpuBbIe 3G (PEKTUBHBIX CBONCTB U APYTUX MapaMeTPOB
komrio3uTa (puc. 2). Ilpu 3ToM MHTEpeC MpeacTaBiIsi-
10T KOHLEHTpalMoHHbIe 3aBucuMoctu KOC

* * +E xo * «D «E xD
Ky = dy /(s 5% K =1y — )/ 1Y
ko= k5 25 E st E 4 sy 1
» = k31 [2s77 /(s + sl (1)

U (a3oBbIX CKOPOCTEN PaCIpOCTpaHEHUsI 3BYKOBBIX
BOJTH

Py * x . — D D, %
vit = (ST 0y =G50 @
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P IIJTAHAPHOIA (UTE) Y TOJIIMHHOM (uzD) MOJZIax KO-
nebanuii. B popmynax (1) j = 1; 3, d; ; — Tbe3oMo-
Iy, s;. — YIpyTue MoAaTIMBOCTU TMpu E = const,
s’gg — JIUBJIEKTPUYECKasl MPOHULIAEMOCTb IIPU MeXa-
HUYECKOM HaMpsKeHUU ¢ = const, czé) — MOMYJb Y-
PYTOCTH TIpU 3JIEKTPUUECKOM cMellleHnn D = const u
cgf — MojyJib yrpyroctu npu E = const. B psne uc-
TOYHUKOB (Hampumep, [10, 18—20]) ucmoab3yroTcs
0003HaYeHMUSI v;‘ u v;‘ , KOTOpbIE€ COOTBETCTBYIOT
CKOPOCTH 3ByKa NpU TOJIIMHHOW Moje KoJjieOaHMii
ob6pasia.

HabmromaeTcst Koppesiiusl MexXIy AU2JIeKTpUIec-
kuMu (KpuBble / U 2 Ha puc. 2, b) U NMbe303JEKTPU-
yeckumu (kpuBble 3 U 4 Ha puc. 2, b) cBoiCTBaMMU.
BBeneHune Mbe30MacCMBHOTO KOPYHAA C OOJbLIMMU
MoOyasMH yrpyroctu 1o cpaBHeHmio ¢ CITK matpu-
Leil ¥ BO3PACTAHUE MOPUCTOCTU /71, KOMIIO3UTA IPH-
BOJSIT K OCNAabJEHUIO €r0 Mbe303JEKTPUUYECKOTO OT-
KJIMKa, OMHAKO OTHOCUTEJIbHBIN MTbe30MOIYJIb d; 3/ d%)
CHIUXXAeTCsl B MEHbIlIell CTENMeHM MO CPaBHEHUIO C
d;l/dﬁ) (cp. kpuBble 3 U 4 Ha puc. 2, b). DTO MOXHO
OOBSICHUTh 3aMETHBIM OCJIa0JIeHUEM JIEKTPOMEXaHU -
YECKHUX CBSI3EM MEXKAY OTAEIbHBIMU 00JIACTSIMU 00pa3-
La BIOJb HenossApHbIX oceir OX| u OX,. Ilocinennee
CIIOCOOCTBYET YCWICHUIO ThE303JEKTPUUECKON aHU-
30TPONUM KOMIIO3UTA, YTO TPOSIBISIETCSI B BO3pacTa-
HUM OTHOWeHNit d3; /|d3; |, K33 /|k3; | &y /|k,|. Tlpwn
3aMETHOM YMEHBIIEHUU IUBJIEKTPUUYECKOW IPOHU-
11aeMOCTHU 8§§ Y OCTaTOYHOW Tossipuzauuu Py (cMm.
KpuBble [ 1 2 Ha puc. 2, b) HaNps>KEHHOCTb KO3PIIU-
TUBHOTO TIOJS EZ,‘ KOMIIO3UTa CJ1ab0 YMEHbUIAETCS:
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Puc. 3. CxemaTmyeckoe wu3odpakenue Kommo3uta tuma 3—0.

(X1X;X3) — npsAmMoyrosbHas cucreMa KoopauHat, mu 1 — m — 00b-

eMHble KOHIEHTPAIMM CTEPXKHE U OKPYKAlomieil MaTPUIbl COOTBETC-
TBenHo. Ha BcraBke /. p, — 0ObeMHass KOHLIEHTPALMs KOPYHIOBbIX

Bxmouennii B CIIK cpene, / — p, — oobemHas koHueHTpauus CIIK,
a; ¥ a3 — JUIVHBI NoJyoceil KopyHaoBoro BimoueHus. Ha BcraBke 2:
H, — TOPHCTOCTb B MAaTpHULC, 1 — 1, — OOBeMHasT KOHLIEHTPALHsI
CIIK, okpyxaiolleil opsl, @, U a3

Fig. 3. Schematic representation of the 3—0-type composite. (X;X,X3)

is the rectangular coordinate system, m and 1 — m are volume fractions
of the rods and surrounding matrix, respectively. In inset 1, u, is the

volume fraction of corundum inclusions in FPC, 1 — yu, is the volume
fraction of FPC, a; and ajare semi-axes of the corundum inclusion. In

— JUTMHBI MOJYOCEN MOphI

inset 2, p, is porosity in the matrix, 1 — , is the volume fraction of FPC

that surrounds the pores, a| and aj are lengths of the semi-axes of the pore

Hanpumep, £, = 0,860 kB/MM nipu m, =
= 0,815 xB/mm npu m, = 0,17.

3nauutenbroe ymenbienue KOC |k3, | u |k, | mpu
yBEIMYEHUN m,. (CM. KpuBble [ U 2 Ha pUC. 2, ¢) CO-
rriacyetes ¢ cooTHomeHuAMH |k, | ~|d3 [ m [k, | ~|d3, ],
BBITEKamIIMMU K3 3aBucumoctu (1). Bmecte ¢ tem
KBC k* ~ const (KpuBas 3 Ha puc. 2, c¢) baarogaps
CYH_[CCTBGHHOI/I KOPPEJSAINNA MEXIY 3aBUCHUMOCTSIMU
c33 (mc) u c3§ (m,) B uccnenyemom kommnosure. Ilo-
BelleHWe KPUBBIX 4 1 5 Ha puUC. 2, ¢ yKa3bIBaeT Ha CpaB-
HI/ITCJIBHO He6onbume M3MEHEHMST CKOPOCTEeH 3BYyKa
v1 (m ) n v3 (m ) u3 hopMyibl (2). DTO CBS3aHO C
TEM, YTO U3MEHEHMH TUIOTHOCTA 00pa3LoB p*(m,) Cy-
IIECTBEHHO KOMIIEHCUPYIOTCS I/I3M€H6HI/IHMI/I UX YII-
pyrux CBOI/ICTB B IIPOJOJBHOM (s11 (m,)) v momne-
peuyHOM (c33 (m,)) HampaBJIeHUU B MUCCIEAYEMOM
UHTEpBAJIE M. HpI/IMe‘{aTCJ'ILHO YTO YIETbHBIN aKycC-
TUYECKUI umnenanc Z* = p* v yMeHbH_[aeTCH MO-
HOTOHHO OT 35 5-10° KF/(M *c) mpu m, = 0 10
19,3 10° Kr/(M ¢) npu m. = 0,17, yto o6ycn013ﬂeﬁo
B OCHOBHOM YMEHBILIEHUEM IUIOTHOCTU p*(m,) (CM.
KpuByio 3 Ha puc. 2, a).

Ou E;

MogaebHble NpeaCTaBJICHU U HHTEpHpETAlINA
IKCHECPUMCHTAJIbHBIX PE3yJIbTATOB

Jnisi MHTepnpeTaluu 3KCIepUMEHTATbHBIX KOH-
LIEHTPAIlMOHHBIX 3aBUCUMOCTeH 3¢ (HEKTUBHBIX Mapa-
MeTpOB (puc. 2, ¢) mpemyiokeHa MOJEIb "KOMIIO3UT B
kommnosute" (puc. 3). [lpeamonaraercsi, 4To cucreMa
KOPYHJIOBBIX BKJIIOUEHUI PETYJISIPHO pacripesesieHa B
CIIK matpuiie, 1 COOTBETCTBYIOIIIYIO 00JACTh MOXHO
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paccMaTpuBaTh Kak KOMIIO3UT Tuiia 3—0 (cM. BCTaBKy
1 Ha puc. 3). CTepXHM 3TOro KOMIO3UTA XapaKTepu-
3yI0TCs CBSABHOCThIO 3—0, SIBJISIIOTCS TTOJISIPU30BAHHbI -
MU BIOJb Oc OX3 M PETyJIIpHO pacnpeeieHbl BHYT-
PU TIOPUCTOU KepaMUUECKOW MaTpUIIbl (CM. BCTaBKY 2
Ha puc. 3), CBA3HOCTh KOTOpoif Toxxe 3—0. dopma Ko-
PYHIOBOTO BKJIIOYEHMSI OIMCHIBACTCS YpaBHEHUEM
cepouaa (xl/al)2 + (xz/az)2 + (x3/a3)2 = 1. Ilpu
3TOM p, = @;/a; — OTHOLIEHUE JUIMH TOJIyocei che-
pouna, a, = a;. Popma Boszlyumon HOpr YIOBJIETBO-
pSIET YPaBHEHUIO (xl/al) + (xz/az) + (x3/a3)2 =1,

puYeM Pp = ,‘11/ a3 — OTHOLUEHUE [UIMH II0IyOCEH
Hopbl, a, = aj.

DddeKTuBHbBIE 3JEKTPOMEXaHMYEeCKHe CBOMCTBA
KOMITO3WTa ONpPEAeNSIIoT B TpW dSTama. Ha mepBoM
3Tare IPOBOIAT OIIPENCIEHUE CBOMCTB CTEPXHEH
"kopyHmoBas Kepammka — CITK" X (C)(p.c, p.) 1O Me-
tony [3, 21] 6e3 yueTa B3auMOJEMCTBUSI MEXY Tbe30-
MacCUBHBIMU BKJIOYeHUsIMU. Ha BTOpoM sTare omn-
penensiloT CBOMCTBA MOPUCTON cpedabl X (”’)(up, pp) c
MmoMolplo Meroga [21], IpUMEHHUMOIO K cpedaM ¢
HeB3auMoneicTByomuMy nopamu. [lpu aTom cpena,
OKpyxXalolliasi CTEp>KHM, MOXET ObITh JIMOO IIhe30-
MacCUBHOM, TU00 Mbe30aKTUBHOH (IMOJISIPU30BaHHOMI
Broiab OX;). Ha TpeTheM sTane npoBOIAT yCPEAHEHNE
CBOMCTB B paMKax mMeToaa 3¢ deKTuBHoro nois [3] ¢
YU4ETOM  BJIEKTPOMEXaHUUYECKOTro B3aUMOAEWCTBUS
MeXy TNbEe30aKTUBHBIMU CTEPXKHSIMU. B pesysnbrare
3¢ HEeKTUBHOE CBOMCTBO KOMIO3UTA MPEACTaBIsSIeTCs
B BUIE X*(m, K., pe Hp» pp), B cootBercTBUU € puc. 3
00beMHasl KOHIIEHTpallMs KOpPYHIa B KOMIIO3UTE
m. = muc, a 00beMHasl KOHLIEHTpaLKMs NIOp B KOMIIO-
sute m, = (1 — mp,

Pe3yanaTLI pacueToB 2 GHEKTUBHBIX NTapaMeTPOB

(1), (2) npencrasiaeHsl Ha puc. 4. CKopocTu 3ByKa
v]” u vy’ U3 9KcHepuMeHTa (CM. KpuBble 4 U 5 Ha
puc. 2, ¢) MOTYT OBITh alIIPOKCUMUPOBAHBI KPUBbI-
Mu [—3 Ha puc. 4, a, b. T KpUBbIEe pacCUUTaHbI 1151
nopuctoit CITK 06e3 yuyeTa KOpYHIOBBIX BKJIHOUEHUI
BHyTpI/I 91Ol cpenpl. Ilpy paccMOTpPEHMU CHUCTEMbI
"KOpYHI — MOHOJIUTHAs Cl'[K" (cMm. BcTaBKy 1 Ha
puc. 3) 3HaYeHUs le u v3 (cM. kpuBble 4 1 5 Ha
puc. 4, a, b) Bbille 3KcniepuMeHTanbHbIX. [TpuBeneH-
Hble Bblllle (haKThl YKa3bIBalOT Ha JOMUHMPYIOLIYIO
pOJIb TOPUCTON MaTpHIlbl B (POPMUPOBAHUM YIIPYTUX
CBOWICTB KOMITO3UTA U CBSI3AHHBIX C STUMU CBOMCTBA-
MM CKOpPOCTell 3ByKa 13 opmyJnsl (2).

ITpu 06bemMHOI KOHLeHTpauuu KopyHaa 0 <m.<0,1
s dekTruBHBIE TTapamMeTphl U3 (1) u (2) onpeaensioTcs
B paMKax IpPelIOKEeHHOU HaMUu Moaelu (cM. puc. 3),
IJIe TTIOPUCTasi MaTPULIA COAEPXKUT chepruueckKure BKITIO-
YECHUST (pp =1, m, = 0,1...0,2) u aBnsieTcsl MOJSIPU30-
BaHHO#. [IpUCyTCTBUE CUJIBHO CILTIOIIEHHBIX KOPYH-
JOBBIX BKJIIOYeHUH ¢ p. = 100 B CTEpXHSAX CrIOCOOCT-
BYyeT OOJIBIION TMbE303JEKTPUUYECKON aHM30TPOMUU.
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. E D
paMHKa — BO3/IYX" M CKOPOCTeii pacnpocTpaHeHus 3BYKOBBIX BOJH v] , v (B KM/C) B JaHHOM Komno3uTe. KoMnosur cxemaTuyecku mpen-

CTaBJIEH HA PUC. 3, pacyeThl NPOBEAEHbI C MCHOJb30BAHHEM 3KCIEPHUMEHTAIBHBIX KOHCTAHT KOMIIOHEHTOB U3 paodot [3, 12, 14, 15]

Fig. 4. Calculated volume-fraction dependence of ECFs |k3,|, |k, |, k3, and ki of the 3—0-type ZTS-19 FPC/corundum ceramic/air composite

and sound-wave velocities v"{E, U§D (km/s) in this composite. The composite is schematically represented in fig. 3, and calculations are carried out

using experimental constants of components from works [3, 12, 14, 15]

Ha puc. 4, ¢, d ¥ B LIEJIOM XOPOULIO COIJIACylTCs C 3K-
CIIEpUMEHTAIbHBIMU JaHHBIMU U3 pUC. 2, C.

IIpu yBenmyeHUM OOBEMHOI KOHLIEHTpALUU 7,
OoJplllee cOomTache MEXIY pacyeTOM M 3KCIEPUMEH-
TOM JOCTUTraeTcsl B clydyae HeIoJsipu30BaHHON Mart-
PHUIBLI ¢ CUJILHO CILTIOMIEHHBIMM BO3MYIIHBIMU TTIOpa-
MU (Harpumep, Tpu p, = 100). Ha npucyrcrBue 3Ha-
YUTEJIbHBIX HETOJISPU30BAaHHBIX 00JIacTeil BHYTPH
KOMIIO3MTa YKa3bIBaeT KpuUBasl 2 Ha puc. 2, b: Hampu-
Mmep, npu m, = 0,1 octaTroyHas Mmoasspu3als KOMIIO-
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3uta P; cocrasisieT Bcero okosio 40 % ot Pﬁl) CIIK.
PacuetHble pe3ynbTaThl JjIs KOMIIO3UTA "TIOJISIPU30-
BaHHBIE CTEP>KHUM — HEIOJIpU30BaHHAs MaTpuua”
npeacTaBieHbl Ha puc. 4, e—h. PazHoCTh MexXay pac-
YETHBIMA W 3KCIIEPUMEHTAIBHBIMIA 3HAYCHUSIMU T1a-
paMeTpOB CBsI3aHA C YIPOIIEHUSIMHU, 3aJIOXKEHHBIMU B
MoJiear Komno3uTa (cM. puc. 3). Bo-nepBbix, nmopuc-
Tas MaTpUlla B peaJbHOM KOMITO3UTHOM 00pa3slie yac-
TUYHO TOJISIpU30BaHa, 1 €€ CBOMCTBA NAlOT BKJAAbl B
napamMetpbl (1) u (2), mogoOHO BKJIagaM OT BTOPOro
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MbE303IEKTPUYECKOTO KOMITOHEHTA B 1—3-KOMMO3u-
Te [3]. Bo-BTOpBIX, BMECTO MIeaNbHBIX LUJIMHIPU-
yeckux crepxHeil "KopyHn — CITIK" B peanbHbIX 00-
pasliax MPHUCYTCTBYIOT HEKOTOpPBIE OOJIACTH, MPOTS-
KEHHbIe BIOJIb ocu OX3, U CTeleHb MOJSApU3aLUU
KOMITO3WTa MOXET BapbUpPOBAThCSI B HEKOTOPOM MH-
TepBajie. B-TpeTbuX, OTHOLIEGHUS IJWH TIOJIyOCei
BKJIIOYCHUH p, ¥ [IOP p, MOTYT BAPbUPOBATLCS B TIpe-
JleJTax OHOTO o0paslia, a caMM HEOTHOPOIHOCTU MO-
T'YT IMEThb HETIpaBIWIbHYIO (hopMy. B-ueTBepThIX, B pe-
aJbHOM 00paslie pacIiojioXKeHWe BKITIOUEHMH, TOp U
NPOTSXKEHHBIX Brosb OX3 obnacreii "kopyna — CITK"
TOJIbKO TIPUOJIMKEHHO MOXHO CUMTATh PEryJsSpHBIM.
TeM He MeHee JaHHbIe Ha puc. 4, e—h 1ienecoobpa3Ho
YUMUTBIBATh MpU UHTEpIIpeTaluu aHuzotponuu KOC, a
TaKke MPU IMPOTHO3MPOBAHUM TTOBEACHUSI CKOPOCTEM
3ByKa U JPYrUX XapaKTe€pUCTUK KOMIIO3UTA.

IIpoBoas cpaBHEHME TapaMETPOB MCCIEITyeMOTO
KOMITO3UTa C U3BECTHBIMU SKCIIEPUMEHTATbHBIMU JaH-
HBIMU, OTMETUM, YTO 3HAYCHUS d3 (cM. kpuBsbie 3, 4
Ha puc. 2, b) mo Moaymo 60J'II)HIC |d3 | kommo3uTa
"CIIK LOTC-19 — droporiact @- 2Nf£~)" [22] mpu
00BEeMHBIX KOHILIEHTpauusx (proporuiacta MeHee 0,2,
OIHAKO aHW3OTPOIHUS d3 HECKOJIbKO MEHblIIe ycTa-
HOBJIEHHOM B pabote [22] 3nauyeHus KOC k KOMITO-
3uTa (CM. KpuBYIO 3 Ha puc. 2, ¢) OJM3KU K IKCIie-
pUMEHTAJIbHBIM 3HAYEHUSIM maxk? 1—3-kommo3ura
"CHK rtuna PZT-7A — apansaut” [1] u k, nmopucroit
CIIK Ha ocHoBe IIKP-8 [20]. 3HaueHus yaeJbHOIO
aKyCTHYECKOro MMIenadca Z* kommosura tuma 3—0
OM3KHU K Z* 1—3-KoMIo3uTa pu 00bEMHOI KOHLIEH-
tpauuu CIIK PZT-7A [1] npumepHo ot 0,55 no 0,95.
[pu atom orrowenne KOC kj /|k; | kommosura Tuma
3—0 Gosnblue, 4eM OTHOIUEHHE K, /|k |, u3mepenHoe
Ha oOpasuax 1—3-komnosuTta [1].

3akioueHue

IIpoBeneHo ucciegoBaHue 3(POEKTUBHBIX JIEKT-
poMexaHnyeckux cBoiicTB U1 KOC kommosura Tuma
3—0 "CIIK ITC-19 — xopyHaoBas KepaMMKa — BO3-
nyx", a Takxke (pa30BbIX CKOPOCTEl 3BYKOBBIX BOJIH B
5TOM KOMITO3MTE TIpU 00BEMHOM KOHIICHTPAIIUU KO-
pynna m, < 0,18. YcranosneHo "3epkajibHOE" Bo3pac-
TaHUe OOBEMHbIX KOHLECHTPALWI m, 1 M, IPU yBEJIH-
YEHUHU MAcCOBOI I0JM KOPYHIOBOI KEPAMUKH f,, . B
obpasuax (cM. puc. 2, @), YTO OKa3blBaeT BIUSIHUE
Ha Ibe303JIeKTpudyecKnii oTkInK, KOC u npyrue na-
paMeTpbl KOMITO3MTa. DKCIIepPUMEHTAIbHBIC TaHHBIC
(cM. puc. 2, ¢) oOBbSICHEHBI B paMKaX MOJEIU "KOMITIO-
3UT B Komro3ute" (cM. puc. 3). PacueTHble KpuBbIe
KBC u ckopocreil 3Byka (puc. 4) MOKa3bIBalOT, YTO
ITOpHCTast MaTpHIla KOMITO3UTa UTPpaeT BaXKHYIO POJIb B
bopMUpOBaHNN aHU30TPOIHEBIX MTHE303TEKTPUUECKIX
CBOMCTB JAHHOTO KOMIIO3UTA, a TaKXKe B 3HAYUTEIIb-
HOM CTereHu oIpejesisseT KOHLUEHTPAallMOHHbIe 3aBU-
CUMOCTH cKopocTeit 3Byka u3 (2). Hanuuue crutio-
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IIEHHBIX KOPYHIOBBIX BKIIOYEHUM M BO3MYIIHBIX TTOP
CIOCOOCTBYET 3HaUUTENbHOM aHu30Tponuu KOC kom-
MO3MTA Jaxe NMPU MabIX m,. [Ipu 5TOM nopucras Mat-
pulla, OKpyXalollas Ibe303JeKTpuYecKre 00JIacTu
"kopyHa — CIIK", MOXeT OBITh YaCTMYHO TTOJISIPU30-
BaHHOI. MccnenoBaHHbIi KoMno3uT timna 3—0 mpen-
CTaBJIsIeT MHTEepeC KaK aKTUBHBIN 3JIEMEHT IThe303JICK-
TpUYECKUX IpeoOpa3oBaTesieii U APYrux yCTPOMCTB, B
KOTOPBIX BEAYIIYIO POJIb UTPAECT TOJILIMHHAS MOJa KO-
JiebaHuM.

Aemopbt 6aaeodaprbl 0-py mexn. Hayk, npogh. Hecme-
posy A. A., kand. mexu. nayx Jone B. K. (FO®Y, 2. Poc-
moe-ua-/lony) u npog., 0-py K. P. baysny (Yuueepcu-
mem bama, Coedunennoe Koposescmeo) 3a unmepec K
COBPEMEHHBIM Nbe30aKMUBHbIM KOMNO3UMAM.

Hccnedosanus nposedenvt npu QuHaHco80ui nodde-
pocke Munucmepcemea o6pazoséanusn u Hayku P® ¢ pam-
Kax peaausauyuu Komnaekcrhozo npoekma "Pazpabomka u
C030aHUe BbiCOKOMEXHON0UMHO20 NPOU3B00CMBA MOOUAL-
HO20 2UdpoaKycmu4ecKoe0 KOMNAEKCA O0C8euyeHuUs: 00-
CMAaHOBKU 6 pasiuuHbix akeamopusx Mupoeoeo okeana
HA OCHOBE COBPEMEHHBIX Nbe3031eKMPUYECKUX cpedcme
Hoeoeo nokxonenus” (loeosop No 03.G25.31.0276 om
29.05.2017) ¢ ucnoav3oeanuem obopyoosanus ILIKIT
"Buicokue mexuoaoeuu” FODY.
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The effective electromechanical properties have been studied in the composite wherein the ZTS- 19 ferroelectric ceramic, dense co-
rundum ceramic and air are components, and the volume fraction of the corundum ceramic m, is from the range of 0.05 <m, < 0.18.
Features of microgeometry and connectivity of the composite suggest that in the aforementioned m, range, this material is of the
3—0 type. Almost equal volume fractions of corundum inclusions and air pores are stated for the composite, and this equality con-
siderably influences the effective properties of the composite, its electromechanical coupling factors and sound velocities therein. The
studied effective parameters are interpreted within the framework of the ‘composite in composite’ model by taking into account el-
ements of 3—0 connectivity. The studied composite is of interest as an active element of piezoelectric transducers, sensors and other
devices where the thickness oscillation mode plays the leading role.
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Introduction

Composites based on ferroelectric piezoceramics (FPCs)
are the numerous group of active dielectrics, the effective
properties of which depend essentially on the properties and
volume fractions of the components, microgeometry, and

other technological factors [1—3]. Among the two-compo-
nent composites with o—f connectivity patterns (where o and
B take one of the following values: 0, 1, 2, or 3 [4]), 3—B com-
posites [35, 6] remain less studied than the 1—3, 2—2, and 0—
3 composites [1—3]. Examples of the 3—p FPC/polymer
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composites show that their piezoelectric properties, hydro-
static and other parameters [5, 6] vary within fairly wide rang-
es and are of interest for piezotechnical applications. Im-
provement of the individual parameters of composites is
achieved by introducing of piezopassive inorganic compo-
nents polymers such as clay, sand, concrete, a-Al,O5 (corun-
dum), etc. [7—11]. In particular, the experimental data for
electromechanical properties of the composite containing the
Pb(Zr, Ti)Os-type FPC and o-Al,O5 ceramic are shown in
work [10]. The latter is characterized [10, 12] by elastic mod-
uli that exceed by an order-of-magnitude the elastic moduli
of FPC, and the dielectric permittivity is two orders-of-mag-
nitude lower than the dielectric permittivity of the FPC,
which essentially distinguishes a-Al,O5 in properties from
other components such as polymers or clay. However, at suf-
ficiently small volume fractions of a-Al,O5 (about 10 % or
less), the effective properties and electromechanical coupling
factor (ECF) and the anisotropy factors of the composite were
not studied in details, and also features of its connectivity
were not considered. The aim of this work is to study the ef-
fective properties, ECF, and sound velocities in a piezoactive
composite of 3—0 type at volume fractions of corundum ce-
ramics of less than 20 %.

Experimental part

The samples of the composite being studied were pre-
pared at the Institute of High Technology and Piezo-tech-
nics of the South Federal University (SCTB "Piezopribor").
The ferroelectric ceramics ZTS-19 [3, 13] was used as a pi-
ezoactive component of the composite, and the vacuum-
tight alumina ceramic VK-94-1 (also known as 22XC) with
content 94.39 % of Al,05 [14, 15] was used as a piezopassive
component. Pressing and sintering of the VK-94-1 samples
was carried out by conventional ceramic technology and fol-
lowed by a destruction of these samples under the pressure
after sintering and sifting through a sieve to obtain sintered
ceramic crumbs. The ceramic VK-94-1 crumb was thor-
oughly mixed with the ZTS-19 powder at fixed VK-94-1
mass fractions (2.5 wt. % < £, . < 10.0 wt. %); a solution of
polyvinyl alcohol was used as a binder. Mixing, grinding and
sieving of the mixture was carried out after this stage to pro-
duce a granular press-powder composition at fm,c = const. In
addition, to compare the parameters of the composite with
the parameters of a monolithic FPC, a press-powder of pure
ZTS-19 was manufactured.

The burning of the pressed composite samples was carried
out in a lead-containing atmosphere at a heating rate of 50 K/h
and temperature 7= 1513 K for 2 hours. The cooling process
went naturally without a fixed cooling rate. The samples used
for further studies had the shape of a disk with a diameter
(10.00 + 0.06) mm and height (1.00 + 0.07) mm.

The examples of photo-micrographs of cleaved compos-
ite samples (before their poling) are shown in fig. 1. Micr-
ogeometry of the obtained samples is complicated with in-
creasing of the fraction fm,c. The coexistence of regions en-
riched in corundum and air pores is observed, and the poros-
ity of the samples m, increases with increasing fm’ -
Dependences of the volume fractions of corundum inclusions
m, and air pores m ) in the composite samples and their den-
sities on fm,c are graphically presented in fig. 2, a. Let’s note
the "mirror” increase in the volume fractions of corundum m,,
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and air pores m,, in the range of 2.5 wt. % < f,, . < 10.0 wt. %
(fig. 2, a), and the similar behavior of the volume fractions
was not previously noted in the literature on composites
based on FPC. Based on the data in fig. 1 and the other ex-
perimental results, we consider this material as a 3—0-type
composite. Connectivity of the composite in the studied m,
range can be represented as 3—0—0, where the last zero cor-
responds to isolated air pores, and the central zero is related
to isolated corundum inclusions.

Poling of the composite samples was carried out in air at
an electric field £ = 1.25 kV/mm, T = 638 K, and the total
poling time of the sample was 75 s. Seven days after the pol-
ing, the measurements of electrophysical parameters of the
samples were performed using measuring instruments "Tsen-
zurka-MA" [16] by a method described in the industrial
standard [17]. The investigated composite is characterized
by comm symmetry by analogy with FPC [3, 13, 18], and
hereafter, the remanent polarization of the sample is repre-
sented as Py [OX; in a rectangular coordinate system
(X;X,X3). Based on the measurement results, the experimen-
tal curves of the effective properties and other parameters of
the composite are built (fig. 2). At the same time, of interest
are the volume-fraction dependences of the ECFs

« g% +E xs\1/2. * D «F «*D1/2.
ky; = d3j/(sjj e33) / sk =1(e33 — e33)/ 5 / >

ky = k3 (2871 /(s + siIY? (1)

and phase velocities of sound waves

oif = (s A v’ = (a5 0 b))
for planar (v’{E) and thick (v’gD) oscillation modes. In the
formulas (1) j=1; 3, d; ; — are piezoelectric moduli, s}‘jE
are elastic compliances at £ = const, &35 is the dielectric
permittivity at mechanical stress o = const, czé) is the elastic
modulus at electric displacement D = const, and cgf is the
elastic modulus at £ = const. A number of sources (see for
example, works [10, 18—20]) use the v}‘D and v} notations
that correspond to the sound velocity in a case of a thickness
oscillation mode of the sample.

There is a correlation between the dielectric (curves 7/
and 2in fig. 2, b) and piezoelectric (curves 3 and 4 in fig. 2, b)
properties. The introduction of piezo-passive corundum with
large elastic moduli in comparison with the SPC matrix and
an increase in porosity m, of the composite result in a weak-
ening of its piezoelectric response, but the relative piezoe-
lectric modulus d3; / dgé) decreases to a lesser extent in com-
parison with d3, /d{} (compare curves 3 and 4 in fig. 2, b).
This can be explained by the noticeable weakening of the
electromechanical coupling between the individual regions
of the sample along the non-polar OX| and OX, axes. The
latter contributes to the enhancement of the piezoelectric
anisotropy of the composite, which is manifested in the in-
crease in the d3y/|d3; |, k33 /|3 | and k; /|k,| ratios. At the
marked decrease in the dielectric constant €33 and re-
manent polarization Py (see curves / and 2in fig. 2, b), the
intensity of the coercive field E, of the composite is weakly
reduced: for example, E, = 0.860 kV/mm at m, = 0, and
E; =0.815 kV/mm for m, = 0.17.

A significant decrease in the ECFs |k3; | and |k, | with an
increase in m, (curves [ and 21in fig. 2, c) agrees with the re-




lations | k3, | ~|d3; | and |k, | ~|d5, |, which follow from the for-
mulas (1). At the same time, the ECF k; ~ const (curve 3
in fig. 2, ¢) is due to the significant correlation between the
¢3? (m,) and ¢3¥ (m,) dependences in the studied composite.
The behavior of curves 4 and 5 in fig. 2, ¢ indicates a rela-
tively small change in sound velocities vi? (m,) and v3? (m,)
from the formula (2). This is due to the fact that changes in
the density of the samples p*(m,) are substantially compen-
sated by changes in their elastic properties in the longitudi-
nal (s’[f (m,)) or transverse (39 (m,)) direction and in the
studied m, range. It is noteworthy that the specific acoustic
impedance Z* = p* ng decreases monotonically from
35.5-10° kg/(m?-s) at m. = 0 to 19.3-10° kg/(m?+5s) at
m, = 0.17, that is mainly due to the decreasing density
p*(m,) (curve 3in fig. 2, a).

Model representations and interpretation
of experimental results

To interpret the experimental volume-fraction depend-
ences of the effective parameters (fig. 2, ¢), a "composite
in composite” model is proposed (fig. 3). It is assumed that
the system of the corundum inclusions are regularly distrib-
uted in the FPC matrix, and the corresponding region may
be regarded as a 3—0-type composite (see inset 1 in fig. 3).
The rods of this composite are characterized by 3—0 con-
nectivity, poled along the OXj axis and regularly distrib-
uted in the porous ceramic matrix (see inset 2 in fig. 3), the
connectivity of which is also 3—0. The shape of the corun-
dum inclusion is described by the spheroid equation
(x1/a;)? + (x,/ay)* + (x3/a3)*> = 1. Moreover, p.= a;/ay is
the ratio of the lengths of the semi-axes of the spheroid,
and ay = a;. The shape of the air pore obeys the equation
(x1/ap)? + (xy/ay)* + (x3/a3)* = 1, p, = aj/aj is the ratio
of the lengths of the pore semi-axes, and a; = a;.

The effective electromechanical properties of the com-
posite are determined in three steps. In the first stage the
properties of the corundum ceramic/FPC X (C)(pc, p.) are
determined by means of the method [3, 21] without taking
into account the interaction between piezo-passive inclu-
sions. In the second stage the properties of the porous media
X (’”)(up, pp) are determined by using the method [21] being
applicable to media with non-interacting pores. The medi-
um surrounding the rods may be either piezopassive or pi-
ezoactive (poled along OX3). In the third stage averaging the
properties within the effective field method [3] is carried out
by taking into account the electromechanical interaction be-
tween the piezoactive rods. As a result, the effective property of
the composite is represented in the form X (m, Hes Pes My pp).
In accordance with fig. 3, the volume fraction of corundum
in the composite is m, = my,., and the volume concentration
pores in the composite is m, = (1- m)up.

The results of calculations of the effective parameters (1),
(2) are shown in fig. 4. Sound velocities vTE and v3? from
the experiment (curves 4 and 5 in fig. 2, ¢) can be approxi-
mated by curves /—3 shown in fig. 4, a, b. These curves are
calculated for a porous FPC without allowance for the co-
rundum inclusions within this medium. When considering
the corundum/monolithic FPC system (see inset 7 in fig. 3),
the v’{E and v§D values (curves 4 and 5 in fig. 4, a, b) are
higher than the experimental ones. The aforementioned
facts indicate the dominant role of the porous matrix in the

formation of the elastic properties and sound velocities linked
with the elastic properties of the composite in accordance
with formulas (2).

At a volume fraction of corundum 0 < m . < 0.1 the ef-
fective parameters from (1) and (2) are determined within
the framework of the model proposed by us (see fig. 3),
where the porous matrix contains spherical inclusions (pp =1,
m, = 0.1... 0.2) and is poled. The presence of highly oblate
corundum inclusions with p, = 100 in the rods promotes a
large piezoelectric anisotropy. The calculated curves for this
case are shown in fig. 4, ¢, d and on the whole are in good
agreement with the experimental data from fig. 2, c.

With an increase in the volume fraction m, a better agree-
ment between calculation and experiment results is achieved
in the case of the non-poled matrix with the highly oblate air
inclusions (e.g., at Pp= 100). The presence of the significant
non-poled regions inside the composite is indicated by curve
2 in fig. 2, b: for example, for m, = 0.1 the remanent polar-
ization of the composite P; is only about 40 % of P,(” related
to FPC. Calculated results for the poled rods/non-poled ma-
trix composite are shown in fig. 4, e—h. The difference be-
tween the calculated and experimental values of the param-
eters is related to simplifications embedded in the composite
model (see fig. 3). Firstly, the porous matrix in a real com-
posite sample is partially poled, and its properties contribute
to the parameters (1) and (2), like the contribution from the
second component in 1—3 piezoelectric composites [3]. Sec-
ond, instead of ideal cylindrical corundum/FPC rods in real
samples, there are some regions extending along the OXj axis,
and the poling degree of the composite can vary within a cer-
tain range. Third, the ratio of the lengths of the semi-axes of
the inclusions p,. and pores p p can vary within one sample, and
the inhomogeneities themselves may have an irregular shape.
Fourthly, in a real sample, the location of inclusions, pores,
and extended corundum/FPC regions along the OX; axis only
approximately can be considered as a regular location. Nev-
ertheless, the data in fig. 4, e—#h are advisable to take into ac-
count for an interpretation of the anisotropy of ECFs, as well
as in predicting the behavior of sound velocities and other
characteristics of the composite.

Comparing the studied composite parameters to known
experimental data, we note that the absolute d3; values
(curves 3, 4in fig. 2, b) are larger than |d3;| of the ZTS-19
FPC / fluoroplast F-2ME composite [22] at the volume frac-
tion of fluoroplast less than 0.2, but the anisotropy of d3 Y is
somewhat less than that stated in work [22]. The ECF & val-
ues of the composite (see curve 3 in fig. 2, ¢) are close to the
experimental values of maxk, of the 1—3 PZT-7A
FPC/araldite composite [1] and &} of porous FPC based on
PCR-8 [20]. The values of specific acoustic impedance Z*
of the 3—0-type composite are close to Z* of the 1—3 com-
posites at a volume concentration of PZT-7A FPC [1] from
the range of ca. 0.55...0.95. At the same time, the ECF ratio
k; /|k,| of the 3—0-type composite is larger than the k; /|k,|
ratio measured on the 1—3 composite samples [1].

Conclusion

The study of the effective electromechanical properties
and ECFs of the 3—0-type ZTS-19 FPC corundum ceram-
ic/air composite and phase velocities of sound waves in this
composite is carried out at volume fractions of corundum
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m < 0.18. A "mirror" increase in the volume fractions m_and
m, was observed with an increase in the mass fraction of co-
rundum ceramics fm’ ¢ in the samples (fig. 2, a), which affects
the piezoelectric response, ECFs and other parameters of
the composite. The experimental data (fig. 2, c) are inter-
preted within the framework of the "composite in compos-
ite" model (fig. 3). The calculated curves of the ECFs and
sound velocities (fig. 4) show that the porous matrix of the
composite plays an important role in the formation of the
anisotropic piezoelectric properties of this composite, and
also largely determines the volume-fraction dependence of
the sound velocities from formulas (2). The oblate corun-
dum inclusions and air pores promote a significant ECF an-
isotropy even at low m, values. In this case, the porous ma-
trix surrounding the piezoelectric corundum/FPC regions
can be partially poled. The studied 3—0-type composite is of
interest as an active element of piezoelectric transducers and
other devices in which the thickness oscillation mode plays
a leading role.
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BBenenne

Heo0OxonuMoCTh B CHIKEHMH pa3MEpPOB UM MAacChl
cBepxBbicokouacToTHhIX (CBY) ycTpoiicTB, paciiupe-
HUW UX JTMHAMUYECKOIo IMaria3oHa 4yacToT, YMEHb-
LIEHUU TTOTPebJIsIeMOil MOIITHOCTU U CTOMMOCTH, BO3-
MOXHOCTU MCHOJIb30BAaHUSI OECITPOBOAHBIX CUCTEM LISt
YBEJIUYEHUS MOOWUJIBHOCTM W JOCTYIMHOCTHU IUIST MC-
TOYHUKOB NOTpeOJieHust uHopMaluu [1], B Hapalu-
BaHUU MX UHTErpaluuu U PYHKIMOHATbHBIX BO3MOX-
HOCTel Tpu pocTe pabouux 4yacToT TpebyeT OT pa3pa-
OOTYMKOB MaKCHMMAaJIbHOTO WMCITOJb30BAaHMS OITbITA U
TEXHOJIOTMYECKUX MPUEMOB CO3AaHMST MHTErPaIbHBIX
cxeMm (MC) Ha nomnoxkax Si, GaAs u GaN.

OpnHoit 13 npo6eM, BO3HUKaloILLel Mpu pa3padbort-
ke CBY ycTpoMCTB, SIBISIETCSA CO3JaHUE MEepeKIIodya-
TeJIE CUTHAJIOB.

B Hacrosiee Bpemsi Hanbojiee pacnpoCTpaHEHBI
CBUY nepexitouyaTesnv IByX TUIIOB:

e 3JIEKTPOMEXaHUUYECKUE;
e DJIEKTPOHHBIE (HA AMCKPETHBIX MPUOOpax).

s mepexmouenuss CBY curnanoB Hanbosee mep-
CMEKTUBHBIMU SIBJISIIOTCS MEPEKI0YaTe I Ha OCHOBE
MUKpO3JieKTpoMexaHuueckux cucrem (MOMC) [2],
MTOCKOJIbKY OHH TIO3BOJISIOT:

— mony4dath nepexioyarean CBY curHaiaos ¢ Hy-
JIEBBIM 3HEPronoTpedJeHeM B COCTOSIHUM TTOKOSI;

— cHU3UTh pa3Mmepnl U maccy CBY ycTpoiicTs;

— cHu3uTh 3Hepromnorpednenne CBY ycrpoiictB
(MOLIHOCTb, HEOOXOAMMAs Ha MEPEKIIOUEHUE KOMMY-
Tatopa, nopsiaka 1 HBT);

— 3HAYUTEIHLHO YMEHBIIUTD BpeMsI e PeKITIOUEHUS
Mo cpaBHeHUIO ¢ MexaHudyeckumu CBY mepexiioya-
TeJISIMU;

— TIOJIyYUTh JIMHEWHBIE XapaKTepUCTHKM Tiepe-
KJIIOYaeMOTo CUTHasa.

Heocnopumbie poctoumHcTBa MOMC-KOMIIOHEH-
TOB OMPENEISAIOT ONPaBAIAHHOCTh U HEOOXOIMMOCTh UX
MPUMEHEHUsI B COBPEMEHHOI BBICOKOHAJEXKHOMI ar-
napaType, B TOM YUC/ie KOCMUYECKOI 1 CIeMaTbHOrO
HazHauyeHus [3].

CBY koMMyTaTOpbl

B Hactosiee Bpems 1mpoko npumeHsior CBY
nepexJoyaTesd TpeX TUIOB: JEKTPOMEXaHUYECKUeE,
TBepAOTEIbHbIE (MOJTYITPOBOIHUKOBBIE) 1 MOMC-11e-
pekirovaresn. DaeKTpoMexaHUMIECKUe TepeKtouaTen
TIPEBOCXOIST BCE OCTATBHBIC TTO KOMMYTHUPYEMOM MOIII-
HOCTU — JI0 HECKOJBbKMX KMJIOBaTT Ha yactoTe 1 I'T1,
HWMEIOT BHOCUMBIE KJIIOUOM MOTepu (COOCTBEHHbBIE MO~
tepu) 0,1...0,3 1b u nzonsuuio curnana 60...80 1b. Ho
TIPA 3TOM 3JIEKTPOMEXaHNIECKIE KOMMYTAaTOPhI UMe-
10T BBICOKYIO MOTPeOJIsieMyl0 MOILIHOCT, — 10 10 BT
(111 MOLLHBIX TEepeKJItoyaTeneit), BpeMs Mepexiroye-
Hus 10...20 MC ¥ OTHOCUTEILHO HU3KHWI CPOK CITYK-
Obl — mopsnka 1 maH uuknoB. B Taba. 1 mpuBeaeHb!
CPaBHUTEJIbHBIC XapaKTePUCTUKH TIOTYITPOBOIHUKOBBIX
KOMMYTaTopoB Ha ocHOBe PIN-a1on0B, MoJeBbIX TPaH-
3uctopoB 1 MOMC-nepeximouateneit CBY curnana.

M3 1abn. 1 BugHo, yto MOMC-nepekiaouarenu
VMEIOT MpenMylliecTBa nepea TBepaoTenbHbiMu CBY
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Tabauma 1
Table 1

XapakTepucTHKH nepekiaoyaresieil Ha ocHoe MOMC,
PIN-nuonax, mojieBbIx TpaH3MCTOpPax
Characteristics of switches on the basis of MEMS,
PIN-diodes and field transistors

CBY [ToneBoii
ITapameTpsl MOBMC | PIN-guon | TpaH3UCTOD
Parameters Microwave | PIN diode Field
MEMS transistor
Hanpsokenue, B 20...80 +3..5 3.5
Voltagee, V
Tok, MA 0 3..20 0
Current, mA
Buepronorpednenune, MBr| 0,05...0,1 3..20 0,05...0,1
Power consumption, mW
BpeMst nepexittoueHust 1..300 ps | 1...100 ns | 1...100 ns
Switching time
I'pannuHas yactora, T 20...80 1..4 0,5..2
Limiting frequency, THz
Wzonsuus (1...10 T'T) OuyeHb Bricokast CpenHsist
BBICOKAsI
Isolation (1...10 GHz) Very high High Average
Wzomsuwms (10...40 I'T) OueHb Cpennsist Huskas
BBICOKAs
Isolation (10...40 GHz) Very high Average Low
Nzomsamus (40...100 I'T) | Beicokas | Cpennsist Her
Isolation (40...100 GHz) High Average No
Torepu (1...100 I'T), 1b| 0,05...0,2 0,3...1,2 0,4...2,5
Losses (1...100 GHz), dB
Iepexmouaemas > 10 <10 <10
MOIIIHOCTb, BT
Switching power, W

MepeKIoyaTe/IIMU: BBICOKOE COOTHOILIEHHUE TOTEPh K
MU30JISILMU B PA3OMKHYTOM M 3aMKHYTOM COCTOSIHMH,
MPaKTUYECKU HyJIeBOe MOTpeOIeHNEe MOIIHOCTH B 3a-
MKHYTOM COCTOSIHMM. HO mpu 3TOM HMMEIOT M Hemo-
CTaTKU: HU3KOE OBICTpOAECHCTBUE IO CPaBHEHUIO C
MOJYIIPOBOAHUKOBBIMU MepeKtoyaTeasaMu. s ym-
paBieHUsI HEO0X0AUMO (OPMUPOBATh UMITYJILC II€pe-
KiTIoyaronero HarnpsokeHus ot 6 1o 80 B. Cnenyer ot-
METUTb, YTO CPOK clIy>kObl MOMC-niepekiouaresnei
COCTaB/IsIET TOPsSIIKA 1019 uknos. CrenosaresnsHo,
MOXHO CKa3aTh, uTo MOMC-nepekioyaTean 00b-
eOUHWIM B cebe JIyylliue 4YepThl TBEPAOTEJbHBIX U
3JIEKTPOMEXaHUUYECKHUX MepeKIovaTesieli — MaJible ra-

OapuTHBIE pa3Mepbl, BBICOKOE OBLICTPOACKCTBUE IIPU
HU3KOM COOCTBEHHOM 3HEPronoTpedeHrn, O0IbIION
CPOK CJIy>KOBbI (ITpUCYILIe TBEPAOTEIbHbBIM MEepPeKII0oYa-
TeJISIM), TIPY 3TOM TOSIBJISIETCSI BO3MOXHOCTb KOMMY-
taiuu CBY curHana Beicokoit MoiHocTy (10 10 BT)
(XxapakTepHO ISl JeKTPOMEXaHNUYECKUX TTepeKIoda-
teneii). Cnenyer oTMeTUTh, uTo MOMC-nepekitoya-
TeJU TpeOyIT BaKyyMHOTO KOPITyCMPOBaHUS, UTO, B
CBOIO OYepenb, MO3BOJSIET YBEIMYUTH OBICTpOMIEC-
TBHE M 3HAYUTEIHLHO MPOITIUTH CPOK MX CIIYKOBI.

Tunst MOMC-nepekiouareei

ITpyu u3roToBieHUM MepekaroyaTeseit cpeaHel u
Manoi momHoctu (o 100 MBT) nmepekioyaTesb ¢ eM-
KOCTHBIM THUIIOM KOHTaKTa MMeEeT BaxkHOe IperuMy-
IIECTBO — BO3MOXHOCTb M3TOTOBJICHUSI MEPEeKIoYa-
TeJisi ¢ HU3KUM HampsikeHueMm cpabaTbiBaHUSI, YTO
MO3BOJISIET MCITOJB30BaTh EAMHYIO 1LIeTIh MTUTaHUS KaK
JUTST TIOJYIPOBOIHUKOBBIX MPUOOPOB, TaK U IS YII-
paBJIeHUSI TIepeKITIoUaTeISIMU.

B Ta6. 2 mpuBeneHbl pa3iMyHbIEe MO TUITY AeiCT-
Bust MOMC-ycrpoiicTBa.

Kak BugHO M3 Tabj. 2, 3J1eKTpocTaTUYECKUEe pelie
HanOoJiee TPUTOAHBI IS UCHoab30BaHus B MOMC-
nepekIovaTessax [4] BBUAY TOTO, UTO:

— noTpebJisieMasi MOILIHOCTb OJIM3Ka K HYJIO;

— MBMC-nepekiaouaresib UMEeT MaJlblii pa3mep;

— NP U3TOTOBJICHUU MCITONb3YETCSl XOPOLIO pas3-
paboTaHHas TJlaHapHAasl TEXHOJIOTHSI;

— HauboJjiee ObICTPOE BpeMs MEPEKTIOUEHUS;

— IS cpabaThiBaHUs pesie goctarodHo 50...200 MxH;

— npu ucroib3oBaHUM L C-pa3Bsi3KM BO3MOXKHA
rnojava yrnpasisiioliero HanpstkeHus: yepe3 BYU Boii-
HOBOI.

IIpeumyiiecTBa 3A€KTPOCTaTUYECKOTO TIPUBOAA
MODMC-kio4a cocTOSIT B KpaiiHe Majloil moTpeOsi-
€MOi MOIIHOCTH (TOK MOTpeOjsieTCs] TOJAbKO MpuU
MepeKIoUYeHu, TUIIOBOE 3HauyeHue IMoTpebiisieMoi
MOIIIHOCTH Ha ONMH IIUKJ TEePEKITIOYeHUS] COCTaBIISIET
He Gosee 1 HBT) [5, 6]. ETMHCTBEHHBIM CEPbe3HBIM
HEJIOCTATKOM SIBJISIETCSI HEOOXOAMMOCTh MCIOJIb30-
BaTh ymnpasisitoliee HarnpsikeHue 20...80 B, B To Bpems
KaK OOJIBIIMHCTBO IIETIe YIPaBISAIOTCS C ITOMOIIBIO
HanpskeHus 3...5 B.

Tabauua 2
Table 2

CpasHenne MDMC-ycTpoiiCTB ¢ pa3jiMyHbIM MEXAHH3MOM PabOThHI
Comparison of MEMS devices with various mechanisms of operation

MbBMC Vynp , B Iynpa MA P, MBr Pa3smep, mxMm | Bpemst mepexkmiouennst, Mkc | KoHtakTHast cuima, MKH
MEMS Vynp Vv lynp mA P, mW Size, um Switching time, us Contact power, uN
DJIEeKTPOCTaTUYECKUE 20...80 0 0,002 100 % 440 1...200 50...1000
Electrostatic
TepmomexaHuueckue 3.5 5...100 15...250 200 x 220 300...10 000 500...4000
Thermomechanical
DJIeKTPOMAarHUTHbIe 3...5 20...150 60...100 1000 x 500 300...1000 50...200
FElectromagnetic
IIbe3oaekTpruyeckue 3..20 0 0,002 200 x 340 50...500 50...200
Piezoelectric
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CrenyeT OTMETUTh, YTO B 3aBUCMMOCTH OT YCIIOBUIA
SKCIUIyaTaluy y Kaxaoro tuna MOMC-nepekiioya-
TeJsl MOXET OBbITh CBOSI 00J1aCTh MPUMEHEHMSI, HO Y
3JIEKTPOCTaTUUECKUX OHA II1pe, He TOJIbKO BBUAY BbI-
LIeTNIePEeYNCIIEHHBIX MPEUMYIIECTB, HO TaKXe W3-3a
BO3MOXXHOCTHU UCITOJIb30BAHUSI TTPU U3TOTOBJIEHUH TIe-
peKJIouarTesisi XOpollo U3BECTHOM TEXHOJOTMU TTPOU3-
BOJICTBA MOJIYIIPOBOIHMUKOBEIX MpHOOpOB [7].

IIpoexkTpOBaHHE U U3rOTOBJIEHHE
MODMC-nepekiiodaTesis 1 YaCTOTHOTO THANA30HA
10...12 I'T'u Ha apcenuae rajius

IIpu paspabotke Moaean y3konoiaocHoro MOMC-
nepektoyaTesiss ObUIM BBICTABJAEHbBI CIEAYIOIIUE Tpe-
OoBaHUS:

e BHOCHUMBIe TToTepu He Gonee 0,5 nb;
e pasBs3Ka MPUHUMAEMOIO M Tepeaarolero CurHaia

He xyxe 30 nb;

e HampspKeHUe nuTaHus He 6osee 30 B;
e pabouuit guamna3oH yactor 10...12 I'Tt;
e pAa3Bs3Ka MO TTOCTOSTHHOMY HAMPSIKEHHWIO MTUTAHMS

u CBY curnany.

st momenupoBanuss MOMC-nepekiaouaTeneii
ObLT BBIOpaH IIYHTUPYIOIIUI TUII IIepeKIovYaTeis, u
ucnoab3oBajack nmporpaMma AWR Design Environ-
ment 2008. IyHTupyroluii nepexksaoyaresib pazme-
maetcs mexay CBY nmuHuMei u 3a3eMIISIIOIAM 3JI€KT-
ponoM. IIpu Tomaue IMOCTOSIHHOTO HAMpPSDKEHMST Ha
CBY nuHuI0 32 cYET CUJ 3JEKTPOCTATUUECKOTO MpH-
TSKEHUSI MeMOpaHa OIlyCKaeTcs — €MKOCTb MEXIy
3a3eMJICHHBIM 3yiekTpogoM u CBY simexTpomom pes-
ko Bo3pacraeT 1 CBY curnain crekaer Ha 3emumio. Ha
puc. 1 mpeacTaBiieHa reoMeTpruIecKasl cxeMa IIyHTUPY-
IOIIIETo MepeKytoyaTesiss U ero SKBUBAJICHTHAsI CxeMa.

B pesynbraTe pacueToB ObLIM HalEHbI TTapaMeTphl
npuHuMnuanbHoii cxeMbl CBY MBMC-nepexioya-
TeJisl, KOTOpble NMPpUBEJAeHbI B Ta0d. 3.

Pesynbrathl MonmenupoBaHus mnpoxoxaeHusi CBY
curHana yepe3 MOMC-niepeximoyaresb IIpeacTaBIe-
HbI Ha puc. 2 u 3. PesoHaHCHas yacToTra [Uisl JAHHOTO
nepexiovaTenst coctapuiaa 10 I'Tu. B npuHuunmanis-
HOI CXeMe pacCYMTHIBAIN WAeallbHbIe 3JIeMEHTHI, He

Tab6numa 3
Table 3

PacueTHbie 3HAYEHHMS TAPAMETPOB NMPUHIMINAILHON CXEMBbI
MBOMC-nepekiouarens

Calculated values of the parameters of the basic circuit

of the MEMS switch
5 ITapameTtphl
JIEMEHTBI TepeKTIouaTeIst
Switch elements 3JIEMEHTOB TMePEKIII0UaTest
Parameters of the switch elements

WHIyKTUBHOCTH 0,11 nH
Inductance
ComnpoTusjieHue 0,15Q
Resistance
EMmKocTh Bk 5,531 pF
meMmOpaHnbl | On position
M
ca;’;’g’,y””e BIKI. 0,0439 pF

Off position

| Nepewno4Yarena I g
1 MEMS switch bridge | - |

N P————
A eI

3a3eMIAIOLMA KOHTYD
Ground loop

Cnol AM3NEKTPHKA
Dielectric layer

HenpoBoAALaA NOANOKHE
Nonconducting substrate

Puc. 1. TeomeTpuuecKas W IKBUBAJIEHTHAS JJIEKTPHYECKAs CXeMma
myHTupylomero MO®MC-nepekimouarens

Fig. 1. Geometrical and equivalent circuitry of the shunting MEMS
switch
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: “ -45.52 dB :
| i | ‘
I [
! 0 1 1" 21 31 41 50 ‘
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Puc. 2. Ilpoxoxnenne CBY curnana yepe3s mepexioyaresb ¢ OIy-
HIEHHOH MeMOpaHoii

Fig. 2. Microwave signal transmission through the switch with the
membrane in down position

N e

o 11.06 GHz
-0.04432 dB | \\
08
| |
-1 |
1 1" P4l A # 50
Frequency, GHz

Puc. 3. IIpoxoxnenne CBY curHaja yepe3 mepekioyaresb ¢ MOA-
HATOW MeMOpaHoi

Fig. 3. Microwave signal transmission through the switch with the
membrane in position up

oTpaxalolliye ToBeIeHNEe CXeMbl Ha BBICOKMX YaCTOTax
BCJIE[ICTBME BOSHMKHOBEHMS Mapa3sUTHBIX EMKOCTEN U
WHAYKTUBHOCTE! B pacIpele/eHHbIX dJieMeHTax. s
yyeTa 3TuX 3P PEKTOB OBIJIO MPOBEAECHO 3JIEKTPOPU-
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IEpEKIoYareid IpeaAcTaBI€Ha Ha

puc. 4 (CM. TpeThblO CTOPOHY O0JIOXK-

KH), pacyeT TepeKTIodaresiss Mmpea-

CTaBJIeH Ha puc. 5.

Pe3ynabratel  MOmeIMpOBAHUS:
BHocuMbIe Tiotepu MeHee 0,4 n1b, a
M30JISILUS cUTHaJIa He MeHee 32 1b B

munanazoHe 10...12 I'Ta, yro ymoB-

Frequency, GHz

Puc. 5. Dnexkrpodpusnyeckuii pacuer mynrupyomero MOMC-nepekaouarens ¢ Kpemnie-

HHEM MeMﬁpaHH B BHJI€ MeaHIpa

Fig. 5. Electrophysical analysis of a shunt MEMS switch with a meander membrane

3UYECKOEe MOJEIMPOBAHUE NaHHOW CXEMbl, KOTOPOE
3aKJI04aaoch B ToM, yTo pacueT CBY xapakTepucTuk
TOITOJIOTUH BEHITIONHSUIM B IIMPOKOM YaCTOTHOM IHa-
Ma3oHe, IPU 3TOM HEMOCPEACTBEHHO YIUTHIBAIM BJIM-
stHue Tonosioruu Ha npoxoxaeHue CBY curnana. Ilo
pe3yJbTaTaM 3JeKTpO(U3NYECKOTO MOJEJIUPOBAHUS
MIPOBOAIIIN KOHEYHYIO ONTHMMHU3ALIMNIO TOTIOJIOTHHU W
repepacyeT CKOPPEeKTUPOBAHHOIN TOTIOJIOTHMN.

PaGoty mo ontumMuzauum KoHCTpykuuu MBOMC-
nepekiouaTens npoBoauau B nporpamme ADS (Ad-
vanced Design Systems). Toroyiorusi moay4nBIIErOCs
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I
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JIETBOPSIET TIOCTaBJICHHOM 3amayve.

IIpoBeneH pacueT HaIpsKEHUS
cpabaTeiBaHUSI MEMOpaHbI O Gop-
MyJie, TMO3BOJISIONIEd TOYHO pac-
CUUTaTh KOI(PPUUMEHT YNPYrocTu
KperieHusT MeMOpaHbl B BUIE Me-
aHIpa MPOU3BOJILHOM (OPMBEL.

Hanpsixxenue cpabatbiBaHUsT MEMOpaHbl MOJY4YU-
Jioch paBHbIM 17,2 B [8, 9].

MOBMC-nepexiouaTenb ObJI U3TOTOBJAEH C MpPU-
MeHeHMeM 0Oa3oBoii TexHosornu MC Ha ocHOBe muc-
KPETHBIX MOJYIPOBOAHUKOBBIX TPUOOPOB Ha 6asze re-
tepocTpykTyp AlGaAs/InGaAs/GaAs [10, 11]. OcHoB-
Hble 3Tanbl U3roroBieHus: MOMC-nepexitoyaTens u
NC MIITY (ManouryMmsiuero yCujiInuTess1) IpeacTanie-
HbI B TabJI. 4.

OCHOBHBIM BaXXHBIM OTJMYMEM IIpollecca M3ro-
toBieHuss CBY MOMC-ycTpolicTB OT CTaHIApTHOM

Tabmauua 4
Table 4

CpaBHeHHe TeXHOJOTHYeCKHX MapmpyToB m3rorosienus MIITY Ha ocHoBe retepocTpyktyp AlGaAs/InGaAs/GaAs
¥ TEXHOJIOrMYecKoro Mapmpyra usrorosienus MOMC-nepekmouarens
Comparison of the technological routes of manufacturing of LNA on the basis of AlGaAs/InGaAs/ GaAs heterostructures
and the technological route for manufacturing of a MEMS switch

[NocnenoBaTenbHOCTD TEXHOJNOTMYECKHUX OTEePAIIHii
npu usrotopieHnu MIOMC-nepexnoyaress
Sequence of the technological operations
during manufacturing of a MEMS switch

[TocnenoBaTeIbHOCTh TEXHOJOIMUYECKUX OTEpaluii mpu
M3TOTOBJIICHUM MakeTHBIX 00pa3ioB CHK co BCTpOeHHBIMU
MUY Ha rerepoctpykTypax AlGaAs/InGaAs/GaAs
Sequence of the technological operations during manufacturing
of model SoC samples with built in LNA
on AlGaAs/InGaAs/ GaAs heterostructures

IoaroToBKa MOBEPXHOCTH TIACTHHBI
Preparation of the plate surface

[MpuGopHas U30ISALMS
Instrument isolation

DopmrpoBaHUE HIKHETO 3JIEKTPOAa, KOHTAKTHBIX TUTOIANOK W HIKHUX
OOKJIAMIOK Pa3BsSI3bIBAIOIIMX KOHAEHCATOPOB

Formation of the bottom electrode, contact platforms and bottom facings of the
decoupling capacitors

OMunyecKkre KOHTaKThI
Ohmic contacts

dopmupoBanue 3atBopa miauHoi <0,15 MKM
Formation of a gate with the length of <0.15 um

®opmupoBaHue OIMOp MOCTa
Formation of the bridge supports

®opmupoBanue naccuBauu CBY TMHMM M HIDKHUMX 3JIEKTPOJIOB
Formation of passivation of the microwave line and the bottom electrodes

[TaccuBanust aKkTUBHBIX MOBEPXHOCTEN
Passivation of the active surfaces

DopMUpOBaHKME BEPXHUX OOKJIAIOK Pa3Bs3bIBAIOLIMX KOHAEHCATOPOB U
YTOJILIEHUsI OTIOP MOCTa

Formation of the top facings of the decoupling capacitors and the thickening of
the bridge supports

DopMHUpOBaHUE IEPBOTO YPOBHSI AJIEKTPUIESCKUX
MeXCOeINHEHU I
Formation of the first level of the electric interconnections

dopmupoBaHue "XePTBEHHOIO C10g"

[ayibBaHMYECKOE YTOJIIEHUE JIEMEHTOB KOHCTPYKIIMUY MODMC-ycTpoiicTB
OO0TpaB JIUIIHEr0 MeTalia U (hOpMUPOBAHKUE OTBEPCTUI B MeMOpaHe
Formation of "a sacrificial layer"

Galvanic thickening of the design elements of the MEMS devices

Removal of the superfluous metal and formation of apertures in the membrane

Mertaniu3anus KOHTAKTHBIX TUIOLIALOK C "BO3AYIIHBIMU"
MOCTaMu
Metallization of the contact platforms with "the air bridges"
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TEXHOJIOTUM W3TOTOBJIIEHUS] IMCKPETHBIX IIOJIYIIPO-
BOJHUKOBEIX MPUOOPoB Ha (GaAs gBJsIeTCsl yaalleHue
"XepTBEHHOTO cios1" u3-noa MeMOpansl MOMC-ne-
pexmouarens. JlaHHas mpoGjeMa peliajgach IyTem
BBDKUTAHUSI OCTAaTKOB (hOTOpE3ucTa U3-IoJ MemMOpa-
HBI B KUCJIOPOJAHOM TIJ1a3Me, MPOLECCOM XKUAKOCTHOTO
yIajeHus MoJiuMepa B pacTBOpUTENEe U MOCIEAYIOLIeH
CyOJIMMALIMOHHON CYIIKEe B LIMKJIOTEKCaHE.

CpaBHeHUe 0a30BBbIX OIepaluii M3rOTOBICHMUS
MIIIY na AlGaAs/InGaAs/GaAs 1 MOMC-nepe-
KJIIouaTeieid I0Ka3ajd BO3MOXKHOCTb M3TOTOBJICHUS
MBMC-nepekitouareist U MOAYITPOBOIHUKOBBIX MPU-
0opoB Ha 0a3e apceHuIa rajuius B eIMHOM TEXHOJIO-
TMYECKOM LIMKJIE.

HccaenoBanne xapakTepuCTHK
MODMC-nepexiroyareis 18 JMaNa30HA 4aCTOT
10...12 I'T'uy Ha apcenuae rauims

Bce usrorosnenusie CBY mepekiaiouaTenn MU3ro-
TOBJICHBI C IUIOLIaAKaMu mox 30HOBI Infinity 167-A-
GSG-150, ncronp3yeMble IpyU M3MEPEHMSIX S-Tiapa-
MeTpoB. Huke nipencraBieHbl UBMEPEHHbIE S-TTapaMeT-
pbl CBY MBMC-nepekmouareneii. MU3mepeHHas 3aBU-
CUMOCTb U30JII1IMHU y3KomnojocHbIXx CBY komMyTaTOpoB
oT vactoThl Wi AByx CBY KoMMyTaToOpoB CHTHAJIOB
IOoKa3aHa Ha pucC. 6 (CM. TPETbIO CTOPOHY OOJIOXKKH).

ITocne usrorosnenuss CBY MOMC-koMMmyTaTOpoB
METOIOM CYOJIMMALIMOHHOM CYILKM U3MEpPEHHBIE pe30-
HaHCHBIE YaCTOTHI JiexaT B auamnaszone 13,9...14,9 I'Tw.
Ha paHHbIX yacToTaXx KOI(MOUIIMEHT U3OMSIIUU CO-
craBun 45...50 1B, coOcTBEeHHBIE MOTEPU COCTABUIIN
0,49 nb.

Ilepexkmouyatens CBY curnana 1x2
Ha HUTpUIE rajlausd

IloneBble TPaH3UCTOPbI HAa HUTPUIHBIX TETEPO-
CTPYKTYpax MMEIOT PSII MIPEUMYIIECTB IO CPaBHEHUIO
¢ KPEMHUEBBIMH 1 apCEeHUIHBIMU: BEICOKHE TTIPOOUB-
HbIe HAIPSDKEHUS, OOJTBIION YIEeIbHBIM TOK, BEICOKAS
CTOMKOCTD K TEIUIOBOMY U PaIUALIMOHHOMY BO3JIEUCT-
BU10. DTO TMO3BOJISIET CO3AaBaTh MajlorabapuTHHIE KOM-
MyTaTopbl MolIHbIX CBY curHanoB mist 3KCTpeMasb-
HBIX YCJIOBUIA SKCIUTyaTaIiu.

B MCBYIID PAH 6b11 cipoeKTUPOBAH U U3TOTOB-
JieH Ha ocHoBe MU C nepexmouarenss CBY curnana 1%2
(1 Bxog — 2 Bbixoaa) nuamna3oHa yactot 0,1...15 I'T1 Ha
0aze HUTPUIAHBIX HaHOTeTepoCcTPYKTYp [12]. ITpu pas-
pabotke KoHCcTpyklMu MUC 6bl1a mpuMeHeHa Korlia-
HapHas TOIOJIOTHS 0€3 MCITOIb30BaHUS CKBO3HBIX OT-
BEpCTUI C y4yeToM IuIollaaoK mon flip-chip-MOHTaxX.
Jlnsi yMeHbIIEHHUs CONPOTUBJIEHUSI CTOK-UCTOK (Rp)
TpaH3ucTOpoB 10 MeHee 0,2 OM * MM ObLJ1a IIpUMEHE-
Ha TEXHOJIOTUSI HEBIIABHBIX OMUYECKUX KOHTAKTOB,
YTO MO3BOJIWJIO YMEHBIIUTh BHOCUMbIE ITOTEPU B OT-
kpbiToM KaHane (IL — insertion loss) n yay41ImTh pas-
BA3KY (/) Mexny KaHanamu. MsroropieHue He-
BIUIAaBHBIX OMWYECKHUX KOHTAKTOB OBLJIO BBITIOJTHEHO
MCBUYII® PAH coBmectHo ¢ HUILL KypuaToBckuii
WHCTUTYT IO pa3paboTaHHOI paHee TexHosoruu. [1pu

-®- InGa As
-#- GaN

0
1975 1985 1995 2005 2015
Year

Puc. 7. /lunaMuKa yBeIMYEeHHSA MpeNeIbHBIX YACTOT APCEHMIHbIX W
autpunasix HEMT

Fig. 7. Dynamics of growth of the limiting frequencies of the arsenide and
nitride HEMT

M3rOTOBJICHUU ObLIM MCIIOJb30BaHbI HUTPUAHBIE Te-
TePOCTPYKTYPhl OTeUeCTBEHHOTO MpousBoacTea (3A0
"Onama-Manaxut") Ha cangupoBbix 1 SiC MmomIoXKaXx.
Pasmep ocHoBHOro BapuaHta MU C-nepexkiroyares
coctaBuia 1,2 X 1,1 MmMm. PacyeThl mokasajau, 4TO MOXK-
HO YMEHBIIUTb pa3mep Kpuctaaia g0 0,7 X 1,1 MM ¢
COXpaHEHUEM XapaKTepHUCTHUK.

MzroroBnenHrsie o6pasusl MU C-nepexintodaTess
yCTaHABIMBAJIU Ha MPOMEXYTOUHYIO MOMTOXKY GaAs
JUTSL yTyYIIEHMST TeITOOTBOJIA U COSTMHEHMST C YIIpaB-
Jsomumu curdHanamu ot GaN npaiiBepa (MUOT)
metonoM flip-chip (MUDT, "Uctok"). N3mepeHue
XapaKTepUCTUK TepeKyoyaTess B COOpaHHOM BUIE
ObUIO BBINIOJNIHEHO Ha obopynosaHuu HIIIT "HcTok”
uM. IllokuHa. [ToTepu B OTKPBHITOM COCTOSIHUMU 1-ro
KaHama meHee 1,7 nb, pa3Bsaska Oosee 18 nb Ha yac-
tote 15 I'Tu, norepu 2-ro kaHana meHee 1,13 1b, pa3-
Ba3ka 18,4 nb Ha yacrore 15 I'Tu. MakcumaibHas
KoMMyTupyemast MmourHocts MU C-nepekittouaressi co-
craBmwia 8,5 BT (Ha carndupoBhIX MOIJIOXKAX).

ITo pe3ynbTaTam paboOThI IIOJYyUYE€HbI CBUAETEIbCTBA
O rOoCylIapCTBEHHOW PEerucTpaluy TOMOJOTMU WHTEr-
panbHoro CBY mnepekmouarens 1X2 naa auaraszoHa
4...18 I'Tu B KoraHapHOM ucrnojiHeHuu [13].

OcBoeHue TepareplioBOro auara3oHa B MOCIeaHee
JECATUIIETUE SIBJISIETCS] OMHUM M3 CaMbIX IPUOPUTETHBIX
HampaBJIeHUId pa3BUTUSI MOJynpoBoIHUKOBBIX CBY
mprbopoB. YacTOTHEBIE ITapaMeTphl TTOJIEBBIX TPAH3KC-
TOPOB C ABYMEPHBIM 3JIEKTPOHHBIM T'a30M Ha 0a3e ap-
ceHUaHBIX HaHoreTepocTpyKTyp (In, Ga, Al, P)As Ha
nonnoxkax GaAs u InP u Ha 6a3e HUTPUAHBIX HAHO-
rerepocTpykTyp (In, Ga, Al)N Ha nomnoxkax Al,Os,
SiC u Si (manee apceHunnbie 1 HUTpugHble HEMT
COOTBETCTBEHHO) B 3TU TOJbl BO3pacTaju HauboJsiee
BBICOKMMMU TeMIaMu (puc. 7). DTo cTajo BO3MOXHbBIM
B pe3yNbTaTe pPa3BUTUS TEXHOJOTUU W3TOTOBIICHUS
TPaH3MCTOPOB, & UMEHHO CHVKEHMST COIIPOTUBIICHUS
OMUYECKHUX KOHTAKTOB IMYTEM OCBOEHMSI TEXHOJOTUU
TMOBTOPHOTO BBIPAIIIMBAHUSI BbICOKOJETMPOBAHHOTO
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KoHTakTHOro cios n+-InGaAs unu n+-GaN u co3na-
HUS KakK IS apCeHUAHBIX, TaK U IS HUTPUIHBIX
HEMT camMOCOBMENIEHHON TEXHOJIOTUUA U3TOTOBJIEHUS
3aTBOPOB M KOHTAKTOB, YMEHbIIIAIOIeil COMpPOTUBIe-
HHE KaHaja TPaH3UCTOpa A0 (PU3NIECKOTO MUHUMY-
Ma, a TaKKe YMEHBILIEeHUS IJUHBI 3aTBOPOB 10 20 HM.

Y GaN oTIMyHbIe 3JeKTpUYecKass TUIOTHOCTb U
MOJABMXKHOCTh 3JIEKTPOHOB, YTO NaeT B uTore Oosee
BBICOKME MoKazareau, yem y SiC. DTo crpaBeanBo
JIJIs1 OOJIBILIMHCTBA NMTPUMEHEHMIA, TPEOYIOLIUX Mpeod-
pa3oBaHUs BJEKTPOIHEPTUM, 3a HUCKIIOYCHHEM pe-
>KMMOB paboThl MPU BBICOKUX TemIepaTypax, rae SiC
MIPEBOCXOIUT BCE M3BECTHBIE MaTepuansl [14].

Ha puc. 7 moka3zaHo, 4To pocCT IpeaeabHON YacTo-
Thbl YCUJIEHU 110 TOKY f7apceHuaHbiXx HEMT ocrano-
BUJICS Ha oTMeTKe f7= 688 I'Tu yxe B 2011 r., a HUT-
puaneix HEMT nocne noctuxenus fr = 454 I'Tu B
2013 1.

Ha ocHoBe aHanu3a sKcrepuMeHTaIbHbIX U Teope-
TUYECKUX UCCIECTOBAHUN PAOUALIMOHHON CTOMKOCTH,
MpOBeIeHHBIX B paboTe [15], MOXHO cAelaTh BBIBO,
yto GaN $BJsgeTcsl JOCTaTOYHO MEPCIEeKTUBHBIM IO-
JIYITPOBOJHUKOBBIM MaTe€pUaIOM C TOUYKM 3PEHMSI pa-
IraunoHHO-cToiikoir CBY aneMeHTHON Ga3bl s Mc-
MOJb30BAaHUS B aTOMHOM M KOCMMYECKOUW MNPOMBIIII-
neHHoctu [16, 17].

3akioueHue

Ha ocHoBaHMM ITpoBeIGHHOTO aHaIM3a COBPEMEHHO-
IO COCTOSTHUST pa3paboTOK B 001aCTH IPUMEHEHUS 11~
POKO30HHBIX HaHOTeTepocTpyKTYp AlGaN/AIN/GaN
B CBY nuama3oHe 3a pyOexoM M OIbITa paboT
MCBYII® PAH c rerepoctpykrypamu AlGaN/GaN,
MOJIy4eHHOTO B Xoj¢ BblnmojiHeHus psina HUP u OKP
B Ipeabiayinne roanl [18], caemaH BBIBOA O BO3MOXK-
HOCTM M HEOOXOIMMOCTU TIEPEHECEHMS aKIIeHTa MC-
CJIeIOBaHWI Ha CO3laHMe TEXHOJOTMH MPOEKTUPOBa-
HUS M U3TOTOBJIEHUS IIIMPOKO HOMEHKJIATYphl paau-
anmoHHo-cToiikux MUC mns nmpueMo-nepenarimux
MOMYJIel CCAaHTUMETPOBOTO M MUJUIMMETPOBOTO JIHa-
nma3oHoB Ha 0a3e 1mMpokKo3oHHbIXx HEMT-rerepo-
CTPYKTYp OTEUYeCTBeHHbIX mpousBoauteneir (3A0
"Onama-Manaxut”, 3A0 "Csemnana-Poct", HULI "Kyp-
YaTOBCKUM MHCTUTYT").

Paboma evinoanena npu gunarcosoii noodepiicke Mu-
Hucmepcmea obpazosanus u Hayku P® (coenawenue o
npedocmaenenuu cyocuduu Ne 14.607.21.0011, ynuxans-
Hotil udenmugpuramop npoexkma RFMEF160714X0011).
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The article presents the main types of MEMS switches. A MEMS switch on AlGaAs/ InGaAs/ GaAs heterostructure was developed
and manufactured for the 10...12 GHz frequency range. The article presents the results of measurements of the MEMS switch on

gallium arsenide.

A nitride nanoheterostructure 1x2 MIS microwave switch for the 0.1...15 GHz frequency range was designed and manufactured.
An analysis of the current state of developments in the field of application of the wide-band AlGaN/AIN/GaN nanoheterostructures

in the microwave range was carried out.
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Introduction

Decrease of the dimensions and weight of the microwave de-
vices, expansion of their dynamic range of frequencies, reduc-
tion of their power consumption and costs, possibility of the use
of the wireless systems for increasing the mobility and availability
to the sources of information consumption [1], for escalation of
their integration and functionalities at a growth of the working
frequencies, demand from the developers a maximal use of the
experience and technological methods for development of inte-
grated circuits (IC) on Si, GaAs and GaN substrates.

One of the problems arising in the process of development
of the microwave devices is creation of the signal switches.

Now, the most wide-spread microwave switches are of two
types:

e Electromechanical;
e Electronic (on discrete devices).

For switching of the microwave signals the most promising
switches are the ones based on microelectromechanical systems
(MEMS) [2], because they allow us to do the following:

— To obtain switches of the microwave signals with a zero
energy consumption in the state of rest;

— To lower the dimensions and weight of the microwave
devices;

— To lower the energy consumption of the microwave de-
vices (the power necessary for switching of a switch is about
1 nW);

— To reduce considerably the switching time in compar-
ison with the mechanical microwave switches;

— To obtain the characteristics of a switched signal as lin-
ear ones.

The unquestionable advantages of the MEMS components
determine justify their application in highly reliable equipment,
including equipment for space and special purposes [3].

Microwave switches

There are three types of widely applied microwave switch-
es: electromechanical, solid-state (semi-conductor) and MEMS

switches. The electromechanical switches surpass all the other
ones by the switching power — up to several kilowatts on fre-
quency of 1 GHz, they have key insertion losses (own losses)
of 0.1...0.3 dB and signal isolation of 60...80 dB.

At that, the electromechanical switches have higher power
consumption — up to 10 W (for powerful switches), switching
time of 10...20 ms and relatively short service life — about
1 million cycles. Table 1 presents the comparison characteris-
tics of the semiconductor switches on the basis of PIN diodes,
field transistors and MEMS switches of the microwave signals.

It is visible, that MEMS switches have advantages in com-
parison with the solid-state microwave switches: high ratio of
losses to isolation in the open and closed positions, and prac-
tically zero power consumption in the closed position. At
that, they have drawbacks: low speed in comparison with the
semiconductor switches. For control it is necessary to form a
pulse of the switching voltage from 6 up to 80 V. We should
point out, that the service life of the MEMS switches is about
1010 cycles. Hence, it is possible to say, that MEMS switches
combine in themselves the best features of the solid-state and
the electromechanical switches — small overall dimensions,
high speed at a low own power consumption, and long service
life (typical for the solid-state switches), at that, a possibility
appears for switching of a microwave signal of high power (up
to 10 W) (typical for the electromechanical switches). It is
necessary to point out, that the MEMS switches demand a
vacuum packaging, which, in turn, allows us to increase their
speed and to prolong considerably their service life.

Types of MEMS switches

During manufacturing of switches of average and low
power (up to 100 mW) a switch with a capacitor type of con-
tact has an important advantage — possibility of manufactur-
ing of the switch with an low response voltage, which allows
us to use a single power supply circuit both for the semi-con-
ductor devices and for control of the switches.

Table 2 presents MEMS devices of various operating prin-
ciples.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 7, 2018 431




It is visible that the electrostatic relays are most suitable
for use in the MEMS switches [4] because:

— Their power consumption is close to zero;

— A MEMS switch has a small size;

— During manufacturing the planar technology is used;

— The switching time is the quickest;

— Actuation of the relay requires only 50... 200 uN;

— When LC decoupling is used, the control voltage can
be supplied via a high frequency waveguide.

The advantages of an electrostatic drive of the MEMS key
include a very small power consumption (the current is con-
sumed only during switching, a typical value of the power
consumption per one cycle of switching does not exceed 1 nW)
[5, 6]. Its only serious drawback is the necessity to use the
control voltage of 20...80 V, while most of the circuits are
controlled by voltage of 3...5 V.

It is necessary to point out, that depending on the condi-
tions of operation, each type of the MEMS switch can have its
sphere of application, but that of the electrostatic one is wider,
not only because of the above advantages, but also because of
the possibility to use the well-known technology of the semi-
conductor devices for manufacturing of the switch [7].

Designing and manufacturing of the MEMS switches
for the frequency range of 10...12 GHz on gallium arsenide

During development of a model of the narrow-band
MEMS switch, the following requirements were taken into
consideration:

e Insertion loss is not more than 0.5 dB;
e Decoupling of the received and transmitted signal is not
worse than 30 dB;

Voltage of the power supply is not more than 30 V;

Working range of frequencies — 10...12 GHz;

Decoupling by constant voltage of power supply and

microwave signal.

For modeling of MEMS switches a shunting type of a
switch was selected and AWR Design Environment 2008 pro-
gram was used. The shunting switch was placed between the
microwave line and the earthing electrode. When a constant
voltage was supplied to the microwave line, due to the forces
of electrostatic attraction the membrane fell down — the ca-
pacity between the earthed electrode and the microwave elec-
trode increased sharply and the microwave signal came down
to earth. Fig. 1 presents the geometrical circuit of the shunting
switch and its equivalent circuit.

As a result of calculations, the parameters of the basic cir-
cuit of the microwave MEMS switch (presented in table 3)
were found.

The results of modeling of transmission of a microwave sig-
nal through the MEMS switch are presented in fig. 2 and 3. The
resonant frequency for the given switch was 10 GHz. In the
basic circuit the ideal elements were calculated, not reflecting
behavior of the circuit at high frequencies owing to occur-
rence of the parasitic capacities and inductances in the dis-
tributed elements. For account of these effects an electro-
physical modeling of the given circuit was done, which boiled
down to calculation of the microwave characteristics of the
topology in a wide frequency range, at that, the influence of
the topology on transmission of a microwave signal was con-
sidered directly. By the results of the electrophysical mode-
ling, the final optimization of the topology and recalculation
of the corrected topology were done.

The optimization of the design of the MEMS switch was
done in ADS program (Advanced Design Systems). The to-
pology of the obtained switch is presented in fig. 4 (see the
3" side of cover), the switch calculation is presented in fig. 5.
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The results of modeling: the insertion loss was less than
0.4 dB, and signal isolation was not less than 32 dB in the
range of 10...12 GHz, which met the aims of the set task.

Calculation of the response voltage of the membrane was
carried out according to the formula, allowing us to calculate
precisely the elasticity factor of fastening of the membrane in
the form of a meander of any form.

The response voltage of the membrane turned out to be
equal to 17.2 V [8, 9].

The MEMS switch was made with application of the basic
IC technology of the discrete semi-conductor devices based
on AlGaAs/InGaAs/GaAs heterostructures [10, 11]. The
main stages of manufacturing of the MEMS switch and IC
LNA (low-noise amplifier) are presented in table 4.

The basic difference of the process for manufacturing of the
microwave MEMS devices from the standard manufacturing
techniques of the discrete semi-conductor devices on GaAs is re-
moval of "the sacrificial layer" from under the MEMS switch
membrane. The given problem was solved by burning out of the
remains of the photoresist from under the membrane in the ox-
ygen plasma by the process of liquid removal of the polymer in
solvent and the subsequent sublimation drying in cyclohexane.

Comparison of the basic manufacturing operations of
LNA on AlGaAs/InGaAs/GaAs and MEMS switches dem-
onstrated a possibility of manufacturing of the MEMS switch-
es and semi-conductor devices on the basis of gallium arse-
nide in a single technological cycle.

Research of characteristics of the MEMS switches
on gallium arsenide for the range of frequencies
of 10...12 GHz

All the manufactured microwave switches were made with
the platforms for Infinity 167-A-GSG-150 probes used during
the measurements of S-parameters. Below the measured S-pa-
rameters of the microwave MEMS switches are presented.
The measured dependence of isolation of the narrow-band
microwave switch on frequency for two microwave switches
of signals is shown in fig. 6, see the 3" side of cover.

After manufacturing of the microwave MEMS switches by
the method of sublimation drying the measured resonant fre-
quencies were within the range of 13.9...14.9 GHz. On the giv-
en frequencies the isolation coefficient was 45...50 dB, the in-
herent loss was 0.49 dB.

Microwave 1x2 signal switch on gallium nitride

The field transistors on the nitride heterostructures have a
number of advantages in comparison with the silicon and ar-
senide ones: high breakdown voltages, big specific current,
high resistance to the thermal and radiation influences. This
allows us to create small-sized switches of powerful micro-
wave signals for the extreme operating conditions.

ISVChPE of RAS designed and manufactured a MIC
switch of a 1X2 microwave signal (1 input — 2 outputs) in the
0.1...15 GHz frequency range on the basis of nitride heter-
ostructures [12]. During development of the MIC design the
coplanar topology was applied without the use of the through
apertures and with account of the platforms for a flip-chip as-
sembly. In order to reduce the drain-source (Ry) resistance
of transistors less than 0.2 Q-+ mm the technology of non-
melting ohmic contacts was applied which allowed us to re-
duce the insertion loss in the open channel and improve de-
coupling (Iso) between the channels. Manufacturing of the
non-melting ohmic contacts was done by ISVChPE of RAS
jointly with Kurchatov Institute in accordance with the de-
veloped technology. In the process of manufacturing the nitride
heterostructures on sapphire and SiC substrates were used of




domestic production (Elma-Malachite Co.). The size of the ba-
sic version of the MIC switch was 1.2x1.1 mm. Calculations
demonstrated that it was possible to reduce the size of a crystal
down to 0.7x1.1 mm with preservation of its characteristics.

The manufactured samples of the MIC switch were placed
on GaAs intermediate substrate for improvement of heat-con-
ducting and connection with the control signals from GaN
driver (MIET) the flip-chip method (MIET, Istok Co.). Meas-
urement of the characteristics of the switch in the assembled
form was taken on equipment of Shokin Istok Co. Losses in the
open position of the 1st channel were less than 1.7 dB, decou-
pling was more than 18 dB on frequency of 15 GHz, losses of
the 2nd channel were less than 1.13 dB, decoupling — 18.4 dB
on frequency of 15 GHz. The maximal switching power of
the MIC switch was 8.5 W (on sapphire substrates).

By the results of the work the certificates were obtained on
the state registration of the topology of the integrated 1X2 mi-
crowave switch for the range of 4...18 GHz in a coplanar ver-
sion [13].

Mastering of the terahertz range is one of the priority direc-
tions in development of the semi-conductor microwave devices.
These years witnessed the highest rates of increase of the fre-
quency parameters of the field transistors with the two-dimen-
sional electron gas on the basis of arsenide nanoheterostructures
(In, Ga, Al, P)As on GaAs and InP substrates and on the basis
of nitride nanoheterostructures (In, Ga, A)N on Al,O5, SiC and
Si substrates (hereinafter, the arsenide and nitride HEMT, ac-
cordingly) (fig. 7). This became possible as a result of develop-
ment of the manufacturing technologies of the transistors,
namely, a decrease of resistance of the ohmic contacts due to
mastering of the technology of a repeated growth of a high-alloy
contact layer of n+-InGaAs or n+-GaN, and development for
both arsinide and nitride HEMT of the self-combined manu-
facturing technology of the gates and contacts, reducing the re-
sistance of the transistor channel to a physical minimum, and al-
so reduction of the length of the gates down to 20 nm.

GaN has excellent electric density and mobility of elec-
trons, which, as a result, ensures higher indicators, than SiC.
This is fair for most applications demanding transformation of
the electric power, except for the operating modes at high tem-
peratures, where SiC surpasses all the known materials [14].

Fig. 7 shows, that the growth of the limiting frequency of
strengthening by current f7 of the arsenide HEMT stopped at
the of mark /= 688 GHz already in 2011, while that of the ni-
tride HEMT — after achievement of the level of /- =454 GHz
in 2013.

On the basis of the analysis of the research of the radiation
resistance done in [15] it is possible to draw a conclusion, that
GaN is a rather promising semi-conductor material from the
point of view of the radiation resistance of the microwave ele-
ment base for use in the nuclear and space industries [16, 17].

Conclusion

On the basis of the analysis of the state of developments
in the sphere of application of the wide-band nanoheter-
ostructures of AIGaN/AIN/GaN in the microwave frequency
range done abroad and on the basis of the experience of
ISVChPE of RAS with heterostructures of AlGaN/GaN, re-
ceived during performance of R & D in previous years [18],
a conclusion was drawn on the possibility and necessity of a
transfer of the accent of research on development of the tech-
nology for designing and manufacturing of a wide nomencla-
ture of the radiation-resistant MIC for the receiving-trans-
mitting modules of the centimeter and millimeter ranges on
the basis of the wide-band NEMT heterostructures from do-
mestic manufacturers (Elma-Malachite Co., Svetlana-Rost
Co., and Kurchatov Institute).

The work was done with the financial support of the Ministry
of Education and Science of the Russian Federation (grant
agreement Ne 14.607.21.0011, unique identifier of the project —
RFMEF160714X0011).
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Ha ocroge mamemamuueckux mooeneli MyrbmMUunAuKamueHo20 U CyMMUPYIOUuieeo UCKYCCMBEHHbIX HelpOH08 npediaeaemcs
MeopemuK0-mMHOICECMBEHHASI MOOeAb KOHEYHO20 A8MOMama abCcmpakmuo2o Helipora, chopmyaupo8anHas 6 mepmMurax KOHeUHbIX
MHOdIcecms. B omauuue om uzeecmuuix modeneil UCKYCCMEEHHbIX HEellpOH08 npedaaeaemblil N0OX00 YHUmbleaem 603M0ONCHOCMb U3-
MeHeHUs PyHKyuY aKmueayuu 8 npoyecce pabomol uiu 06y4enus Hetipona. [locmpoenue modeau Ha ochoge asmomama Mypa nos-
60/151€M UCHOAB306AMb ee Npu Annapamuol peaiu3ayuu 601bWUHCMEa mooenell UCKYCCMBEHHbIX HeUPOHO8.

Karouesvie caosa: mamemamuueckas modeab abCmpaKmuo2o HeupoHa, QYYHKUUS AKMUBAUUU UCKYCCMEEHHO20 HEelPOHA, KO-
HeYHblIll agmomam abCmpaKmHo2o HeUpoHa, OUCKPemHas Modeab UCKYCCMBEHHOU HeUPOHHOU cemu

BBenenue

PazButue MUKpO- 1 HAHOZIEKTPOHUKU MOCIEIHE-
ro JecCsSTUJIeTHsI, BhIpaxalollieecsl B pacllMpeHund HO-
MEHKJIaTyphl AJIEKTPOHHON KOMITOHEHTHOM 0a3knl [1],
YMEHBIIEHUN MUHUMAJIbHBIX TOIIOJIOTMYECKIX pa3Me-
POB M pa3pabOTKE CXEMOTEXHMYECKMX pEIIeHUI Ha
OCHOBE 3TUX KOMIIOHEHTOB, BHOBb NMPOOYIWIO0 UHTE-
pec K anmapaTHbIM peavM3alusiM HEUPOHHBIX CETEH
[2, 3]. CymiecTBymolIre MOJICIN MCKYCCTBEHHBIX HEM-
POHOB MO CIIOCOOY y4yeTa BXOMHBIX CUTHAJIOB MOTYT
OBITH pa3feieHbl Ha IBa OCHOBHBIX THMA. [1epBoIil THII
HEUPOHOB — 3TO CYMMMPYIOILIME HEHPOHBI, BIICPBLIC
npemioxeHHble B pabote MakKamnoka u Ilurca [4],
KCIIOJIB3YIOIIME ISl yueTa B3BEIIEHHBIX BXOJIHBIX CUT-
HaJIOB OIlepaluio cjioxeHus. Bropoit TuIr HEipOHOB —
3TO MYJbTUIUIMKATUBHBIE HEHPOHEI [5], MCITOIB3YIO-
1I1e JJIs1 yuyeTa B3BEIIEHHBIX BXOAHBIX CUTHAJIOB OIle-
pauuio ymHoxXeHus. [Tpumep MCIoab30BaHUSI OTHOMN
U3 Pa3HOBUJIHOCTEH JAaHHOIO Kjlacca MOJEJEH IMoKa-
3aH B pabote [6]. B pabore mpoBeneHo 0000IcHME
0o0eux MaTeMaTU4eCKUX MoAejell B eAMHYI0 MOMACIb,
Ha3BaHHYIO aOCTpPaKTHHIM HEUPOHOM M OPHEHTUPO-
BaHHYIO Ha allfnapaTHylo peajiv3aluio. bojee ciox-
HbI€ MOJEJIM, TAKUE KaK XI1-HEUPOHBI, arperupyolme
HEeWpoHBI [7] M HEHPOHBI CO CIOXHBLIMM CHMHAIICAMU,
MOTYT OBITH CBEIEHBI K MYJbTUIUIMKATUBHBIM U CyM-
MUPYIOIIMM MOJIEJsIM HelipoHOB. bosee moapoOHbIit
0030p CYILIECTBYIOLIMX MOJEIeid MOXXHO HAWTU B pa-
oore [8].
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Bce cyuiecTBylollie OCHOBHBIE TTOAXOAbI K arima-
paTHOM peau3allMid BBIYMCIUTEIBHON TEXHUKU BHE
3aBUCUMOCTH OT CXEMOTEXHUYECKUX PEIICHUN MOTYT
OBbITb MPOAHAIU3UPOBAHBI C MPUMEHEHUEM JUCKPET-
HBIX KOHEUHBIX MHOXeCTB. JIUCKpeTHOCTh IMMPOBOI
CXeMOTEXHUKM HE BbI3bIBaeT COMHeHuM. Jluckper-
HOCTb T’MOPMIHOI 1 aHAJIOTOBOI CXeMOTEXHUKHU OIlpe-
JIEJISIETCSI COOTHOIIIEHWEM CUTHAJI—IIYM, B pE3yJIbTaTe
KOTOPOTO BCE CUTHAJIbI HUXE OMpPENeIeHHOTO Mopora
SIBJISIIOTCSI HEPA3TUUMMbBIMU MEXIY COOOM, YTO B CBOIO
oyepelb BJEUYET AUCKPETU3ALMI0O MHOXECTBAa UX 3Ha-
yeHuil. KoHeyHOCTh MHOXeCTBa 00pabaThIBAEMbIX CHUT-
HaJIOB OOYCJIOBJIMBAETCSI OrPaHUUYEHHOCTBIO JII000N
anmnapaTHOM peaM3alluy BbIYUCIUTEIbHON CUCTEMBI.

Takum obpasoMm, onucaHue anmapaTHON peanu3a-
1IMA abCTpPaKTHOTO HEWpoHa KakK BbIYMCIUTEIbHOIO
BJIeMEeHTa YA00HO MPOBOAUTH B TEPMMHAX KOHEUYHBIX
apromaToB. C y4eToM MaTreMaTUYeCKOro OMMCAHMS
paccMaTpuBaeMbIX MOJEJENH, a UMEHHO 3aBUCUMOCTU
pesyabTaTa (byHKIIMKU aKTUBALIMK OT pe3yjbTara ore-
palMu y4yeTa B3BEIIEHHBIX CUTHAJIOB (CIOXEHUE WU
YMHOXEHHUE), Hauboyiee MOIXOISIIUM SIBJISIETCS MC-
MoJib30BaHue aBToMara Mypa [9].

1. Ana;mm3 cyMMHpYIOIIETo
H MYJIbTHIUIMKATABHOTO HEWPOHOB

McKyccTBeHHBINT HEWPOH OIMCHIBAETCS HaOOpOM
suna (n, ¥, X, W, C, 5, A, 1), rne:
n € N — 4ucio BXOIOB (CUHAIICOB);




Y < R — MHOXeCTBO BBIXOAHBIX CUTHAJIOB HEIPOHA;

n
X= ig oXi’ X < R — MHOXECTBO BXOIHBIX CUTHA-

JIOB, TTOfaBaeMbIX Ha CHUHAIChI MCKYCCTBEHHOIO HEMi-
pOHa;

n
W= il:J OW"’ W < R — MHOXECTBO BCEX BO3ZMOX-

HBIX 3HaYEHUI BeCOBBIX KO3(hGUIIMEHTOB CUHATICA;

C c R — MHOX€eCTBO MOATOHOYHKIX KO3 PULIEH-
TOB (DYHKIIMM aKTUBALIUU;

8 — omepaius ydyeTa BecoBOro koadduuueHTa
BXO/IHOTO CUTHaJIa (TPaAMIIMOHHO TIPUMEHSETCS OTle-
pauus yMHOXeHuUs d(w;, x;) = w;* x;; w; € W, x; € X);

A — orepalys yJyeTa B3BELIEHHBIX BXOIHBIX CHT-

n n
HaJIOB l;l(wi-xl.) WIN i]__Il(wi-xi+ c),cie Cow e W,
x; € X,

A — (YHKIMSA aKTUBAIIMUA MCKYCCTBEHHOTO HEii-
poHa.

3necs u gaee N N 0 =&

2. O00o0menne Moeeii CyMMHPYIOIIETO
H MYJbTHILTAKATHBHOTO HEAPOHOB

3aBUCUMOCTb CUTHAJIa Ha BbIXOJE MJISI CYMMUPYIO-
LIEro HEMpOHAa UMEET BUI:

y=k[2w x+c] cie C, (D)

i=1

a 1jiid MYJbTUIIIMKAaTUBHOI'O HCﬁpOHa UMECT BUI!

y=x(ﬁ(wi-xi+ci)J, cie C 2)

i=1

C ydeToM BBEIEHHOrO B pasia. 1, uMeeM cienyio-
LI1e OIMMCaHMs IS aOCTPaKTHOTO, CYMMUPYIOIIETo 1
MYJIbTUILUIMKATUBHOTO HEMPOHOB COOTBETCTBEHHO:

y= xa(ig I(S(W,'a xj))j )

5:RZ5>R,A:R" 5> R, A, R Y, (3)

y=ks(§ wi'xi+cj,

i=1
5:R25>R,Z:R" 5> R, A R2 > 7, (4)

n
me(.nl(wi'xi+ci)J’
i
5:RPS> R, IT:R" >R, %, : R V. (5)

IlepBbIM ycliOBHEM 3KBUBaJIEHTHOCTM aBTOMAaTOB
M, M, aBngercda paBeHCTBO an(aBUTOB BXOIHBIX
X; = X, n BbIXOOHBIX Y] = ¥, cuMBOJIOB. BTOphIM YyC-
JIOBUEM 3KBUBAJICHTHOCTHU SIBJISIETCS MOJyYEHUE OJM-

HAKOBBIX BBIXOJHBIX CUMBOJIOB y; = )5, ¥ € Y}, ¥, € 1)
MpU 33JaHUM Ha BXOJE aBTOMAaTa OJMHAKOBBIX BXOJ-
HBIX CUMBOJIOB X| = X5, X| € X|, X, € X, [UI4 BCcex ai1e-
MEHTOB MHOXECTBa BXOJHBIX CUMBOJIOB.
AHaJIOTMYHO OYy/eM CUUTATh 3KBUBAJEHTHBIMU MO-
JIeJTN UCKYCCTBEHHBIX HEMPOHOB, UISI KOTOPHIX BBITION-
HSIETCSl Clieaylolllee: MHOXKECTBAa BXOMHBIX CHMBOJIOB
(CUTHAJIOB, 3JIEMEHTOB) PaBHBI; MHOXKECTBA BBIXOTHBIX
CHMBOJIOB (CUTHAJIOB, 3JIEMEHTOB) pPaBHBI; IIPU MoAaue
Ha IBa 3KBMBAJICHTHBIX HEWpOHA JIOOOTO BXOTHOTO
CHMBOJIa UX BBIXOJHbBIE CUMBOJIbI PaBHBbI.
[IpuBeaeHHOE ypaBHeHUE (2) He COBMAAAET C OMU-
caHueM abCTpaKTHOro HelipoHa (3) B cvly HaJIM4uUs B
HEM KOHCTaHT, MPUBEAEM €ro K TpeOyeMoMy BUY.
ITockonbky R HempepbIBHO (akcHoMa O mojiHOTe R),
u3 ¢popmyisl (2) i cnydas Vx; # 0 cripaBeuIMBO:

n
wiex;te)=> Il w

in;to, El‘:{;l € IR(‘X)[ ‘X =

n
]:[(w xite)=y,Vyel, el

Ycnosusimu paBeHCTBa QYHKLMIA /], f5 ABISIOTCS:
Dom/f| = Domf,, ranf| = ranf,,
vx; € Domf{((fi(x;) = /(x)) A (Ux)NDomf; = @)).

Toraa a5t BEIIOIHEHUS YCJIOBUI paBeHCTBA (hyH-
KUMiA aktuBauuy npu 3x; = 0

i)l fre)

nepesanuiueM (QpyHKUUU A,,; B UHOM BHJE:

sl ) s e 1) -

i=1
7“m1(<v~vin s Xin>)’

e W;,, X;, — BEKTOpbI, W;, = W XWX XW, n
X;, = X{xX;X%...XX,. IlocTaBUB B COOTBETCTBUE 3HA-
YyeHU1o (yHKLIUU xmz«wm, X;,)) COOTBETCTBYIOLIEE

3HaYeHue PYHKUMU L, UL KaXIOTo X;, mpu 3x; = 0

MOJy4YUM
i=1

VX, 3yj[)’j| (J’j

AUyc Y)A(@Ex; = 0)) = (W5 Xj) =

n
Zk’”l[illw"'x"-'_ cij =y Uy =Y, X

IMockoabKy QYHKIIMS aKTUBAIIUM HE UMEeT CITeII-
aJbHBIX OIpaHUYEHMI K CBOeMY BUIY (TJ1alKOCTh, He-
MIPEePBIBHOCTD U T. 1I.), MOXHO €€ 3a1aTh B IPYTOM BH-
ae A,y. IlocTaBUB B COOTBETCTBME 3HAYEHUIO (DYHK-
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i A, »((W;,, X;,)) COOTBETCTBYIOILEE 3HAYECHUE
(OYHKUMU A, AT KAXKIOTO X, MPU VX; # 0 mosydum

~ y,3x; = 0,Vy.e Y, Y.cY
y= >\‘m2(<wln ) X[n)) = { / ' / s )

Y, Uu¥nr=g,

cBemeM TakuM oOpaszoM onucaHue (5) K (3). Cama
(GyHKIUS IPUMET BUI

n
y= 7‘m2(<v~vin ’ Xin» = 7‘m2(i1__[1 wi ) xij'

IIpuseneHHoe ypaBHeHue (1) He coBnagaeT ¢ Omnu-
caHueM abCTpakKTHOro HelipoHa (3) B CHIy HaJU4us B
HEM KOHCTaHThI, IPUBEAEM €ro K TpeOyeMOMy BUIY.

Teopema 1. /Ing m1000ii MOOEIU CYMMHUPYIOLLIETO
HUCKYCCTBEHHOIO HeWpoHa ¢ ompeaeieHHbIMU Ha R
MHOXEeCTBaMU BXOAHBIX X, BBIXOTHBIX ¥ 1 BHYTPEHHUX
CUTHAJIOB, MOXET OBITh MOCTPOESHA 9KBUBAJIEHTHASI et
MOZEJIb CYMMUPYIOIIETO HeiipoHa 6e3 MCIOoJIb30BaHMS
KOHCTAHTbI CMELIEHUSI.

JlokazarenncTBo. I1o yciaoBuio # > 1, cienoBaTebHO

n n
y= }“sl(.z Wit x; CJ = }”sl(.z (wi'xi+£)j'
i=1 i=1 n
ITockonbky R HenmpepblBHO (akcroMa o nojHoTe R),
u3 Gopmyael (2) i ciayyas Vx; = 0 cripaBeaInBo

Vx;#0,3w; € [R(\Zzi X = wpex E’) N
n

i=1
inio, Vyke Yk’ Ykg Y.

:ksl(gl(fvi -xl-)j = xsl( 3 (%‘Xﬁf)] _—

3azaB (YHKUUIO Ay, MOCTABUM B COOTBETCTBUE
3HayeHMsa QYHKUMU Ay mpu 3x; = 0 u Vx; # 0, aHa-
JIOTUYHO PAaCCMOTPEHHOMY BbILLIE CIIOCOOY, IMOJIYYUM
MCKOMYIO MOJIeJIb U CBelleM onucaHue (4) K omnuca-
Huio (3):

n c n -
y= 7‘31(.21 (Wi'xﬁ,‘)} = }‘SZ(I.ZI(W[ 'xi)J =
_ [ =0 vye e ¥
(¥,u¥nr=o.

Teopema moka3aHa.

JlokaxxeM 5KBUBaJIEHTHOCTh MYJIbTUTIJIMKATUBHOTO
1 CYMMHPYIOILLIETO HEMPOHOB.

Teopema 2. /Ins1 m000i MOJEIN MYJIbTUTLIMKATUB-
HOI0 HMCKYCCTBEHHOTO HEWpOHA C OMpeac/IeHHBIMU
Ha R MHOXeCTBaMU BXOJHBIX X, BBIXOZHBIX Y M BeCO-
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BBIX KO3((MULIMEHTOB MOXKET OBITh IIOCTPOEHA 3KBU-
BAJICHTHAs1 € MOJIeJIb CYMMMPYIOILIETO HEMpOHA.

Jloka3zareancTBo. [lo ompeneneHUIO SKBUBAJICHT-
HOCTM MHOXECTBAa BXOIHBIX X, = X, M BBIXOZHBIX
Y, = Y,, curHajioB UCKYCCTBEHHBIX HEPOHOB PaBHbI
(MHIOEKCHI S, m — WHIEKChl MHOXECTB CYMMMPYIOLETO
U MYJIbTUIUIMKATUBHOTO HEMPOHOB COOTBETCTBEHHO).

Onupasgch Ha PacCCMOTPEHHOE BbIIIE, YPaBHEHUS
MOJIeJIENl MCKYCCTBEHHBIX HEMPOHOB MOXHO TEPENMU-
caThb B CJIEAYIOIIEM BUJE:

y=if £ e | ©)

y= xm{‘]_n[lwi'xl-]. (7)

M3 motHocti R mpu Vx; # 0 BbIONHAETCS

n n
w; € R, (xs[izl W, -xl.] = km(inlwi-xij).

3agaB (YHKUMIO A M IIOCTaBUB B COOTBETCTBHE
3Ha4YeHUs QYHKIMKU aKTUBALUU A, Tpy 3x; = 0 mony-
YUM UCKOMYIO MOJIEJb

n n
_ Yy 3x; = 0, vy, € Yj, );-Q Y
(Burnvy=o.

Teopema mokaszaHa.

OOpaTHOE MOCTPOEHME SKBUBAJICHTHON MOMAECIU
MYJIbTUTUIMKATUBHOTO HEMpOHA IS MOJEIU CYMMM-
PYIOIIEeT0 TakKke BO3MOXHO BBUIY OTCYTCTBUSI OTpa-
HUYEHUI Ha TUN (PYHKIIMA UM PaBEHCTBA MHOXECTB
BXOIHBIX M BBIXOIHBIX CUTHAJIOB.

INpusenenusie ypaBHeHus (6) u (7) mMoryr pac-
CMaTpUBaThCs KaK YaCTHBIE Clyyaud MOJeau adcTpak-
THOTO HeiipoHa (3).

OKBUBAJIEHTHOCTb MOJEIEH MCKYCCTBEHHBIX HEM-
POHOB, BKJIIOYAIOIIMX NIEPEMEHHBIE OTNPEAEIEHHBIE Ha
R, He TapaHTUPYyeT UX SKBMBAJIEHTHOCTHU MPU OIpe/e-
JIEHUY BCEX WX MepeMeHHbIX Ha N, BBUAY OTCYTCTBHUS
y N HenpepbIBHOCTU. YUUTBIBASI YCIOBUE OTpAaHUYCH-
HOCTH JIIOOBIX anIapaTHbIX pealu3aluii, TOKaxXeM 3K-
BUBAJIEHTHOCTh MOJejell OomnpeneseHHbIX Ha KOHeu-
HbIX MHOXECTBax 3JeMeHTOB U3 N.

Teopema 3. J1iist 1106011 MoaEI MYJbTUILIUKATUB-
HOTO UCKYCCTBEHHOI'O HelipoHa ¢ oIpeaeJeHHbIMU Ha
N KOHEUYHbIMM MHOXECTBaMU BXOAHBIX X, BBIXOIHBIX
Y n BHyTpeHHux nepemeHHbIX (W, C), MOXeT OBITb
MOCTPOeHA 3KBUBAJIEHTHAS €ii MOJEeIb CYMMUpPYIOLIe-
ro HelpoHa.




JokasareabcTBo. MHuoxectsa X, = X, = X
Y, = Y,, = Y paBHblI 10 ONPENEIECHHUIO (S, 1 — UHIEKCHI
CYMMUPYIOIIETO W MYJIbTUIIMKATUBHOTO HEWPOHOB).
PesynbraToM (yHKIIMM ydeTa Beca cUHArca SBsIeTCs
KOHEYHO€ MHOXECTBO BBUIY KOHEUHOCTH MHOXKECTB
W X, Cpp. Pe3ybTaTOM KOHEYHOM n-MEPHOIA orme-
palyy YMHOXEHUS [JIs1 y4eTa B3BELIEHHBIX BXOIHBIX
CUTHAJIOB SIBJISIETCSI KOHEUHOE JIMHEMHO YIOPSIAOUeH-
HOe MHOXeCTBO Dom),,, TIOCKOJIBKY BCE 3J€MEHTbI
onepauuun npuHamiexar N. JIg 3KBUBaJICHTHOCTU
MoJesieli TpeOyeTCs PaBEeHCTBO BBIXOIHBIX CUTHAJIOB
(CMMBOJIOB) 00eMX Mojeiel B 3aBUCUMOCTU OT OJIM-
HAKOBBIX BXOJHBIX CHUTHAJOB (CHMBOJIOB) Ha BCEM
MHOXECTBE BO3MOXHBIX BXOJHBIX CUTHAJIOB.
ITockonbKy OTCYTCTBYIOT OTpaHUUCHUSI Ha 3HAYCHHUE
KOHCTaHTBI ¢ B MOJAEJIM CYMMUPYIOIIIETO HEpoOHa, MO-
JIeJIb MOXET OBITh Iepe3alcaHa B CJIeAyIoleM BUIE:

n n
y= ks[izlwt’fxi + cj = kS{I-Z] (Wi x; + cis)ja

IMockosbky MHOXecTBa W,,, C, KOHEYHBI, MOTYT
OBbITb MMONOOPAHBI TAKUE BJIEMEHTBI W;, Cj;, KOTOPbBIE
obecreyar JMHEHHO YHOPSIAOYEHHOE MHOXECTBO
Domi, Kak pe3y/1bTar #-MEPHOM onepauuy CI0XeHNs
IS MOJIESTM CYMMMUPYIOLIETO HEMPOHA, UMEIOLIEE POB-
HO TOT K€ TMOPSAOK W MOIIHOCTh YTO U MHOXECTBO
DomJ,, B 3aBUCUMOCTH OT BXOIHBIX CUTHAJIOB X.

IMockonpky |Domi| = |DomA,| U uX 31€MEHTHI
WMEIOT OAMHAKOBBI TOPSIIOK B 3aBUCUMOCTU OT
BXOIHBIX CHUTHAJIOB, TO MOXHO 3a7aThb (PYHKLMIO A,
MOCTaBUB B COOTBETCTBUE BHIXOAHBIE 2JIEMEHTHI Y 3Jie-
MEHTaM MHOXecTBa Domi, pOBHO TakuMM Xe CIOCO-
60oM, KaK 1 GyHKLHUA A,,. TO €CTb BO3bMEM HAMMEHb-
wuit snemenT min(Domiy) n3 Domi, 1 mocraBum
€My B COOTBETCTBHUE 3JEMEHT M3 Y, COOTBETCTBYIO-
it anementy min(DomA,,)) no dyHkuuu A,,. Bosb-
MEM CJEQYIOIIUNA 32 HUM HAUMEHBIIUN BJIEMEHT
min(DomA \min(Dom)) us Domi, u noctaBum emy
B COOTBETCTBUE JIEMEHT U3 ¥, COOTBETCTBYIOLIUIA BJi€-
MeHty min(Doma,\min(DomA,,)) mo GyHKuuu A,
ByneM moBTOPSITh yKa3aHHbIE AEUCTBUS IJI KaXKIOTro
MOCJIEAYIONIEr0 HauMEHbIIIETo, MoKa He MOCTaBUM B
COOTBETCTBME BCEM 3jIeMeHTaM 13 DomA Bce aemeH-
Tbl U3 Y. [TonyueHHas Monelb 5KBMBAJIEHTHA MOAEIU
MYJIBTUILUIMKATUBHOTO HelipoHa. TeopeMa nokaszaHa.

B cayuae HeoOxogumocTu 0oJjiee CIOXKHBIE MOAEIN
HEPOHOB, TaKue KaK XIT-HeHPOHbI WM XK€ arperupy-
IOLlIME HEUPOHBI, a TAKXKE MHOTUE IPYTME MOTYT OBITh
CBeleHbl K abCTpakTHOMY. PaccMmoTpeHue aaHHBIX
HEWPOHOB HE MPOBOAUTCS MO MPUYUHE HEOOXOAUMOC-
THU MCITOJIb30BaTh OOJIbIIIEE YMCIIO SYeeK MaMITH MPU
anmnapaTHO UJIX MPOTpaMMHON peanu3aluy 3TUX MO-
neeit (maMsiTh U1 XpaHEHUS TOTIOJTHUTEIIbHbIX [epe-
MEHHBIX), YTO SIBHBIM O00pa3oM yBEJIMYMBAET 3aTpaThl

Ha peanu3auuio. BBemeHUe TOMOIHUTENIBHBIX OIepa-
it (arperupytolnue v XIT-HeHpoHbI) SIBHO (B 00LLIEeM
clydyae) yBeJIMUMBAeT YMCJIO pealu3yeMbIX Omepaluii
JIJIS1 BBIYMCJICHUSI BBIXOMHOTO CUTHAJIA, YTO CTABUT BOII-
poOC O BO3MOXKHOCTHM TNPUMEHEHUs AAHHBIX MOIeJei
JUJIST LIMPOKOTO KPyTa 3a1a4 U SIBJISICTCS TEMOI OTIeNb-
HOM CTaThu.

3. Moaejgb KOHEYHOTO AaBTOMATA
a0CTPaKTHOro HeipoHa

B nmanHOM paznene mpuBoauTcs (opMaaud3M I
ornucaHus abCTpakKTHOro HelipoHa. BBuay KoHeYHOC-
T JII0OO aIIapaTHOU peanu3aliy OIMCaHUE IPO-
BOAUTCS B TEPMUHAX TEOPUU KOHEUHBIX MHOXECTB.
ITockonbKy OCHOBHOM aOCcTpakliuel pyu MOCTPOEHU N
BBIYMCJUTEIbHBIX CUCTEM SIBJISIETCS aBTOMaT, hopMma-
JIN3M CTPOUTCSI HA OCHOBE KOHEYHOTO aBToMarta Mypa.

ABToMaT Mypa oOnuCHIBaeTCsS YIOPSIAOYEHHBIM
MHOXeCTBOM A = (S, S, X, Y, 8, L), e § — MHOXeCT-
BO BHYTPEHHMX COCTOSAHMI aBromara; S, € S — Ha-
yajJbHOE COCTOSIHME aBToMaTa; X U ¥ — MHOXecTBa
BXOJIHBIX CUMBOJIOB I MHOXECTBO BBIXOJHBIX CHUMBO-
JIOB COOTBETCTBEHHO; A:SXX — § — (yHKLUA Tepe-
X0lla B HOBOE COCTOsIHUE; A:S — Y — yHKUUS BbI-
Boma cuMmBoja. IloBemeHue aBTOMaTa OMPEEISIETCS
kak ST = A(, X) u y' = A(s).

Beenem (QopmanbHoe omnucaHue abCTPaKTHOIO
HeiipoHa B TepMMHAaX KOHEUHBIX MHOXecTB. KoHeu-
HbI aBTOMAaT abcTpakTHOro HeiipoHa (KAAH) moxeTt
OBITh OMMCaH HAOOPOM KOHEUHBIX MHOXeCTB (N, E,
W, O, A, A, T), tae:

N — MHOXeCTBO MHAEKCOB BXOAOB (YIIPaBJISIONIE
Bxonbl U cuHamncel), N € N;

E — andaBur, BkIoyaronmi andaBut BceX BOZMOX-
HBIX BXOIHBIX CUMBOJIOB £y, , 11 anaBUT BCEX BOSMOX-
HBIX BBIXOIHBIX CUMBOJIOB £ E=E, U E,
EcN;

W — nuHeitHO ynopsimouyeHHOe KOHEYHOe MHOXKEC-
TBO BCEX BO3MOXHBIX 3HAUEHUI BECOBBIX KOG UIIM-
€HTOB MH(MOPMAILIMOHHBIX BXOJ0B (CHMHancoB), Wc N;

O — obGnacTh (MHOXECTBO) oIlpeaesieHus (PYHKIINU
aktuBauu, DomA = Q, Q c N;

A — omnepaliusl yuyeTa B3BEIIEHHbIX BXOAHbBIX CHUT-

utput> utputs

h
HaJoB A (S w;, Ej)), i € N, 3aBucdias oT onepanumn
i=1

yyeTa BECOBOro KoadduiueHTa CUTrHaja Kaxaoro
BXoza (cuHarmca) S w;, Ej), Ej e F,

A — MHOXECTBO (DYHKIIMI aKTUBALUM, peain3ye-
MBIX Ha TaHHOM HeiipoHe |A| € N;

T — MHOXeCTBO QYHKIIMI MU3MEHEHMS TapaMeTpOB
dbyukunit A, Aut; e T,|T| e N HCKyCCTBEHHOTO Heii-
pOHa.

Ha ocuose Ej,,,, GopMUpYIOTCSI TOAMHOXECTBA
BXOJHBIX MH(OPMALIMOHHBIX CUTHAIOB E;, 1 MHO-
XKeCTBa YNPABISIOLINX CUTHaNoB £, Takue 4t0 K, =
= E;, U E,. B o011ieM ciyyae Ipy anmnapaTHOW peain-
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3allMM HE BCerma MMEeTCSI BO3MOXHOCTb pPa3lesUTh
BXOJISIIIIME CUTHAJIBI Ha YIIpaBJIsioue U nHhOopMaliu-
oHHbIe. C yU4eTOM TOTO YTO CHUTHAJ BBIXOHA MCKYCCT-
BEHHOI'O HelipoHa MOXET MoAaBaThCs Ha €r0 BXO WU
Co/iepKaTh YNPAaBISIOIIME CUMBOJIBI, MIOJaBacMble Ha
JIpyrvue HEMpPOHBI, UMEEeM CJIECIYIOIIMe COOTHOIICHMUS:
Emput n EOllprf # @ Emput n Eoutput @ n Enput
= Eouppur MHOXECTBO BXOIHBIX CUMBOJIOB Kaxq[oro i-TO
BXOJIa MOXeT ObITh onucaHo Tak: I; = {(E;,, E,)|((E,
Z0) A (B, % @) v (Ep = D) n (E,= ) v (Bl =
=) A (E.= D))}, i € N. Hanpumep, niogaya curnajia
BBIIIIE OIPEIEICHHOTO MOPOra MOXET HE TOJBKO TIe-
PEBOIUTH MEMPUCTOP B HOBOE COCTOSIHME MPOBOAM-
MOCTH, HO ¥ PacTiO3HaBaThCs KaK MHGOPMAITMOHHBIT
CHUTHAaJI.

MHoXecTBa CUMBOJIOB Ha Pa3jMYHbIX BXomax 00-
pasyroT andaBUT BXOAHBIX BEKTOPOB HelipoHa [,
={(, ..., ik)|ij ely,....ipel, Ui=1, .., U = I}
n = N. AndaBuT BBIXOJHBIX CHMMBOJIOB MMEET BU]I

= {0110' = (eout’ € )= Cout € E our ©r € E Eout U Er =
Efuipust> T8¢ E,,; — MHOXECTBO CMMBOJIOB MH(DOP-
MaIMOHHBIX BI)IXOI[HI)IX CUTHAJIOB. Pe3toMupys Bce ne-
peYUCIEHHOE BbIllIE: MHOXECTBAM BXOIHBIX U BBIXOJI-
HBIX CUMBOJIOB X 1 Y aBToMaTa Mypa MOTyT ObITh ITOC-
TaBJIEHBl B COOTBETCTBUE aidaButhl /;, u O.

C y4eTOM BO3MOXHOCTH PeaIM3allii HECKOJIBKHUX
(yHKIIMI HA OMHOM HelpoHe, YHKUUS aKTUBALIUMU
KAAH %; € A, i € N u onpeaensercs: 3aBUCUMMOCTAMU

10— 0, ®)

o' = (g, (€)

YTO MO3BOJISIET MOCTaBUTb B COOTBETCTBUE AAHHYIO
¢yHKUMIO GYHKINWY BbIBOJAA aBToMaTa Mypa.

Bce Bo3MoOXHBIE KOMOMHAIIMM BECOBBIX KO3(DDU-
1MeHToB Ha Bcex Bxomgax KAAH Moryr ObITh mpen-
CTaBJICHBI B BUIE BEKTOpa

V="{lv;= W, ., w), wie Wi, ., wee W,
ijj = Wl’ veey Uka = Wn}, n e N,

rae W, — MOIMHOXECTBO BECOBBIX KOI(M(OULNUEHTOB
KaxJIo0ro i-ro cMHarica.

BHyTpeHHME cocCTOsIHUSI aOCTpaKTHOIO HelipoHa
OIUCHIBAIOTCSI MHOXECTBOM V' XAXAXT.

DOyHKUIMS yyeTa B3BEIICHHBIX MHOOPMAaIIMOHHBIX
BXOJIHBIX CUTHAJIOB A SIBJISIETCSI 3alaHHOI Ha MHOXeC-
TBE [;,X V' 1 uMeeT BUI

A T,xV O, (10)
n
¢ = A G i (11)

Oynkuua usmeHenus napamerpoB KAAH t; € T,
i e N B HaunboJsee o01IeM BUIE OMUCHIBAETCS KaK

1 E, — VXAXAXT. (12)
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I[I/IHaMI/IKa MU3MEHCHUA ITapaMETPOB UMECT BU

t+1 t+1  t+1
(o L AT T 0T = ),

t+1
T

eT, = = T. (13)

Dyukuums nepexona KAAH B HoBoe cocTosiHUE SB-
JIIETCS Pe3yJbTaTOM IBYX HE3aBUCHUMBIX JIPYT OT JApyra
¢ynkuwmii (11) u (12), 4T0 MOXeT OBITh 3aITUCAHO CJie-
JIYIOIIMM 00pa3oM:

+1 t+1 t+1 t+1 t+1, _
(qt , U A A )_

i s Mo 5 T

=(K¢aﬁ,éw2¢mj, (14)

CootBercrBue mexay apromatamu Mypa n KAAH
Conformity between Moore automaton and FAAN

ABtomatr Mypa
A= (S, S, X, ¥, KAAH
O0BeKT
3, 1) (N, E, W, O, A, A, T)
COOTBETCTBHSI
Object of conformity Moore automaton FAAN
A=(S, S, X Y, | (N, E,W, 0, A AT
3, 1)
MHoxecTBO S VXAXAXT
BHYTPEHHUX
COCTOSTHUU
Set of internal states
AdaBUT BXOTHBIX X 1,
CHMBOJIOB
Alphabet of the input
symbols
AndaBur Y (0]
BBIXOIHBIX
CHMBOJIOB
Alphabet of the
output symbols
HauanbHoe SH n 1=0  \1=0y/=0
COCTOSIHUE Ai= 1 (8(v; 7,0 )
Initial state /o) =0
OyHkuMs 3SxX—> S AL, X V> Q
MEPEXOII0B B HOBOE T E, > VXAXAXT
COCTOSIHUE
Function of transi-
tion into a new state
DyHK1UMS BBIBOAA rSo>Y Li:0->0
CHMBOJIOB
Function of the
output of symbols
JwHamuKa sSSTU =8¢, x| 41 n totne
Mepexoa0B q A (S(Vi’ i)
Dynamics of transi- o t+1 A’H A
tions r
r 1 .
=iy
JlvuHamuka BeIBOAa ¥ =" o= k,-(qt)’
CHMBOJIOB
Dynamics of the
output of symbols




DJeMeHThl He BCeX IIOAMHO-
KE€CTB CpPaBHUMBbI MeXIy COOOM:
E;U E=E, Je; € E, e; e E((e; »
»e)v (e; # ej) v (e « ej)). Ha ogun
W3 BXOIOB TTOMAIOTCSI CHUTHAJIBI, He-
CpaBHUMBIEC C IPYTUMU.

Ha »spemeHTax IOAMHOXECTB
MOXET OBITh 3alaH HECTPOTHWU ITI0-

psinok Ve; € Ej,, Je; € E;((e;> e) v

\4 (ei < ej)) = (Ell’l n (Ujej) = @) Bce
rmoJaBaeMble Ha BXOIBl CHUTHAJIBI
CpaBHMMBI JpYyr ¢ JApyrom. Beixon

Puc. 1. MunumanbHasa peaqnsauusa KAAH: / — meMpucTop; 2 — aHaJIOTOBBI CyMMaTOp
TOKOB; 3 — cXeMa CpaBHEHHUs CO 3HAUCHUSIMU ¢; 4.1 — GJIOK PErMCTPOB ISl XpaHEHUS g
4.2 — ONOK PerucTpoB IUIsl XpaHEHUs y; 5 — cxeMa orpelesneHrss Haubobliero q; 6 —
GyHKIUS A
Fig. 1. Minimal realization of FAAN: 1 — memristor; 2 — analog adder of currents; 3 — scheme
of comparison with the values of q; 4.1 — unit of registers for storage of q; 4.2 — unit of registers
for storage of y; scheme of definition of the highest relevant q; 6 — function A

YTO TO3BOJISIET MOCTaBUTh B COOTBETCTBUE (DYHKIIUIO
nepexoaa aBromMary Mypa.

HauansHoe cocrossHue KAAH BbIpaxaeTcs depes
(11) u (13) ¢ mycThIM MHOXKECTBOM CUTHAJIOB Ha BXOJIE:

(.g 1(6(”;:0 L2)' =00, Tj@)tzoj,me t=0 — 3Ha-

1
YeHMST B HaYaJIbHBII MOMEHT BPEMEHHU.

Hcxons u3 Bcero nepeymcaeHHOro BhIllle aBTOMATy
Mypa MoxeT ObITh MocTaBlieH B cooTBeTcTBe KAAH
(cM. Tabauly).

MunumanbHasi peanusanuss KAAH mnokaszana Ha
puc. 1.

4. CsoiictBa cunancos KAAH

Bo3MmoxHBI chenylone CUTyalMu NpU 3aJaHUuM
MHOXeCTBa Ej, 1 €ro NoIMHOXECTB 3HAYEHU BXOIHBIX

n
CUTHAJIOB i-T0 cuHamnca E;, = iléJlEf’ E; = {ele; € E,},
1 — YKCJIO CBA3EH, A1 KOTOPBIX CIpaBeuinBo w; = 0
npu d(w;, e;) = w; - e;.
st tHPOPMAaLIMOHHBIX CUTHAJIOB i-X BXOJOB (CH-
HAaICoOB) BO3MOXHBI pa3IMUHbIEe CUTYallMU MPU UX 3a-

JaHUK. DJIEMEHTHI PAa3IUYHBIX MHOXECTB Ej, paBHBI
MEXIy coOoit

El U E/ = Ein’ ﬂe, S EI’ ﬂej S Ej((e’ > ej) \2
\ (ei < ej)) = Vel- € Ei’ Vej € E](el = e])
Hanpumep, Ha 1-i Bxoa nomaeTcst nHGOpMalys o
1BeTe (KpacHBIM, 3eJeHbI U T. 1.), HA 2-i BXOA TO-

Jaetcs nHpopMauusa o ¢gopme (L1ap, mapaieaenu-
nema v T. 1.).

XOTsl Obl OAHOIO HelipoHa (BXOAHOM
HEWpPOH) CBSI3aH C BXOJOM XOTSI Obl
elle OJHOro HeWpoHa (ST MUHM-
MaJIbHOM CceTu HeoO0XoauMo OoJiee
omgHOTO HelipoHa). B oOiiem cirygae
MHOXECTBO BBIXOIHBIX WH(MOpMa-
LMOHHBIX CUTHAJIOB HelipoHa E,
MOXET UMETh MOILIIHOCTh, OTJIUYHYIO
OT MOIIHOCTH BXOJHBLIX CUTHAJIOB
MOCJIEIYIOILETO HeMpoHa F;,, Harpu-
Mep, IMaIa30H HanpsLKeHUH Ha BhI-
xone 1...3 B mepBoro HeiipoHa mmoma-
€TCsl Ha BXOJ, BTOPOro HEWpoOHa, MPUHUMAIOLIMIA CUT-
Hajabl B muana3oHe 2...3 B. Torma o4eBMOHO, 4TO
BXOJHBIE CUTHAJIbI B 1uana3oHe [1, 2) He TOJKHEI pac-
cMaTpuBaThCcs KakK MH(GOPMallMOHHBIE.
HaHHbIl ciaydaii (hopMaIbHO OMMCHIBAETCSI IPUME-
HEHHUEM XapaKTepUCTUUYECKON (PYHKIIUU K MHOXECTBY
BXOIHbIX MH(MOPMALUMOHHBIX CUTHAJIOB KaXXJIOro Cu-

n
Hanca: yEfe), ¢; € E, U E; = E, T1e 3HaueHus
byukuun yEfe;) = 0 He y4UTHIBAIOTCA Ha JaHHOM
HeUpoHe.

Ha mHoXecTBax MH(POPMALIMOHHBIX CUTHAJIOB CH-
HarcoB y Efe;) # 0, ydauTbIBa€MbIX IIPUHUMAIOLLUM UX

n
Heiiponom U _E;= E.  |E|> 1, MOXeT ObITb 3a/1aH JIK-
i=1 1 114 1 7

HEWHBIN TTOPSIOK. B ciyyae ecim mopsimok He 3amaH,
BCE CUTHaJIbI (MJIM MX YacThb, B CIydae 3aJ1aHus HECTPO-
roro rnopsiaka) OyayT Hepa3auuuMbl MeXIy COOOIA.

Pe3toMupys Bce onurcaHHOE Bbll€, MOXKXHO 3aKJIIO-
YUTh Clienyrouiee — BXOAHbIe MH(GOPMALIMOHHbIE CUT-
HaJIbl Ha pa3HbIX CUHAIICAX, C OJHOU CTOPOHBI, MOTYT
OBITh HECPAaBHUMBI MEXIy CO0OI, C IPyroi CTOPOHBI,
MHOXECTBO CUTHAJIOB KaXKIOTO CMHAIca OMMUChIBaeT-
Cd XapakTepucTuyeckoil ¢yHkuuei. PesyinbraToMm
Yyero sIBJISIETCSl onpeeeHre ONTUMaIbHON MOIIHOC-
TU MHOXECTB MH(MOPMAIMOHHBIX CUTHAJIOB JJis 00-
1LIETO clly4dasi:

n
iL:JlEi = Ein’ |E1| = |Eout| =L

OTCYTCTBHE CBSI3U MOXET OBbITh 3aaHO Yepe3 3Ha-
YEHHE BECOBBIX KO(MOULIMEHTOB CUHAICOB w; = 0 ripn
3 (w;, i;) = w;* i;. IIOCKOJIIbLKY MHOXECTBO BECOBBIX KO-
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adPunmreHToB W NMMHENHHO YIIOPSAOYEHO M IJISI BCeX
HECYLIECTBYIOIMX CBA3ei w; = 0, TO 3JIEMEHTBI MHO-
JKeCTBa MPUHUMAIOT CJIEAYIOIIe 3HAYSHMUSI:

xW{(J) = 0 11 OTCYTCTBYIOLUMX CBA3EH,

min(W,) = k, rae k € N HekoTOopasd KOHCTaHTa.

min(W\min(W))) = k,, + h, tne h > k, h € N He-
KOTOpast KOHCTaHTa 1 W, = {wjle + 1~ W= h}

TpamWIIMOHHBIM TOAXOMAOM K pealn3allii ydeTa
Beca BXOIHBIX MHGOPMALIMOHHBIX CUTHAJIOB KaXKIOTO
i-TO BXOJA SIBJISIETCS YMHOXEHWE HA €r0 BECOBOW KO-
s dumeHT

in> P

S:Wl"el'—) N, eiEEl’, IQIEIZE WI'E W
U W, =Ww.
G i= W

I1pu cooTHOLIEHNY 3]IEMEHTOB MHOXECTBA ¢; € E,

w; € W, 3amaBaeMbIX KOHCTAaHTOi, OXMHAKOBOI st
000MX MHOXECTB, MakCHMMaJbHas BO3MOXHasl MOIII-
HOCTb MHOXECTB B IIPEIECIbHOM CIIy4dae ONpeaessieTcst

cleayrolumM oopa3om:

Vel-+1 S Eii’l’ Vel € Ell’l’ VW]+] € H/,
VWjE I’I/((el+1_elzh)/\(wl+1_wl=h)):>

— |Doma| = |E, |- |W|.

VBennueHre MOILIHOCTA MHOXECTBa 00JIACTU OIl-
peneneHus DomA KAAH npu coxpaHeHUU MOIITHOCTU
MHOXECTB Ej,, W BO3MOXHO 3a CUeT 3alaHusl HEJIM-
HEMHOM 3aBUCUMOCTU MEXIY 3JIEMEHTaMU w; € W.
IlepBblit 13 BO3MOXHBIX CIIOCOOOB IOCTAaBUTh B CO-
OTBETCTBUE 3JIEMEHTAM MHOXeCTBA W 3J1eMEHTHI JIU-
HENHO YIMOpSIIOYEHHOTO MHOXECTBA C HEJIWHEWHON
3aBucuMocTbio: W= {0 =0, w, =1, w, =n + 1,
wy=n-wy+ 1, .., w=n-w_+ 1}, tae n — uucio
CBSI3€M, TSI KOTOPBIX CIIPABEIJINBO w;# 0. YkazaHHbII
METOJ MAKCUMAJIbHO YBEJIMUYMBAET MOILIIHOCTb O0JIACTU
onpeaeneHuss DomA KAAH npu anmapaTHoOl peanu-
3auuu. K HegocTtaTkaMm moaxoma MOXHO OTHECTH TOJI-
HO€ OTCYTCTBUE BO3MOXKHOCTHU 3aJaHUS JTUHEWHOM 3a-
BUCMMOCTU BXOJHBIMU CHUTHAJIaMU Ha CHUHAarcax, 4To
OrpaHUYMBAET €ro MPUMEHEHUE MPU arlnmapaTHbIX pe-
anu3aumsax, NpeaHa3HaAYeHHbIX [JIS TTOCTPOEHUS Cce-
Teil Ha ocHoBe KAAH.

Bropoii MeTon MOXeT ObITh ONpenesieH Kak BHece-
HUE HEJIMHEWHOCTU MEXIY MOIAMHOXECTBAMU MHO-

KECTBa VV, OH MMCECT CICAYIOIIYIO CXEMY 3aJaHUsd:

W= {@=0, Wy = 1,W2=2'W1, ceey
W=l w, w1 =nwit Lwi =2 w4,
Wit j =T Wis ooy W =nowe 1L

i J
Wi = Dwes ot U owi= Wi Uow=W, .,

!
0, = Wy U, = W
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Ie 7 — YMCIO CBS3el, I KOTOPBIX CIIpaBEIIMBO
Wl' #* 0

IMonxon saBasIETCS KOMIIPOMMCCOM MEXKIY BO3MOXK-
HOCTBIO 3aJaBaTh JUHEHHbIE 3aBUCUMOCTH TIPU yUETe
BXOOHBIX CUTHAJIOB Ha CHUHAICaX U yBEJIMYCHUEM
MoitHoct MHoxectBa DomA KAAH. Henuneiinasg
3aBUCUMOCTb MEXY BXOAHBIMU CUTHaNamMu F;, Takxke
MIPUBOAUT K YBEJIUYEHUIO MHOXecTBAa DOmA 1 MOXeT
OBITH OIMMCaHa OJOHMM U3 ABYX BapMaHTOB, PaCCMOT-
PEHHBIX BBILIE 11 MHOXecTBa W.

5. ®opMalii3M HCKYCCTBEHHBIX HEliPOHHBIX CeTei
Ha ocHose KAAH

®opmanuaMm onucaHus cet Ha ocHoBe KAAH om-
penensiercst koptexem (E, W, Q, A, A, T) 6e3 ucroJb-
3oBaHus N. Ilokaxem 3T0. Mcnonb3yemMble MOHSTUS
BXOJHBIX HEUPOHOB MOI'YT OBITh PACIIPOCTPAHEHBbI HE
TOJIBKO Ha MTH(OPMAIIMOHHBIE BXOAbI (CUHAIICKI), HO 1
Ha yIpapjsolye Bxonbl. Mcrnonb3ysl TaHHOE yCo-
BUE, MOJYUUM €MHOE OTTMUCAHUE YIPABISIOIINX U UH-
¢opMalLIMOHHBIX BXOIOB, Ha ClIydyaid amIapaTHOI pea-
JIN3allMU TapBapACKON apXUTEKTYPbl MOCTPOEHMST Bbl-
YUCIUTENbHBIX cucTeM. OTmpenenuB, YTO BBIXOTHOM
curHan kaxnoro KAAH nopaercs Ha Bxon Bcex oc-
tanbHbIX KAAH cetn, moiay4uM IMOJHOCBSI3HYIO CETh.
3anaB /I HECYILECTBYIOLIMX CBsI3eil 3HAUEHUE BECO-
BbIX KO(OULIMEHTOB CUHAIICOB W; # (0, TIOJTyY1M OIHK-
caHUe UCKycCTBeHHOU HeliponHoii cetu (MHC) 6es
HCITOJIb30BaHMSI MHOXeCTBa NN.

Knaccel peanusyembix Ha KAAH ¢yHkunit Hampsi-
MYIO 3aBUCSIT OT MOIIIHOCTM MHOXecTBa (. MHoXec-
TBO Q SBJISETCS JIMHEHHO YMOPSIOYeHHBIM MHOXECT-
BoM DomA, ¢ oIHOI CTOPOHbI, U 00J1aCTbIO 3HAUEHUI
A, ¢ mpyroit cropoHsl. s ciyvast |E;,| = 1 BO3MOXHBI
caenywoume cutyauuu. [Tockonbky DomA nuHEirHO
YHopsAAoueHHO U Va € DomA(A(a; 4 1) > A(a;)), To ipn
|Q] = 1 BO3MOXHa peanu3alsi TOJbKO ITOPOrOBOIA
GyHKIIUN.

IMpu |Q| = 2 BO3MOXHBI peanu3aii MoporoBoii,
muHeitHo M RBF-¢dyHkumii. 3amaHue MmOpoOroBoi
(byHKIIMY BO3MOXKHO YETBHIPbMSI CIIOCOOAMU, MEpBbIC
JiBa:

VA € A((MmaxQ) = 1) A (A(g) = 0, g; # maxQ)),

Vi € A((MminQ) = 0) A (Mg = 1, g; # minQ)).

HMuBepTupoBanue 3HayeHUit yHKuuu A ¢ 0 Ha 1
JaeT 1Ba IPYyrux crocooba.

JluneiiHast ¢yHKLMS 3agaeTcsl CIeAyIOLIUM obpa-
30M:
Vg e O, Vi € A(((Mg;+1) > Mg) A (Gi+1> q)) v

\ ((7»(6],' + 1) < 7»(611')) A (fli 1 CI,')))-

RBF-dynkums 3amgaetcs cieayonmMm oopa3om:

VA e A(((Mg1) > Map) A (Mgy) > MD))) v
v (Mg < M) A (Mgy) < MD)))).




MuHuManbHasg HeoOxoaumMast
MOIIHOCTh IS 3aJaHusl Iepuoayv-
yeckux GyHKmii |Q| = 3.

ArnmnapatHasi peajM3alius 3ana-
HUS MEPUOANYECKUX DYHKIIUN MO-
KeT OBbITh peaJii30BaHa IyTeM MO-
Judukanuy QyHKIUMM ydyeTa B3Be-
IIEHHBIX BXOIHBIX CUTHAJIOB C TIPH-
MEHEHUEM OIllepalluu B3SITUS IO
MOJIYJIIO HaJ CYMMO WJIM TIpOU3Be-
JIEHUEeM B3BELIEHHBIX BXOJHBIX CMI-
HaJIOB A(3(w;, i;)) = mod ,(Z;8(w;, i),
rae d — pasmep nepuoaa Ha DomaA.

b
- -
ﬁ

PesynbraTom nmpuMeHeHUs MOIU(pU-
LIMPOBaHHOM (PyHKIIMK OyIeT 3HAYe-
HME OT Hauaja TeKyllIero rnepuoja.
Ilyrem 3amaHusi COOTBETCTBYIOILIMX
3HauyeHui E,,, GyHKIMA aKTUBaLUU
MoxeT npuHuMaTh Bug RBF-, nu-
HEWHOI WJIM MOpPOroBOM (PyHKIIMU
Ha TEKYLIEM MEPUOJE.

B npenenbHoM ciydae [DomA| =
=|Q, 4TO TO3BOJsIET 3amaBaTh HE
TOJIbKO JIMHEIHBIE, TIOPOTOBHIE, HE-
nuHelHble, RBF- unn nepuoanyec-
Kre (YHKIWH, HO U TIOYTH IIePUO-
nuueckre ¢GyHKUMM. BriiouyeHue B
Moaeib KAAH MHoxecTBa QYHKIIMI M3MEHEHUSI a-
paMeTpoB 7 MO3BOJISIET YUUTHIBATh B aJIrOPUTMax o0y-
yeHusi cetu KAAH usMmeHeHus1 GyHKUUN aKTUBALUU
B IIpoliecce oOydeHus: cetu. Hampumep, ocyluect-
BJISITh TIEPEXOJ] OT MOPOTrOBbIX (PYHKIIWMN K JTUHEWHBIM
GYyHKUMSIM, Hepexol OT JUHEWHBIX (YHKLIMM K He-
JIMHEMHBIM (CUTMOMAAIbHAsT (PYHKIMS, 3aJaHHas Ha
IucKpeTHoM MHoxecTBe) 1 RBF-pyHkumsam; odecrie-
yuBaTh nepexon or RBF- 1 HennHeHHbIX GYHKIMA K
MEepPUOANYECKHUM, a TaKXkKe OT MepuoaAuvYecKrux (pyHK-
LMA K TOYTU MEPUOIUYECKUM (YHKLMSIM BO BpEeM:
TpeHuposku MHC.

Nmeromeecs onucanue KAAH npumeHumo st
oInucaHusl paboTbl CHHXPOHHBIX UCKYCCTBEHHBIX HEli-
poHHbIx ceTeiil. CeTeli, B KOTOPBIX BCe HEMPOHHI Cpa-
0aTbIBalOT (J1MOO He cpabaThIBalOT) B OAMH MOMEHT
BpEMEHH, TI0CJIE YeT0o TaHHBIC TTepeMEeHHBIX OOHYJISIOT-
Csl M HAYMHAEeTCsl HOBBIM LIMKJ paboThl ceTu. IlombiTKa
ACUHXPOHHOTO omnrcaHus paboTel oguHouHOTO KAAH
HEBO3MOXHA BBUAY OTCYTCTBUSI OOBEKTa CpaBHEHUS,
YTO TTO3BOJISIET CAENaTh BBIBOJ O €€ MpaKTUYecKoii bec-
MMOJIE3HOCTU. ATIMapaTHas peaau3anus IpeiIoXeH-
Hoit monenu KAAH (rubpumgHoe cxeMOTeXHUYeCKOe
pellieHWe) B MUHMMAaJIbHOM COCTaBe TpeOyeT IS pea-
JIM3auuu Habopa 13 IByX OJIOKOB perucTpoB (puc. 2).

B otnnune ot enunnyHbix KAAH cetu Ha nx oc-
HOBE MOTYT UMETh aCUHXPOHHBI MeXaHM3M pPabOThI.
0O606weHue cereit KAAH Ha ciyyalt acMHXpOHHOI
paboThl ceTu TpeOyeT BHECEHMUsI U3MEHEHMIA B BbIpa-
xxeHus (9), (11). BHocuMble U3BMEHEHUST JOJKHBI YU -

3
B

’/5
o

Puc. 2. O6o0mennaa cxema KAAH: M, — 670K XpaHEeHUs JaHHBIX; & — 60K hopMUpo-
BaHMsI B3BEILIEHHOTO BXOIHOTO CHTHajIa A; DomA — GJIOK y4yeTa BCeX B3BEIIIEHHBIX BXOTHBIX
CUTHaJIOB; X > g, — 6J10K cpaBHEHUs co 3HaueHusAMHU Q; A(x;, w;) — 610K PopMUPOBAHUS
q OT TEKYLIMX 3HaYE€HU I Ha cuHancax; A((x;, w;), g~ ]) — OJIOK y4eTa peablayux q; SW —
6/10K BbIBOZIA BBIXOJHOTO CUTHaJa; fy, — OJIOK TaiiMepa

Fig. 2. Generalized scheme of FAAN: M, — data storage unit; 5§ — unit for formation of the
weighted input signal A; DomA — unit of account of all the weighted input signals; X > q, —
unit of comparison with the values of Q; A(x;, w;) — unit of formation of q from the current values
on the synapses; A((x;, w;), qd- I ) — unit of account of the previous q; SW — unit of output
of the output signal; t, — timer unit

THIBaTh BO3MOXXHOCTb HACTPOMKMN BpPeMEHU CpadaThl-
BaHus QyHKunu aktusaunu KAAH 7, u/unm BosmMox-
HOCTh y4eTa TPEIbIIyIIero COCTOSTHUS (QYHKIIAEH A.
VYpaBHeHue usMeHeHus cocrosinuit KAAH, onuceiBa-
eMbIX ypaBHeHUeM (11), u ypaBHeHUE TMHAMUKU BbI-
BoJa cUMBOJIOB (9) mias acuHXpoHHBIX ceteit KAAH
MPUHUMAIOT CJIEAYIOIIMI BUI;

t
0" =g " (15)

n
¢ = A G, ) ). (16)

ITo604HBIM cOCTaB amnmapaTHOW peanu3aluu
KAAH mi1s1 acMHXpOHHBIX ceTeil TpuBelieH Ha puc. 2.

3akimouenue

O6061meHHass moaenr KAAH nosBonsier mopenu-
pOBaTh MIMPOKUI HAOOP MCKYCCTBEHHBLIX HEMPOHOB C
Pa3IUYHBIMU (PYHKIUSIMUA aKTUBALMK, YTO MPU aIllia-
parHoii peann3aunu KAAH rapaHTHpyeT OTHOCUTEIb-
HYIO YHUBEPCAJIbHOCTh TEXHUUYECKOI'O PEeIeHUS U 1K~
pOKMii HabOp BO3MOKHOCTEH IIpU IIPOEKTMPOBAHUM
CeTHu.

IToctpoeHue Momenn Ha OCHOBE KOHEYHBIX MHO-
KECTB IIO3BOJISIET IIPOCUYMTATh HEOOXOIMMOE YMCIIO
HEHPOHOB (IS U3BECTHOTO AJITOPUTMa PabOThI CETH),
HMCXO/ISI M3 TaHHBIX O MHOXECTBAX, Ha OCHOBE KOTOPKIX
peanuzyorcs cetu KAAH, 1160 npoBecTy onTuMu3a-
LMIO UMEIOLLIUXCS CETEN.
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Ha ocHoBaHUM TIpemTOXEHHBIX MOIEIell MOTYT
OBbITh MOCTPOEHBI CETH, peaau3ylolle MOMUMO pac-
IMO3HABaHMUS M300paxkeHWi MaTeMaTUYecKue oIepa-
LIMU CJIOXKEHUSI, BBIUYMTAHUS, YMHOXEHUsT 1 np. Pea-
JIM3alMsl MaTeMaTUYeCKUX Orepaluuil mo3BosieT pu-
MEHUTD YacTh PECYPCOB CETU (peaanu30BaB Ha MOICETH
aJIrOpUTM OOy4YeHUs1) JJIs1 OOy4eHMST OCTATbHOM YacTU
ceTu 0e3 IMpUMEHEHUs KJIacCuYeckKux (HeiMaHOBCKUX
U rapBapJCKUX) apXUTEKTYD.

IIpennaraemas monenb KAAH no3BoisieT yuecTh B
aJropuTMax oOy4YeHUs] HM3MEHEHME AaKTUBALIMOHHOM
¢dynkuun KAAH u nmoctpouth aaroput™m, aBToOMaTu-
YECKU T€HEePUPYIOUIUN CEThb C ONTUMAIbHBIMU aKTH-
BallMOHHBIMU (PYHKUMSIMU HelipoHOB. [ToMuMo reHe-
paunu ceteii KAAH (myreM npuMeHeHUs aJlTOPUTMOB
00y4YeHUsI) MOSIBJISIETCSI BO3MOXHOCTD 3alaHUsl ajro-
pUTMa pabOTHI CETH C IMHAMUYECKU U3MEHSIOIIMUCS
(byHKIIMAMU aKTUBALIUU.

Asemop cmamuwu gvipaxcaem b6aa2o0apHocmb U eny060-
KYI0 NpU3HAmMeAbHOCMb COmMPYOHUKY omdeaa yHKUUO-
Hanavrou snekmponuxu AO HUUMD Heopio Baiepvesu-
uy Mamrwwruny u compyornuxy HITIIM PAH JImumpuro
Baadumuposuuy Teavnyxosy 3a yenHole 3ame4anusi u 0o-
cyJcdenue mamepuania cmamaol.

Paboma evinoanena npu cooeticmeuu PODU, npo-
exm Ne 17-07-00570 A.
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Introduction

Development of micro- and nanoelectronics expressed
in widening of the nomenclature of the electronic compo-
nent base [1], minimization of the topological sizes and de-
velopment of the circuit solutions on their basis again pro-
vokes an interest to the hardware realizations of the neural
networks [2, 3].

By the method of account of the input signals the existing
models of the artificial neurons can be divided into two basic
types. The first type of the neurons, proposed for the first
time in [4], is the type of the summing neurons, which use
operation of addition for the account of the weighted input
signals.

The second type of the neurons is the type of the multi-
plicative neurons [5], which use operation of multiplication
for the account of the weighted input signals. An example of
one of the kinds of the given class of models is presented in
[6]. In this work both mathematical models were generalized
into a single model, called an abstract neuron and intended
for a hardware realization.

More complex models, such as ZIT neurons, aggregating
neurons [7] and the neurons wih complex synapses can be
reduced to the multiplicative and summing models of neu-
rons. A more detailed review of the existing models is pre-
sented in [8].

All the basic approaches to the realization of the computer
hardware, regardless of the circuitry solutions, can be ana-
lyzed with application of the discrete finite sets. There are no
doubts about the discrecity of the digital circuitry.

The discrecity of the hybrid and analogue circuitry is de-
fined by the signal-to-noise ratio, as a result of which all the
signals below a certain threshold are indiscernible between
themselves, which in turn, leads to a digitization of the set of
their values. Finiteness of the set of the processed signals is
determined by the limits of any hardware realization of the
computing system.

Thus, a description of the hardware realization of the ab-
stract neuron as a computing element is convenient to im-
plement in terms of the finite automatons. Taking into ac-
count the mathematical description of the considered models,
namely, the dependence of the result of the activation func-
tion on the result of operation of the account of the weighed
signals (addition or multiplication), the most suitable is the
use of Moore automaton [9].

1. Analysis of the summing and multiplicative neurons

An artificial neuron is described by the following kind of
aset (n, ¥, X, W, C, 8, A, \), where:
n € N — number of inputs (synapses);
Y < R — a set of the output signals of a neuron,;
x=10x,
i=0
synapses of the artificial neuron;

X < R — a set of the input signals sent to the

W= ,LZJO W, W< R — aset of all possible values of the

weight factors of the synapse;

C < R — a set of the adjustable factors of the activation
function,;

& — operation of the account of the weight factor of the
input signal (multiplication operation is traditionally applied
d(w;, x;) = wiox; wy e W, x; € X);

n
A — operation of the account of input signals Z] (w;* x))
P

n
or l_[ (W['xl+cl), C; € C; Wie I/I/,xle A’;
i=1

A — function of activation of the artificial neuron.
Here in after N N 0 = &.

2. Generalization of the models of the summing
and multiplicative neurons

The dependence of the signal on the output for the sum-
ming neuron looks like the following:

y=k[i w,--xﬁcj, ¢ e C, €))

i=1

while for the multiplicative neuron it looks like the following:
y=k(ﬁ(wi~xi+c,-)j, cie C 2)
i=1

Taking into account what was introduced in section 1, we
have the following descriptions for the abstract, summing and
multiplicative neurons, accordingly:

¥ =g A 30w, %)),

5:RZ5>R,A:R" >R, A, R T; (3)

y= xs[,i wi'xi+cj9

i=1

5:RZ5 R, Z:R" >R, A RP 5 V; 4)

n
5:RP5> R, M:R" >R, %y R V. (5)

The first condition of the equivalence of automatons M,
M, is equality of the of the alphebets of the input X; = X,
and output ¥; = ¥, symbols. The second condition of the
equivalence is obtaining of the identical output signals y; = y,,
y1 € 11, y, € Y, when the identical input signals x; = x;,
x| € X}, x; € X, are set at the automaton input for all the el-
ements of the set of the input signals.

Similarly, we will consider as equivalent the models of the
artificial neurons for which the following conditions are met:
the sets of the input symbols (signals, elements) are equal; the
sets of the output symbols (signals, elements) are equal; when
any input symbol is submitted to two equivalent neurons,
their output symbols are equal.

The presented equation (2) does not coincide with the de-
scription of the abstract neuron (3) due to the presence of
constants in it, we will reduce it to the demanded form.

Since R is continuous (axiom of completeness of R), from
formula (2) for the case of Vx; # 0 the following is true:

n
Vx;#0, 3w, € R(w; *x;=w;*x; + ¢;) = il:[1 W x; =

n
= .Hl(wi'xi+ ) =V Ve Y, X
=
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The conditions of equality of the functions f;, f; are:
Domf, = Domf,, ranf; = ranf,,
vx; € Domf|((fj(x;) = /H(x)) A (Ux;) N Domf; = &)).

Then for implementation of the conditions of equality of
the activation functions at 3x; = 0

n n
Xml([nl Wi 'xi) = }‘ml(inlwi'xi + cija

we will rewrite the functions %, in a different way:

=

n n
y= }‘ml[iHl Wi .xij = xml(inl w; [Hlxi) =
= }‘ml(<v~vin’ Xin>)’

where W;,, X;, — vectors; wW;, = W, X W, X .. X Vf/n and
Xin = Xl X X2 X X XII'

By setting the corresponding value of function A, for
each x;, at 3x; = 0 in conformity with function A,,,((W;,, X;,))

we will get:

n
VXin» Elyj[yj| [J’j = xml[inl Wi X; + Cij] A

AUyc Y)A@Ex; = O)) = AWy X)) =

n
=7»m1[ilr[1wi'xi+ci] =yja UJyj= )?; ng Y.

Since the activation function has no special restrictions to
its form (smoothness, continuity, etc.), it is possible to set it
in a different way 2,,,.

By setting the corresponding value of function A, for
each x;, at vx; # 0 Vx; # 0 in conformity with function
L ((W ;.5 X;,0) we will get:

LAx; = 0,Vy.e Y, Y.cY
y= xm2(<wina X;n)) = yj ' yj o )
yk,in;tO,Vyke Yk’ Yng

K,upnr=g,

thus we will reduce description (5) to (3). The function itself
will look like the following:

n
y= Km2(<V~V,~,,, Xin>) = me(iUI Wi .xij'

The presented equation (1) does not coincide with the
description of the abstract neuron (3) because of the pres-
ence of a constant in it, we will reduce it to the required
form.

Theorem 1. For any model of the summing artificial neu-
ron with the sets of the input X, output Y and inner signals
defined on R, a model of the summing neuron, equivalent
to it, can be constructed without the use of the displacement
constant.

Proving. According to condition » > 1, hence:

n n ¢
y=ta| Towexte| =gl T (wrxel) .
i=1 i=1 n
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Since R is continuous (axiome of completeness of R),
from formula (2) for Vx; # 0 the following is fair:

vx; =0, 3w € R(W[ X =wpx Tt ’%) =

:xsz[i_il(wi .x")J = ksl(,_il ("ﬁ"%‘*i)] = Vi

vx; 20, Vy, e ¥, Y, c Y.

Setting function of 1, we will bring in conformity the val-
ues of function Ay at 3x; = 0 and Vx; # 0, similarly to the
above method, we will receive the necessary model and re-
duce description (4) to description (3):

y= }m[i_il (Wi'xﬁin = ksz(él(ﬂ’i 'xi)j =

Yy X = O,Vyje Yj, ng Y
yk,Vx[;tO,Vyke Yk’ Ykg Y’

(R,Uuynr=o.

The theorem is proved.

Let us prove equivalence of the multiplicative and sum-
ming neurons.

Theorem 2. For any model of the multiplicative artificial
neuron with a set of input X, output Y and weight factors de-
fined on R, a model of the summing neuron, equivalent to it,
can be constructed.

Proving. According to the definition of equivalency, the
sets of the input X, = X,, and output ¥, = Y,, signals of the
artificial neurons are equal (indexes s, m are indexes of the
sets of the summing and multiplicative neurons, accordingly.

Leaning on what was considered above, the equations of
the models of artificial neurons can be rewritten in the fol-
lowing way:

y= xs(iil (w,»x,-)j, ©

y= km(iﬁl W,-'xl»j. 7

From density R at Vx; # 0 the following is done:

n n
EHT/I- S [R, (}\.S( Zl Wi 'xlj = }\.m(nlwl'xljj.
i= i=

By setting function A and brining the values of the func-
tion at 3x; = 0 in conformity with the activation function 2,
at 3x; = 0 we get the sought-for model.

y= xs(iil(wi .x,.)j = xm(iﬁlwi.xij -

_ {J’paxi =0, V,Vje Yj, ng Y

yk,in?ﬁO,Vyke Yk’ Ykg Y’

(K,urnr=o.

The theorem is proved.




A reverse construction of an equivalent model of the mul-
tiplicative neuron for the model of the summing one is also
possible, in view of absence of the restrictions concerning the
types of the function and equality of the sets of the input and
output signals.

The presented equations (6) and (7) can be considered as
special cases of the model of the abstract neuron (3).

Equivalence of the models of the artificial neurons, in-
cluding the variables defined on R, do not guarantee their
equivalence during definition of all the variables on N, be-
cause N has no continuity.

Considering the condition of finiteness of any hardware
realizations, we will prove the equivalence of the models of
the elements defined on the finite sets from N.

Theorem 3. For any model of the multiplicative artificial
neuron with finite sets of input X, output Y and internal var-
iables (W, C), defined on N, a model of the summing neuron,
equivalent to it, can be constructed.

Proving. Sets of X; = X, = X, Y, = Y,, = Yare equal by
definition (s, m are indexes of the summing and multiplica-
tive neurons). A result of the function of account of the
weight of synapse is a finite set because of the finiteness of
sets of W, X,,, C,,..

A result of the finite n-D operation of multiplication for
account of the weighted input signals is a finite linear or-
dered set DomA,,, because all the elements of the operation
belong to N.

For equivalence of the models, an equality of the output
signals (symbols) of both models depending on the identical
input signals (symbols) on all the set of the possible input sig-
nals, is required.

Since there are no restrictions on the value of constant ¢
in the model of the summing neuron, the model can be re-
written in the following way:

n n
y= )‘s(iz1wis.xi + C\) = }”S[iz](wl's'xi + cis)]’

n
c= Yc
i=1

is

Since the sets of W,,, C,, are finite, we can select such
elements of w;,, c;,, which will ensure a linear ordered set of
Dom), as a result of n-D operation of addition for the model
of the summing neuron, having the same order and power as
Dom),, set depending on the input signals of X.

Since [Dom{ = [Domh,,| and their elements have the
same order, depending on the input signals, we can set func-
tion A, (coparing) the output elements Y and elements of
Domi, set, exactly in he same way as function 2, That is, let
us take the smallest element min(DomA) from Dom, and
put in conformity with it the element from Y corresponding
to element min(DomA,,) by function A,

Let us take the next smallest element
min(DomA\min(Dom)) from DomA and put in conform-
ity with it the element from Y, corresponding to element
min(DomA,\min(Dom3,,)) by function 2,

We will repeat the above actions for each next smallest
element, till we put all the elements from Yin conformity with
all the elements from Domhi,. The received model will be
equivalent to the model of the multiplicative neuron. The the-
orem is proved.

If necessary, more complex models of neurons, such as
XII-neurons or aggregating neurons, and many other ones,
can be reduced to the abstract one.

We do not consider the given neurons, because of the ne-
cessity to use a bigger number of the memory cells in case of
a hardware or program realization of these models (memory
for storage of the additional variables), which evidently in-
creases the costs of their realization.

Introduction of additional operations (aggregating and
>II-neurons) obviously (in a general case) increases the
number of the realized operations for calculation of the out-
put signal, which sets the question of a possibility of applica-
tion of the given models for a wide range of problems and is
a topic of a separate article.

3. Model of the finite automaton of an abstract neuron

The given section presents formalism for description of
the abstract neuron. In view of the finiteness of any hardware
realization, the description is presented in terms of the the-
ory of the finite sets. Since the basic abstraction during con-
struction of the computing systems is the automaton, the
formalism is constructed on the basis of Moore finite au-
tomaton.

Moore automaton is described by the ordered set of
A= (S, 8, X, Y, 8, »), where § — set of the internal states
of the automaton, S; € § — initial state of the automaton,
X and Y — sets of the input symbols and a set of the output
symbols, accordingly; A: S x X — § — function of transition
into a new state; A: .S — Y — function of output of a symbol.
Behavior of the automaton is defined as s’ T | = A(s, x') and
¥ = A().

Let us introduce a formal description the abstract neuron
in terms of the finite sets. The finite automaton of the ab-
stract neuron (FAAN) can be described by a set of finite sets
(N, E, W, Q, A, A, T),

where: N — set of indexes of inputs (control inputs and
synapses), N € N; E —alphabet including the alphabet of all
possible input symbols £;,, . and alphabet of all possible out-

put symbols E u kE E=F, UE EcN;

output output input output
W — linearly ordered finite set of all possible values of the
weight factors of the information inputs (synapses), W< N;
Q — area (set) for definition of the activation function,
DomA = Q, QO « N; A — operation of the account of the

npu.

weighed input signals K S (w;, Ej)), i € N depending on op-
i=1

eration of account of the weight signal factor of each input
(synapse 8;(w;, Ej), E; e E; A — set of the activation func-
tions realized on a given neuron |A| e N; T — set of functions
of variation of the functions’ parameters A, A and t; € T,

|T| € N of the artificial neuron.

On the basis of Ej,,, the subsets of the input information
signals E;, are formed as well as the sets of the control signals
E, suchas E;,, ;= E;, U E,. In a general case, at a hardware
realization, it is not always possible to divide the input sig-
nals into the control and information ones.

Taking into account the fact that the signal of output of
the artificial neuron can move to its input or contain the
control symbols sent to the other neurons, we have the fol-
lowing correlations: Ej,,,; N Ey 1 # Dy Ejpypyr N Egpypp = 9,
and E;,,,, = E,,;, The set of the input symbols of each
i-input can be described as I; = {(E;,, E)((E;,, = @) r (E, =
D) v (Eyy = ) A (B, = D) v (Eyy = D) A (E,= D))},
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i € N. For example: supply of a signal above a certain thresh-
old can not only transform the memristor in a new state of
conductivity, but it can also be recognized as an information
signal.

Sets of symbols on various inputs form the alphabet of the
input vectors of a neuron I;, = {(i;, ..., ik)|ij ely, .. iel,
Ujlj = Il’ veey Uklk = Ii’l}’ n=N.

The alphabet of the input symbols looks like the following
0= {0,-|0[- = (eouﬂ er)7 Cout € Eout’ ér € Er’ Eout U Er: Eoutput}7
where E,,, — is a set of symbols of the information output sig-
nals. Summing up all the above, the alphabets of /;,, and O can
be put in conformity with the sets of the input and output
symbols of X and Y and Moore automaton.

Taking into account a possibility of realization of several
functions on one neuron, the activation function of FAAN
L; € A, i € N is defined by the following dependencies:

20— O, 8)

o' = 14q")', &)

which allows us to put in conformity the given function of the
output function of Moore automaton.

All the possible combinations of the weight factors on all
inputs of FAAN can be presented in the form of the vector

V="{lv;= (W, .., wo), w e W, wee W,
ijj= Wi, .., Uw, = W}, neN,
where W, — subset of the weight factors of every / synapse.
The internal state of the abstract neuron is described by the
following set VXAXAXT.

The function of account of the weighted input signals A is
a given one on the set of /;, XV and looks like the following:

AL}V - O, (10)
n
¢ = A Bvp, i) (1D

The function of variation of FAAN parameters t; € 7,
i e N in the most general form is described as
150 E,.— VXAXAXT. (12)

The dynamics of the variation of parameters looks like

t+1
(Ui s

t+1
7, €T,

P S TS I
A ) 7“[ ) Ti )_ Tj(li)a

e T (13)

The function of transition of FAAN into a new state is
a result of two independent from each other functions (11)
and (12), which can be presented in the following form:

t+1 t+1 tr+1 t+1 t+1 _
(q 5U[ aA ’7\'1 51[ )_

n tout .
= (,Al(S(vi, i, Tj(l[)lja (14)
i-
which allows us to put in conformity the transition function
to Moore automaton.

The initial state of FAAN is expressed through (11)
and (13) with an empty set of signals at the input:

[ AKI(S(vﬁzo , @) = 0)r=0 rJ(Q)’: Oj, where £ = 0 — values
P

in the initial moment of time.
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Proceeding from all the enumerated above, FAAN can be
put in conformity to Moore automaton (see the table).
Minimal realization of FAAN is presented in fig. 1.

4. Properties of synapses of FAAN

The following situations are possible, when the set of £,
and its subsets of the values of the input signals of i synapse

n
are set £, = U Ej, E; = {eje; € E;,}, n — number of bonds
for which w; = 0 is true at 8(w;, e;) = w;* e;.
For the information signals of i inputs (sinapses) various

situations are possible when they are set. Elements of various
sets of £, are equal among themselves

\2 (e, < ej)) = \V/el € El’ ‘V’ej € E}(el = ej)

For example: to the 1st input the information about the
color is sent (red, green etc.), to the 2nd input the informa-
tion about the form (sphere, parallelepiped, etc.) is supplied.

Elements of not all the subsets are comparable between
themselves E; U E; = E;,, Je; € E, ¢ € E((e; » e) v
v (e; # ej) v (e & ej)). The signals sent to one of the inputs are
not comparable with the other ones.

The order on the elements of the subsets can be non-
rigourous Ve; € E;, Je; € E,((e; > e) v (¢; < ¢)) =
= (£, N (Uej) = ). All the signals supplied to the inputs are
comparable with each other. The output of at least one neu-
ron (input neuron) is connected with the input of at least one
more neuron (for a minimal network, more than one neuron
is necessary).

In a general case, a set of the output information signals
of neuron £, can have a power which is different from the
power of the input signals of the subsequent neuron Ej,, for
example, the range of voltages on the output of 1...3 V of the
first neuron is sent to the input of the second neuron, receiv-
ing signals in the range of 2...3 V. Then it is obvious, that the
input signals in the range [1, 2) should not be considered as
information ones.

The given case is formally described by application of the
characteristic function to a set of the entrance information

m

n

signals of every synapse: y Efe;), e; € E|, ,UIE,- = E, , where
P

the values of function yE;e;) = 0 are not considered in the

given neuron.
On the sets of information signals of synapses yE{e;) = 0,

n
taken into account by the neuron receiving them U | E;=E,,
iz

|E] > 1, a linear order can be set. In case if the order is not

set, all the signals (or a part of them, in case, if a not strict
order is set) will be indiscernible among themselves.

Summarizing all the described above, it is possible to con-
clude the following — the input information signals on dif-
ferent synapses, on the one hand, can be incomparable among
themselves, on the other hand, the set of the signals of every
synapse is described by a characteristic function. A result of
this is definition of the optimal power of the sets of the in-
formation signals for a general case:

n
U1E~=E

=1 in>

|E| = |E,,| = 1.




Absence of a bond can be set through the value of the
weight factors of synapses w; = 0 at 8,(w;, i;) = w;* i;. Since the
set of the weight factors W is linearly ordered also for all the
nonexistent bonds w; = 0, then the elements of the set acquire
the following values:

x W) = 0 for the absent bonds,

min(W)) = k, where k € N is a certain constant.

min( W \min(W))) = k,, + h, where h> k, h € N is a certain
constant and W; = {wjlw; , | — w; = h}.

The traditional approach to realization of the account of
the weight of the input information signals of each i input is
multiplication by its weight factor

mn» »

n
6:Wi'ei—)N,eiEEi, U EI=E WI-EW
i=1
n
U w=w
is
At a parity of elements of the set of ¢; € E,,, w; € W, set

by a constant, identical for both sets, the maximal possible
capacity of the sets in a limiting case is defined as follows:

vei+1 e E;

in Vel (S E

i YW+ € W,
VM{]'E I’I/((el+1_el=h)/\(wl+1_WI=h))3

= [DomA| = |E, | |W].

Increase of the power of the set of the area of definition
of DomA FAAN at preservation of the power of the sets of
E;,, Wis possible at the expense of setting the task of a non-
linear dependence between the elements W € w.

The first of the possible ways is to put in conformity to
the elements of set W the elements of the linearly ordered
set with a nonlinear dependence, for example: W= {& = 0,
wi=lLwy=nt+1l,wy=n-w,+1, .., wi=n-w_+ 1},
where n — munber of bonds for which W% 0 is fair. The above
method increases maximally the power of the definition area
of DomA FAAN during a hardware realization.

Among the drawbacks of the approach are a full absence
of a possibility to set a linear dependence by the input signals
on the synapses, which limits its application in the hardware
realizations intended for construction of networks on the basis
of FAAN.

The second method can be defined as an introduction of
nonlinearity between the subsets of set W, and it has the fol-
lowing scheme of the task:

W= {@ZO, lel, W2:2'Wl,...,
Wi:i'Wl, Wi+1:n'wi+1, Wl'+2:2'wl'+l, ceey

Wl'+j=j°wi+1,..., Wk+l=n'Wk+ 1, veny
i J /
Wi 1= W ady, Uowp =W, Uw=W, .., Uw=

Wy Uy, = W,

where n — number of bonds, for which w; = 0 is fair.

The approach is a compromise between the possibility to
set linear dependences at the account of the input signals on
synapses and an increase of the power of the set of DomA
FAAN. The nonlinear dependence between the input signals
E;,, also leads to an increase of the set of DomA and can be
described by one of two variants considered above for the set.

5. Formalism of the artificial neural networks
on the basis of FAAN

Formalism of description of the network on the basis of
FAAN is defined by a tuple (E, W, O, A, A, T) without the
use of M.

Let us demonstrate this. The used concepts of the input
neurons can be extended not only to the information inputs
(synapses), but also to the control inputs. Using the given
condition, we will receive a single description of the control
and information inputs, for the case of a hardware realization
of the Harward architecture of construction of the computing
systems.

Having defined that the output signal of each FAAN is
sent to the input of all the other FAAN of the network, we get
a fully connected network. Having set the values of the
weighted factors of synapses w; = 0, for the nonexistent bonds,
we get a description of the artificial neuron network (ANN)
without the use of N set.

The classes of the functions realized on FAAN depend
directly on the power of set Q. Set Q is a linear ordered
set of DomA from one side and the area of values of A
from the other side. For the case of |E;,| = 1 the following
situations are possible. Since DomaA is linearly ordered and
Va e DomA(A(g; 1 |) > A(ay), then at | Q| = 1 only realization
of the threshold function is possible.

At |Q| = 2 realization of the threshold, linear and RBF
functions is possible. The threshold function can be set by four
methods, the first two of them are the following:

Vi € A((MmaxQ) = 1) A (M(¢g;) = 0, g; # maxQ)),
Vi e A((MminQ) = 0) A (M(g;) = 1, g; # minQ)).

Inverting of the values of function A from 0 to 1 gives two
other ways.
The linear function is set as follows:

Vge O, Vi e A((Mgi+ 1) >Mg)) A (qi+1>9)) v
\% ((M‘]i + 1) < 7\((],')) N (q,~+ 17 C],')))~

RBF-function is set as follows:

VL € A(((Mgp) > Map) A (Mgp) > MD))) v
v (Mg < Map) A (M) < MD)))).

The minimal necessary power for setting of the periodic
functions is |Q| = 3.

The hardware realization of setting of the periodic functions
can be implemented by a modification of the function of ac-
count of the weighed input signals with application of operation
of taking by the module A(3(w;, 7)) = mod (Z;5(w;, i;)),
where d — size of period on DomA.

A result of application of the modified function will be the
value of the beginning of the current period. By setting of the
corresponding values, E,,; can be presented in the form of
RBF, linear or threshold functions in the current period.

In the limiting case [DomA| = |Q|, which allows us to set
not only linear, threshold, nonlinear, RBF, or periodic func-
tions, but also almost periodic functions.

Inclusion into the FAAN model of the set of functions
of variation of 7 parameters allows us to take into account
in the algorithms of training of FAAN network the variations
of the activation function in the process of training of the
network.
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This, for example, includes transition from the threshold
functions to the linear functions, transition from the linear
functions to the nonlinear functions (sigma function set on a
discrete set) and RBF function; transition from RBF- and
nonlinear functions to the periodic ones, and also transition
from the periodic functions to almost periodic functions dur-
ing training of ANN.

The available description of FAAN is applicable for de-
scription of the work of the synchronous artificial neural net-
works. The networks, in which all the neurons are activated (or
not activated) during one moment of time, after which the data
of the variables are nulled and a new cycle of operation of the
network begins.

An attempt of an asynchronous description of the work of
a single FAAN is impossible in view of absence of an object
for comparison, which allows us to draw a conclusion about
its practical uselessness. A hardware realization of the pro-
posed model of FAAN (hybrid circuit solution) in the mini-
mal composition demands for the realization a set of two units
of registers (fig. 2).

Unlike individual FAAN, the networks on their basis can
have an asynchronous mechanism of operation. Generaliza-
tion of the FAAN networks for the case of an asynchronous
operation of the network demands introduction of changes
into expressions (9), (11).

The introduced changes should take into account a pos-
sibility of adjustment of the actuation time of the activation
function of FAAN ¢, and/or possibility of the account of the
previous state by function A. The equation of variation of the
states of FAAN described by equation (11) and the equation
of the dynamics of output of symbols (9) for the asynchronous
networks of FAAN acquires the following form:

t t
o' =) (15)
n
A N CC AL (16)

The unit-by-unit composition of the hardware realiza-
tion of FAAN for the asynchronous networks is presented in
fig. 2.

Conclusion

The generalized model of FAAN makes it possible to
model a wide set of the artificial neurons with various acti-
vation functions, which during a hardware realization of
FAAN guarantees a relative universality of the technical so-
lution and a wide set of opportunities for the network de-
signing.

Construction of a model on the basis of the finite sets al-
lows us to count the necessary number of the neutrons (for the
known algorithm of operation of the network), proceeding
from the data about the sets, on the basis of which the FAAN
networks are realized, or to implement an optimization of the
available networks.

The networks constructed on the basis of the proposed
models can recognize not only images, but also the mathe-
matical operations of addition, subtraction, multiplication,
etc. Realization of the mathematical operations allows us to
apply a part of the network resources (having realized algo-
rithm of training in a subset) for training of the other part of
the network without application of the classical (Neiman and
Harward) architectures.

The proposed FAAN model allows us to consider in the
training algorithms of the variations of the activation func-
tion of FAAN and to construct an algorithm automatically
generating a network with the optimal activation functions
of the neurons. Besides, the generation of the FAAN net-
works (by means of application of the training algorithms),
there is a possibility of setting an algorithm for operation of
a network with a dynamically changing activation functions.

The author of the article expresses his deep gratitude to Igor
Matiushkin, employee of the Department of Functional Elec-
tronics of NIIME and to Dmitry Telpukhov from IPPM of RAS
Jor their valuable observations and discussion of the material of
the article.
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V. K. I’kov, A. O. Mikhalev, M. V. Maytama
«ARSENIDE AND NITRIDE GALLIUM SWITCHES»
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Pre. 4. Cxema BKIOYIeHAS €MKOCTHOTO IyHTHpPYOMero MIMC-nepekmodaTtesis
¢ KpeluleHHeM MeMOpPaHbI B BHJIe MeaHIpa

Fig. 4. Switching circuit of a capacitive shunt MEMS switch with a meander membrane
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Puc. 6. i3mepennast 3aBHCHMOCTE H30/SIAA y3konodocabx CBY koMMyTaTopa
ot Jacrotel ;1 1ByX CBY KoMMyTaTOpOB cHTHAIOB

Fig. 6. The measured dependence of isolation of a narrow-band microwave switch
on frequency for two microwave signal switches
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