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CKAHUPOBAHME NMOBEPXHOCTU KPEMHUA B BLICOKOBOABTHOM POM

bE3 KOHTAMUHALINMU

Ilocmynuna 6 pedakyuio 17.02.2017

Boicmynut Ha nosepxHOCMU KPeMHUEBOU NAACMUNBL, NOKPLIMOU eCmeCcmE8eHHbIM OKUCIOM, CKAHUPOBANU 8 BbiCOKOBOALIMHOM
Dpacmposom 21eKmpoHHoM mukpockone (POM) 6 HenpepvleHom pexcume U ¢ nay3amu 8 Heckoavko munym. OKkazanocs, umo cmeHa
pexscumMa CKAHUpOBanUs CyueCmeeHHo 6ausem Ha OUHAMUKY (OpMUPOBAHUS KOHMAMUHAYUOHHOU NAEHKU HA NOBEPXHOCMU Gbi-
cmynos. Buisaeunocs, 6 wacmuocmu, umo Henpepovieaemoe CKaHUpogaHue npusooum K nPAKmMu4ecku nOAHOMY OMCYMCMEUI0 KOH-
mamuHayuy. YcmanoeneHa césa3b mMeicoy OUHAMUKOU QOPpMUPOBAHUS NACHKU U IMUCCUell 6MOPUUHBIX INeKMPOHO8 U3 NOGepX-
Hocmu evicmyna. Bapuayus smuccuu cészana, npeodnoaodcumensHo, ¢ eapuayieli 1eKmpu4eckoeo 3apsaoa noo HOBEPXHOCMbIO Gbi-

cmyna ecaedcmeaue cmMeHbl pexcuma CKaHupoearnusl.

Karoueevie caosa: nanomemponoaeus, pacmposbiil 21eKmpoHHbii mukpockon (POM), peavepras cmpykmypa, konmamunayus,
HageOeHHbLU IneKmpu4eckuil 3aps0, duamemp 31eKmpoHHO20 NY4KA

BBenenune

Haxe B BBICOKOBaKyyMHOM POM Ha moBepXHOCTU
KPEMHHEBOU MIACTUHBI, CKAHUPYEMOM 3JIEKTPOHHBIM
IMYYKOM, 4acTO (DOPMUPYETCS YIJIEBOAOPOIHASI KOHTA-
MUHauuoOHHag IuieHKa [1]. ITokpeiBas peiabedHYIO
CTPYKTYpPY Ha 3TOM IJIacTUHE, MJIEHKA M3MEHSIeT ee
JIMHEWHbIE pa3Mepbl (IUMpPUHA BBICTYIIOB YBEIMYMBA-
ercs). KoHTaMmuHaiyst ocobeHHO BpeAOHOCHA JIJIsl Me-
pbl IMpUHBL. ECiu nmpu KOHTpoJIe IMHEWHBIX pa3Me-
poB UC B POM 1mpuHa BhICTYNa U3MEPSIETCSI OQHO-
KpaTHO, TO aTTeCTOBAHHBIN Y4YaCTOK BELICTYIIA MEpPHI
CKaHUpYyeTCs, KaK MpaBUj0, MHOTO pa3 MpHU KaXmoi
MoBepKe (IS U3MEPEHUST CPEIHETO 3HAYEHUST U CITy-
YaiHOM MOTPEIIHOCTU) U OOBIYHO C MHOXECTBOM I1O-
BEPOK /10 OKOHUYAHMUSI CpOKa aTTecTauuu Mepbl. MHO-
TOKpaTHO€ CKaHMPOBAaHME OJHOIO y4yacTKa CIIOCOOHO
BBIBECTH 3HAYEHME €ro IIMPUHEI 3a MpPeaeibl JOITyC-
TUMOI1 TIOorpelrHocTy u3MepeHusi. OueHKa BpeIoHOC-
HOCTUM KoHTamuHauuu ans mepsl MILTIC-2K 6bu1a
npoBepeHa B padore [2]. TaM BbISIBUIOCH, YTO OOITYC-
TUMOE YHUCJIO U3MEPEHUI IO IOCTUXEHUSA NPENEsoB
MOTPEITHOCTY MOXET JocTturath 360. OMHAKO 3TH BbI-
BOJIbl OCHOBaHbI Ha MaJIoil BHIOOPKE: BCEro JISI He-
CKOJIbKMX BBEICTYITOB JIMIIIb HA omlHOM POM B ogHOM
peXuMe CKaHMpoBaHUS. BBIBOIBI 3TU CAEIaHBI B Op-
raHW3aInM, KOTopasl aTTecTyeT Mephbl M TTO3TOMY ITO-
TeHLMAJbHO 3aMHTEPECOBaHa B ONTUMUCTUYHOM OLIEH-
K€ BIMSHWS KOHTaMUHALIAW.

Henonyctumoe yiumpeHue BbICTyIIA BCJEICTBUE
KOHTaMUHAILIMX MOXHO UCKJIIOUUTH ITPU 3aMEHE yJac-
TKa CKAaHUPOBAHUS BBICTYIIA HA COCEAHMI y4acToK [2].
OnHako MCXOAHAsi HEPaBHOMEPHOCTh ILIMPUHBI Ha
pPa3HBIX yyacTKaX BBLICTYIIA MOXET IOTpeboBaTh Ipo-
BeJIEHUSI METPOJIOTMUECKO aTTecTallud HOBOTO y4acT-
Ka. OTpaHUYUTh BIMSHUE KOHTAMMHAIIUY HA ITUPUHY
BBICTYIIa MOXXHO OUKMCTKON IMTOBEPXHOCTU MEPHI, MepU-
OIMYECKHU yHIalidsl C Hee IUIEHKY. Takas ouMcTKa, Of-
HaKO, MPUBOIUT K MCKAXEHUIO MCXOAHOTO MPOpus
BBICTYNA U K U3MEHEHUIO ero IUpuHHI [3].

B paborte [4] GbU10 TTOKAa3aHO, YTO B OIpEIeJICHHBIX
pexXuMax CKaHMpOBaHUs IOBepXHOCTM B POM Bo3-
MOXHO TOYTHU IOJHOE OTCYTCTBHME KOHTaMMHAIIMOH-
HOTO yIIMpeHus1 BbicTyna. Ho KapTuHa 3TOro siBje-
HUSsI, YCJIOBUSI €70 BO3HUKHOBEHUSI OCTAIOTCSI HESICHBI-
mu. llens panHOII pabGOTBI — BBIICHEHUE IIPUYMH,
MPUBOASIIUX K OJJOKUPOBKE OCAXKACHUST KOHTAMUHA-
LIMOHHOW TJIECHKU Ha MOBEPXHOCTU KPEMHMUSI.

Ouem(a BJIMAHAA KOHTAMMHAIIMMA HA NIMPHHY BBICTYNA

KoHTaMMHallMOHHOE yllIMpeHre BbICTYIa COCTaB-
JIsIeT 1oJIM HaHoMeTpa 3a ckaH [5]. Heobxoaumo co-
3M1aTh METOAMKY U3MEpPEeHUi, KOoTopasi YMEHbIlaeT
BJIVSIHME B TOM YMCJIE U CUCTEMAaTMUECKMX OLIMOOK Ha
3HAUCHUE YLIMPEHUs. YIIIMPEeHUEe BHICTyNa B Pe3yib-
TaTe ero KOHTaMUHALMM OymeM B3KCIepUMEHTAJbHO
OIpenessaTh 0 U3MEHEHMSIM €ro LIMPUHBI Ha KPUBOM
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Puc. 1. Kpussie Buneocurnana 1—4 nas coorsercrsenno 1-, 6-, 60- (cpasy 3a npodHoii nay3oii) u 66-ro ckano (cumsoaamu D, u D, nioMeyeHbl
3HayeHns 3¢ deKTUBHOrO AMaMeTPa, COOTBETCTBYIOMIME H3MEPEHUSAM N0 BepXHEMY M HIXKHEMY YIJIaM BBICTYNA): @ — MPU CKaHUPOBAHUU B pe-
krMe 6e3 Tay3 (BUIHO MOYTH OAMHAKOBOE YMEHBIIEHNE aMIUIUTYIbI VTSI BCEX YIaCTKOB KPUBBIX C YBEIMUEHUEM YKCIIa CKaHOB); b — TO XKe,
HO TPY CKaHMPOBAHMHU C May3aMU. 3aMETHO HepaBHOMEpPHOe yBeJanyeHue aMIuiuTyabl BC Ha G0KOBBIX yyacTKax Mpoduiis OT Yucia CKaHOB

Fig. 1. Curves of the video signal (VS) 1—4 for accordingly 1%, 6™ 60™ (right after a trial pause) and 66™ scans (symbols D, and D; — effective

diameter, corresponding to the measurements at the top and bottom angles of the protrusion): a — during scanning in the mode without pauses (almost
identical reduction of the amplitude for all sites of the curves with an increase of the number of scans is visible); b — the same, but during scanning
with pauses. A nonuniform increase of VS amplitude is visible on the lateral sites of the profile from the number of scans

BuaeocurHaia (BC) (monyyeHHoir uz3 POM-u3obpa-
JKeHHUs 3TOTrO BBICTYIA) MPM IOCIENOBATEIbHBIX €0
cKaHUpoBaHUsIX (Kak u B pabore [5]). [HuprHa BbI-
cryrma W onpenensiercsa B pabore [6] kak

W= L— D, (D

rame L — paccTosHHMe MeXAy NMUKaMW aMIDTATYIObl Ha
kpuBoit BC; D — 3HaueHue 3(p¢peKTUBHOrO auaMeTpa
MyykKa, ollIMOKa B KOTOPOM CIOCOOHA BHECTU BKJIaJ B
3HAYEHHE YIIMPEHUS.

OTMeTUM, 4TO U3MepeHne 3PHEeKTUBHOIO AUaAMET-
pa nyuka D siBisieTcsi, o-BUAMMOMY, HanboJiee CI0X-
Hol1 3agaueii B POM-MeTpoioruu, Tak Kak my4okK, Bbl-
XOISIIINI 13 BbICTyNA U (DOPMUPYIOLINI ero n3obpa-
JKeHUe, He COBMAaaaeT HU Mo pa3Mepy, HU 110 (popme ¢
magatommM mydkoM POM [7]. Ho B ctanmapte PO [8§]
3HaYeHUe auamMeTpa Ityuyka POM omnpenpensieTcsa B co-
OTBETCTBUM C YIPOILEHHOI! MOAEJbIO (POpMUPOBAHMS
POM-uzobpaxenus [6]. B aToii Mogenu njist uaMepe-
HUS AMaMeTpa BBIACISIIOTCS OTIEIbHbIE YYaCTKU KPU-
Boit BC, cooTBeTcTByOIIME yriiaM BbIcTyna. JIuHei-
HBIM pa3Mep 3TUX YyUYaCTKOB OINPEAENISIeTCS JUIIb AUa-
METPOM 3MUTUPOBAHHOTO ITyyKa (B MOJIEIU allpUOPHO
paBHOro mnagampliiemy) u yBeandeHuem POM. Mupu-
Ha 3TUX YYaCTKOB ONpenessieT aghpexkmueHoe 3Hauerue
auameTpa Immydyka D.

B cornacum ¢ [9] cyluecTByeT NpUHIMIIMAIbHAS
BO3MOXXHOCTb M3MepPATh D 1o ydyacTkaM KpuBoii BC,
COOTBETCTBYIOILIMM U BEPXHUM, U HUKHUM YIJIaM BbI-
cryna (puc. 1, a, b). OnHaKo aBTOPbI MOJEIU AT PUOPHO
onpenessioT 3PMOEeKTUBHBINA IUaMeTp I10 y4acTKaM, CO-
OTHECEHHBIM TOJIBKO C HMKHUMM YIJIaMM, YTO U pea-
JIM30BaHO B paborte [8]. Hanee aTa BenruyrHa 0003HAYa-
erca Kak D, (puc. 1, a). DbdeKTUBHBIA 1nameTp, oIl-
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pemesleHHBIN 110 y4acTKaM KPUBOM COOTBETCTBYIOIIM
BEpXHeMY OcHOBaHUIO D, (puc. 1), U3MepATH CJI0XKHEE
U MeHee HalexXHO. DTO 0COOEHHO 3HAYMMO ISl CITy-
yasi, Koraa AMaMeTp Iydyka okoyio wiu MeHee 10 HM u
IIMpUHA BEPXHETO OCHOBAHMS BhICTYIA OJIM3Ka K 3Ha-
yeHuto auametpa (mist MILTIC — or 30 uMm [8]). Ort-
METHM, UTO MOAEIbIO peabedHOU CTPYKTYPHI B paboTe
[9] aBnsgercs mmeanbHas paBHOOeIpeHHAs! TpaIlelus
6e3 orpaHMYEeHWI Ha IMUPUHY BEPXHETO OCHOBAHMSI.

B pabGote [7] BBISSICHWJIOCH, YTO BBICTYI Mepbl
MIIIIC unpeanbHOM TpaleLeil HE SIBISIETCS, a €ro
KOHTAMUHALIMOHHOE YIIUPEHUE HEPaBHOMEPHO: Y
BEPXHEr0 OCHOBAHUSI OHO MPOUCXOIUT aKTUBHEE, YEM
Yy HUKHero. B pesynbTaTe mpy MHOTOKPaTHBIX CKaHU-
poBanuax D, usMenderca ciaabee D, [5]. Mcnonbso-
BaHue caabo MeHsmwowelica D, 1 onpeaeaeHus Hin-
puHbl WB pabote [8] MeToauuecKu HalexxHee, HO BENET
K pe3yJIbTaTy, KOTOPBIi He CBSI3aH C peaJbHbIM IPpodu-
JIeM KOHTaMWUHHUPOBAHHOTO YIJIa BBICTYIIA Y BEPXHETO
OCHOBaHUS U ero mzobpaxeHuem. B pabore [5] Obuia
oLeHeHa pasHuua Mexny Dy u D, 1s BbICTyIa TECT-
o0bekTa mepbl MIITIC-2K. Oka3anoch, 4To OHA MO-
XeT cocTaBUTh 5...10 HM yxXe INpM MEepBbIX CKaHaX
(10 bopMHUpPOBaHUS TUIEHKU C MOJOOHOI TOJIIMHONM).
C pocTOM TOJIIMHBI KOHTAMUHAILIMOHHON TUIGHKM 3Ta
Pa3HOCTh MOXET U YBEJIUUMBATHCS, U YMEHBIIATHCS.

Takum oOpazoM, TMHAMMKA U3MEHEHUS BEJIWYUH
D; v D, cnoco6Ha BHECTM CYLUECTBEHHBINA BKJIaL B
MTOTPEITHOCTh U3MEPEHUSI KOHTAMUHAIIMOHHOTO YIIIH-
peHus. B yactHocTH, OOHapyXeHHOE SIBJIeHHE OTCYTCT-
BUSI KOHTAMWHALIMU B XOJ¢ CKAaHUPOBaHHUSI BBICTYIA
MOXET ObITh Pe3yJbTaTOM OAHOBPEMEHHOIO pocrta L
u D B ¢popmyne (1).
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Puc. 2. Mismenenue 3na9ennii 3)(eKTHBHBIX 1MamMeTpoB nydka D, n D, npn MHOrOKPaTHOM CKAHHPOBAHWM BBICTYNA: @ — B PEXMME C NTAy3aMHu;
b — 1o Xe, HO 6e3 may3. Ctpenakoi o003HaueHa TecToBasl rnay3a Ha 5 MUH. BuaHo, uto B pexume 0e3 may3 TpeHIbl B 3HAUEHUSIX BEJTUUMH

OTCYTCTBYIOT

Fig. 2. Variation of the values of the effective diameters of beam D, and D, during repeated scanning of the protrusion: a — in the mode with pauses;
b — the same, but without pauses. Arrow points up to a test 5-min. pause. It is visible that in the mode without pauses the trends in the values are absent

Ormerum, yro D; u D,, COOTBETCTBYS pasmepy
My4YKa 3JEKTPOHOB, BBIXOASIIETO M3 YIJIOBBIX y4acT-
KOB TMOBEPXHOCTU BBICTYIla C pa3MEpPOM HECKOJIbKO
HAHOMETPOB, MOTYT IOCIYXUTb Apyroit meau. OHU
CIIOCOOHBI CTaTh BEJIMYMHAMM, KOTOPbIE PETUCTPUPY-
10T U3MEHEeHUS PO Tparneluuu Ha 3TUX ydacTKax
BCJIEACTBUE OCaXKAEHUSI KOHTAMUHALIMOHHOM TIJIEHKU.

VYcaoBus 3KcnepuMenTa

st 5KCTIepuMEHTOB MCITOIB30BAINCh TECT-00hEK-
TbI Mepbl 1upuHbEl MIITIC-2K [7]. BeicoTa cTynieHb-
KU paBHSIAch ~460 HM, IIMPUHA BEPXHETO OCHOBAaHUS
~330 M. CxkaHMpOBaHUS BBICTyIAa MPOBOAUIU B BbI-
cokoBakyyMHOM POM S4800 (Hitachi) npu sHepruu
anekTpoHoB 20 k3B u yBemmuenun 30.000x. Pa3spe-
IIEHWE TI0 TACIOPTY COCTABISIET ~1 HM IIPU SHEPTUU
myyka 15 xkaB. Pasmep mukcens coctaBmi ~1,65 HM
rnpu pasmepe Kaapa 2560 X 1920 nukceneit. ITpogo-
JKUTEJIBHOCTb OMHOTO CKaHUpOBaHUs ObL1a okoso 10 c,
a may3bl — 2 MUH.

M3o6paxeHus BBICTYIIOB MOCJIE KaXI0ro CKaHUPO-
BaHMS1 (PUKCUPOBAIUCH B OLUM(PPOBAHHOM BUE B KOM-
NblOTepe, IMocje yero odpadaThIBAIMCh C MTOMOIIBIO
MIporpaMMBl aHAJIM3a M300paXeHW Ha OCHOBE IIPO-
rpamMHoii atgopmbel NDPL [10]. Pa6oTa niporpam-
MBI HauMHAaeTCs ¢ (QOPMUPOBAHUS KPUBBIX BUICOCHUT -
HaJla 10 CTpoKaM M300paxKeHus BeIcTyIa. Jajee mpo-
BOJAUTCS ycpeaHeHue KpuBbix BC 1o BceM cTpokam
ogHOTO u300paxkeHus. YcpeagHeHHas: KpuBass BC uc-
MOJIb30BaAIaCh ISl MOJydyeHUs 3HaYyeHU 3pdekTun-
HBIX JTUAMETPOB.

Pe3yabTaThl 3KCHEpUMEHTA

CkaHupoeaHnue 6e3 konmamunayuu. B pabote [4]
ObLIO OOHAPYXKEHO, YTO KOHTAMUHAIIMOHHOE YIIUpe-
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HHe OTCYTCTBYET IpU CKaHMpoBaHMU Oe3 may3. [Toc-
TOSIHCTBO ITPOuUisi BOJIM3U YIJIOB BHICTyIA (M3MEHSI-
€MOT0 OCaXXIeHWEM IUICHKN) MOXHO YCTaHOBUTH He
TOJIBKO 10 HEM3MEHHOCTH IIIMPUHBI BBICTYIIA, HO U IO
NOCTOAHCTBY 3HaueHuit D, u D,. Ha puc. 2, a u b no-
Ka3aHO, KaK u3MeHsoTcss Dy u D, OT 4nciia CKAaHUPO-
BaHUIl ¢ may3amu U 6e3 HUX. Kak BHUIHO, B pexume
CKaHMPOBaHUS C Tay3aMu 3HaueHue [, MOHOTOHHO
PAacTeT C yBeJIMUYEHUEM YMCIIa CKAHOB, 3HaueHue D, —
c1ab0 M3MEHSIeTCS B TIpeesiaXx 2 HM, TIpUIeM 3TO U3-
MEHEHUE KOPPEJMPOBaHHO ¢ D, Ha HaYaJIbHOM 3Tare
n3 10 ckanos. Hanmuune TpeHaa B 3HayeHusix D, yka-
3bIBAET Ha POCT KOHTAMMHAILIMU Y BEPXHETO OCHOBA-
HUS BBICTYIIA, a €r0 OTCYTCTBUE /A 3HaYeHuii D, cBU-
JIETEIBCTBYET 00 OTCYTCTBMM KOHTAMWHAIINHU Y HIDK-
Hero ocHoBaHus. B pexume ckaHupoBaHMS 0e3 may3
(cM. puc. 2, b) Dy v D, n3MeHAIOTCA O€3 3aMETHOIO
TpEeHIa, YTO CBUAETEILCTBYET 00 OTCYTCTBUM TUIEHKH Y
oboux yrioB BeicTyna. Bapuauusa snavennii Dy;u D,
B ckaHax 30+60 u 80140 (cneayrolux 3a Ha4YaIbHbI-
MM CKaHaMM M CKaHaMH I10CJie TeCTOBOIO IMpephiBa-
HUST) COCTaBIISIET HECKOJBKO aHTCTPEM U CBsI3aHa, Be-
pPOSITHO, CO CJIyYallHOl MOIpPelIHOCTbI0O M3MEPEHMS
3THX BEJIWYNH.

Bapuayus kpueoii BC npu MHO2OKPAMHbBIX CKAHUPO-
eanusx. IsmeneHus, npoucxonsiiue B Kpusbix BC npu
MHOTOKPAaTHBIX CKAHMPOBAHMSIX BBICTYIIA, OTPAXKAIOTCS
Haunbosee moaHo Ha ux popme. @opmbl KpuBbix BC,
MTOJIyYeHHBIX B peXXnMe 0e3 may3 1ocjie IepBoro, Iec-
toro, 60-ro u 66-ro ckaHoB, MMOKa3aHbI Ha puC. 2, a.
3HaueHUs aMITIUTYIBI B pa3HBIX CKaHaX HOPMHUPOBA-
HBI TI0 BUIACOCUTHAIY, COOTBETCTBYIOIIEMY HIDKHEMY
IUTaTo Tpareluu. BuaHo, 4To mociienoBaTeIbHOCTh
CKaHMPOBAaHMI MPUBOAUT K YMEHBIIIEHHUIO aMITIATYIbI
BC, npuyemM oHO MpUMEpHO OAMHAKOBO Ha yyacTKax

325



AmnnuTyaa BUgeocurHana, y.e.
Amplitude of videosignal, a.u.
w
©
o
1

LU L T T '
8 10 12 14 16 18
Homep ckaHa

Scan number

o
N
Nl
o -

Puc. 3. Vi3MeHeHne aMIUIMTYAbI BMIEOCHTHAJIA JJIsi Y4acTKa B ce-
peauHe BBICTYNA C YBeJMYEHHEM YMCJA CKAHOB MPH CKAHHPOBAHUM
¢ nay3amu. BuaHo, yro u3meHenne B ckaHax 0—10 maxonurcs B
Koppeasuuu ¢ sapuanueid Dy, u D, B COOTBETCTBYIOMAX CKAHAX HA
puc. 2, a

Fig. 3. Variation of the amplitude of the video signal for the site in the
middle of the protrusion with an increase of the number of scans during
the regime of scanning with pauses. It is visible, that the variation in scans
0—10is in correlation with variation of Dy and D, in the corresponding
scans in fig. 2, a

KPUBOM, COOTBETCTBYIOIINX BEPXHEMY OCHOBAHHIO U
OOKOBBIM CTeHKaM. DTa OCOOEHHOCTb COXpPaHSIETCS
naxe mociyie 140 ckanoB. OmHaKoO MpY CKaHWPOBAHUU
¢ Tay3aMu XapakTep Bapuanuu ¢Gopmbl KpuBoit BC
usmeHsiercs (cm. puc. 1, b). B aTom ciayyae ¢ KaxXIbiM
CKaHMPOBAaHMEM TPOMCXOIUT HE YMEHBIIIEHNE, a YBe-
JuyeHne aMiutyasl BC, mprueM HepaBHOMEpHOE Ha
pPa3HBIX Y9aCcTKax MpO@UIsT BBICTYIIA.

M3MmeHeHUe aMILIATYIbl OKa3bIBaeTCS HE TOJBKO
MPOCTPAHCTBEHHO HEOAHOPOAHBIM, HO WU HEPaBHO-
MEpHBIM M HEMOHOTOHHBIM TI0 BpeMeHM (IT0 HOMepy
CKaHa) B oHOI Touke npoduis. U3 puc. 3 BUgHO, 4TO
amrumTyna BC B cepeqnHe BBICTYIIA ITPH CKAHMPOBA-
HUU €ro C Nay3aMM BHavaje yBeJIMYMBaeTCs, 1O0CTUTas
JIOKaJIbHOTO MakKCMMyMa TIpM BTOPOM CKaHe, 3aTeM
YMEHBIIIaeTCs A0 MUHUMyMa IpU YE€TBEPTOM CKaHe.
Takoit XxapakTep BapHalli¥ aMIUTMTYObI Ha COCETHUX
yyacTkax mpoduis BOJIM3W BEPXHUX YIJIOB BBICTYIIA
CIIOCOOEH U3MEHUTD UX IIUPUHY U 3HaYeHus D,. Csu-
JIETETLCTBO 3TOMY — KOPPEJSAIUS MEXIy Bapualmeit
amruiuTynsl BC B cepenvHe BbICTyNa Ha puc. 3 U U3-
MEHEHMEM 3Ha4YeHui s dekTuBHOrO nMamerpa D, Ha
puc. 2, a. BunHo, 4To amMnuTyasl 3HayeHuit Dy u D,
B TTepBEIX 10 cKaHaX N3MEHSIOTCSI KOpPETMPOBAHHO He
TOJIbKO MeXay co0oil, HO U ¢ KpMBOIl Ha puc. 3.

O0cyxkaenue pe3yabTaToB

B nanHoIi paboTe Moka3aHo, 4YTO CUCTEMATUYECKUE
OILIMOKM B U3MepeHUU 3¢ (HEKTUBHOTO IMaMeTpa Iyd-
Ka MOTYT CYLIECTBEHHO BJUSITh HA OLIEHKY KOHTaMU-
HAIITMOHHOTO yIIUpeHus BeicTyna. [IpeacraBieHbl 9KC-
MepUMEHTabHbIE J0Ka3aTeJbCTBA TOTO, YTO TaKHe
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OIIIMOKN OTCYTCTBYIOT IPU MHOTOKPATHOM CKaHUPO-
BaHWM BBICTyMa 0e3 May3. DTO 03HAYaeT, YTO TeOMeT-
pUYECKUI TIPODMIL TAKOTO BBICTYITA OCTAETCS ITpaK-
TUYECKM HEM3MEHHBIM. B pexxume ckaHMpOBaHUS C
rmay3aMy TIPOUCXOOUT OCaXACHWE ITIICHKH TIPEUMY-
IIECTBEHHO Ha YYaCTKM BEPXHETO OCHOBAHUS U OOKO-
BBIE CTEHKM OKOJIO HEro, YTO BBI3BIBACT MCKaXKCHUE
BepXxHel YyacTu Mpoduist BHICTYIIA.

OTU BBIBOIBI CAETaHbBI B pe3yabTaTe (UKCaIuK 13-
MEHEHW BEJINYMH — pErucTpaTopoB M3MEHCHUU
npoduis y BEPXHEro U HUXHEro ocHoBaHuit D, u D,
U ONHOBpeMEHHO 3(MGhEKTUBHBIX TUAMETPOB B XOJE
CKaHMPOBaHMS BBICTyHA. OTMETHUM JIIOOOITBITHYIO U
OYEHb BAXHYIO OCOOEHHOCTb BapvalMU BeJuuuH D,
u D, Ha puc. 2, b: OIHOKPAaTHOE NPEePLIBAHNE CKAHU-
poBaHMS Ha ~4 MUH nepea ckaHoM Ne 60, KoTopoe He
MIPEePHIBAJIOCh B OCTAJIBHOE BPEeMsI, TIPUBEJIO JINIIh K
HETIPOLOJIKUTEbHON BapyallMy 3HAYEHUN yKa3aHHBIX
BEJIMYMH, He BEI3BaB YCTOMYMBOTO YBEJTMUCHUS 3HAYE-
HUS qraMmeTpa (Kak B ciydae CKaHMPOBAHUSI ¢ MHOTO-
KpaTHbIMU Tay3aMu). DTO O03HayaeT, YTO CKaHMpPOBa-
HHe 0e3 KOHTaMMHAIIMM BO3MOXKHO U TIPW HAJIWIUU
ray3, HO MocJie IJIUTEIbHOIO HEMPEPhIBAEMOIO MepU-
oma. [Ipy ckaHMPOBaHWHM C PETYISIPHBIMU ITay3aMH,
MPEBOCXOASAIIMMI BpeMsl ONMHOYHOIO CKaHa, KOHTa-
MMHAILMS BO3HHUKAET.

OTMeTHM ellle OOHY OCOOEHHOCTh KPWBBIX Ha
puc. 2, a u b. BugHo, 4To pasHula A MEXIy 3Haye-
HusiMu D,y m D, cyniecTByeT Aaxe MPU MEPBBIX CKa-
Hax (OO 3aMeTHOW KOHTaMMWHALIMM). 3HAYeHUEe A Ha
puc. 2, a nocturaeT ~4 HM (OTHOCUTEJIbHOE 3HAUeHUE
okoio 30 %). U3 puc. 2, a TakKe BUTHO, UTO C YBEJIM-
YeHMEM Yuciia CKaHOB pa3HUIA A BHaYaje HeCKOJIbKO
YMEHBIIIaeTCsI, HO 3aTeM pacTeT W CTAHOBUTCS PaBHOMU
~7 um nipu ckane Ne 22 (6onee 40 % nmametpa). Takoe
3HAYECHME 3aMETHO TIPEBBIIIACT CIIyYalfHyI0 IOTpel-
HOCTh M3MEPEHMI, COCTABIISIONIYI0 €IWHMIIBI aHT-
ctpeM. B pamkax monenu ¢opmupoBanust POM-1300-
paxeHus [6] pasHMLA OOJKHA OTCYTCTBOBAaTh U €€
HaJIMYMe CBUIETEILCTBYET O HECOBEPIUEHCTBE 3TOM
MOJIENH.

OKa3zayioch, YTO Bapvallds BO BpEMEHN aMILTATYIbI
BC Ha puc. 3 (u3MepeHHOI HAa OOHOM M3 YYaCTKOB
PO BEICTYIIA) KOPPEINPYET ¢ BPEMEHHOMN Bapu-
alMeil IMPUHBI 3TOro BBICTYIA (CM. pUC. 2, a). DTo
03HAYaeT, YTO HEMOHOTOHHBIE M3MEHEHUS IIUPUHBI
HE SBJISIOTCS CIAy4aiHOM MOIPELIHOCThIO, OHU OIIpe-
JEJISIIOTCSl HE TOJbKO KOHTaMMHAlIMEH BBICTYIA, BbI-
3bIBAIOIIEH TOJIBKO YBEIWYEHHWE IMMPUHBL. DTH Ba-
pMauyM LIMPYHBI BeICTyNa U aMIuiuTyasl BC MoxHO
OOBSICHUTL HEMOHOTOHHBIM M3MEHEHUEM 3JICKTPHUUEC-
KOTO 3apsifia, U3MEHSIOIIMM, B CBOIO OYepelb, SMUC-
CHIO 3JICKTPOHOB M3 IMIPUITOBEPXHOCTHOTO CJIOST BEICTY-
na. HaBeneHHBII 3apsia crmocoOeH (opMHUpPOBaTLCS B
XO7Ie CKAaHUPOBAHMS B CJI0€ €CTECTBEHHOTO OKWCIIA U B
cJ10e KOHTAaMUHAIIMOHHOMW TUIEHKU U (DMKCHUPOBATHCS
B HUX Ha BpeMsl May3bl.




Kak BugHo u3 puc. 1, a, npeamnonaraeMoe yMeHb-
LIEHWe 3MUCCUHU TIOYTH OJMHAKOBO Ha Pa3HbIX y4acT-
Kax MOBEPXHOCTU BBICTyMNA MPU CKAHUPOBAHUU B pe-
KuMe 0e3 may3. Ilo-BuauMomy, HaBOAUMBIA B 3TOM
cllyyae OTpULATENIbHbIN 3apsl B MPUIIOBEPXHOCTHOM
CJI0€ YBEJIMUMBAETCS, UTO U MPUBOJIUT K YMEHbBIIEHUIO
5MHUCCUU BJIEKTPOHOB Iyuyka. Bo3MOXHO, 4TO B Xone
ray3sl nocjie 60 HelmpepblBaéMbIX CKAHOB IIOJHOM pe-
JIaKcallMy 3TOTO 3apsiia He MPOUCXOAUT, B pe3yJibrare
1 KOHTaMMHAIMU BBICTYNA TaKXe HE BO3HUKAET.

IIpu ckaHupoBaHuMU ¢ nay3amMu smuccus MBO
YBEJIMUMUBAETCS C KaXIbIM CKaHOM, MPUYEM HEPaBHO-
MepHo 1o npodwito Beictyna. [lo-BuaumMomy, B 3TOM
cliydae (opMupyeTcs MOJOXUTEIbHBIA HaBeAeHHbIN
3apsii — BHayaje Ha BEPXHEM OCHOBaHUM BBICTYIIA,
3aTeEM U Ha OOKOBBIX CTeHKax. [IpeAanonaoXxuTeabHO
3TOT 3apsii U MPUBOJIUT K OCAXKIESHUIO Ha TIOBEPXHOCTh
TUIEHKW, KOTOpas U caMa MpUoOpeTaeT Takou xe 3a-
psin. HepaBHOMepHOe HaKOTUIEHKE 3apsiia Ha BEpXHEM
OCHOBaHMUM U OOKOBBIX MTOBEPXHOCTSX BBICTYNA MpPU-
BOJUT K HEPABHOMEPHOMY POCTY TUJIEHKM.

3aKkmoueHne

XapakTep pocTa KOHTAaMWHALMOHHONM TIJIEHKM Ha
MOBEPXHOCTU BBICTYIA 3aBUCHUT OT peXrMMa CKaHUPO-
BaHMs1 B POM. DKcnepuMeHTaIbHO J0Ka3aHO €€ OT-
CYTCTBME Ha BEpPXHUX YIJIaX BBICTyNaA MpPU CKAHUPO-
BaHUU ero B POM B HempephIBaeMOM pEXHMeE IIpO-
JIOJKUTESIbHOCTBIO HECKOJIBKO JAECSATKOB cKaHoB. [1pu
CKaHMPOBAHMM C May3aMu IUIEHKAa Ha yIiiaxX BBICTYIIA
ocaxIaeTcs Mocjie KaxXaoro cKaHa.

ITpeanosoXuTeabHO OCaXAEHUE TUIEHKU BbI3bI-
BaeTCs WM OJIOKMPYeTCS HaBOIMMBbIM B HEl WU B
CJIO€ €CTECTBEHHOTO OKMCJIa 3JEKTPUUYECKUM 3apsi oM
(B 3aBUCUMOCTH OT 3HaKa 3apsifa). B pasHbIx pexkumax

CKaHUPOBaHUSA (POPMUPYIOTCS TPUIOBEPXHOCTHbBIE
3apsIbl pa3HOro 3HakKa. 3apspkeHrue KOHTaMWHAILMOH -
HOM IUIEHKM Ha BEpXHEM OCHOBAHMU BHI3BIBAET, I10-
BUAMMOMY, 00Jiee aKTUBHBIN €€ POCT U HA 3TOM y4acT-
Ke, ¥ Ha OOKOBBIX CTeHKax BOJM3M OT HETO.
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Formation of contamination film on an object surface in a high voltage scanning electron microscope (SEM) is investigated. Pro-
trusions on a silicon plate covered by a layer of natural silica scanned in a SEM in regimes without interrupts and with pauses with
duration of some minutes. The change of a scanning regime is occurred to affect essentially the dynamics of formation of contam-
ination film on a protrusion surface. It was revealed that uninterrupted regime of scanning leads to almost total absence of con-
tamination on the protrusion surface. A relation between the dynamics of a contamination film formation and variation of the emis-
sion of slow secondary electrons is established. The emission variation is supposed to link with variation of electric charges under

the surface of protrusion due to the change of a scanning regime.
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Introduction

Even in a high-vacuum SEM a hydrocarbonic con-
tamination film [1] is often formed on the surface of a
silicon plate scanned by an electron beam. By covering
the relief structure on a plate, the film changes its linear
sizes (the widths of the protrusions increase). Contam-
ination is especially harmful for the linewidth measure.
If during control of the linear sizes of IC in SEM the
width of a protrusion is measured only once, the cer-
tified site of a protrusion in a measure ledge is scanned,
as a rule, many times at each calibration (for measure-
ment of the average value and an accidental error) and
usually with numerous calibrations before termination
of the certification period of a measure.

Repeated scanning of one protrusion can move the
value of its width beyond the limits of an admissible error
of measurement. The estimation of injuriousness of the
contamination for MShPS-2K measure was checked in
[2]. It turned out, that the admissible number of meas-
urements before achievement of an error limit can reach
360. However, these conclusions are based on a small
sample collection: only for several protrusions, only in
one SEM, and in one mode of scanning. The conclusions
are made in the organization, which certifies measures
and is potentially interested in an optimistic estimation of
the influence of the contamination.

Inadmissible broadening of a protrusion due to con-
tamination can be excluded as a result of replacement
of the site of a scanned protrusion for the neighboring
site [2]. However, the initial nonuniformity of the width
on of different sites of the protrusion can demand a
metrological certification of a new site. It is possible to
limit the influence of the contamination of the protru-
sion width by cleaning the surface of a measure, peri-
odically removing the film from it. However, such
cleaning leads to a distortion of the initial profile of the
protrusion and to changing its width [3].

In [4] it was demonstrated, that in certain modes of
scanning of the surface in SEM an almost complete ab-
sence of the contamination broadening of a protrusion
is possible. But the pattern of the phenomenon and
conditions for its occurrence remain unclear. The aim
of the given work is clarification of the reasons leading
to blocking of the deposition of the contamination film
on the silicon surface.

Estimation of the influence of contamination
on the protrusion width

Contamination broadening of a protrusion equals to
parts of a nanometer per a scan [5]. It is necessary to
create a measurement technique, which reduces the in-
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fluence of errors, including systematic errors also, on
the value of broadening. We will determine broadening
of a protrusion experimentally by evaluation changing
in the curves of a video signal (VS) which results from
consecutive scannings of this protrusion (as in [5]). The
width of protrusion Wis determined in [6] as

W=L— D, (1

where L — distances between the amplitude peaks on
VS curve; D — value of the effective diameter of a
beam, an error in which can bring a contribution to the
value of broadening.

We should point out, that measurement of the ef-
fective diameter of beam D is obviously the most chal-
lenging task in SEM metrology, because the beam leav-
ing the protrusion surface and forming its image does
not coincide by the size and the profile with the falling
beam of SEM [7]. But in a standard of the Russian Fed-
eration [8] the value of the diameter of a SEM beam is
determined in accordance with the simplified model of
formation of a SEM image [6]. In this model, some
separate sites of VS curve are singled out, correspond-
ing to the protrusion profile angles. The linear size of
those sites is determined only by the diameter of the
emitted beam (in the model it is a priori equal to the
falling one) and magnification of SEM. The width of
those sites is labeled as the effective value of the diam-
eter of beam D.

In accordance with [9], in principle, there is a pos-
sibility to measure D by the sites of VS curve, corre-
sponding to the top and bottom angles of the protru-
sions (fig. 1, a, b). However, the authors of the model
a priori determine the effective diameter by the sites as-
sociated only with the bottom angles, exactly as it was
realized in [8]. Further this value is designated as D,
(fig. 1, a). The effective diameter Du associated with
the top base of protrusion (fig. 1) is more difficult to
measure and these measurement results are less reliable.
This is especially significant, when the diameter of a
beam is about 10 nm or less, and the width of the top
base of the protrusion is close to the value of the diam-
eter (for MShPS — from 30 nm [8]). We should point
out, that the model of the protrusion profile in [9] is the
ideal isosceles trapeze without restrictions concerning
the width of the top base.

In [7] it turned out that the protrusion profile of
MShPS measure was not an ideal trapeze, and its con-
tamination broadening was not even: it was more active
at the top base than at the bottom one. As a result, in
case of the repeated scannings D, would change less
than D, [5]. The use of less varying quantity D, for de-
termination of width Win [8] is methodically more re-




liable, but it leads to a systematic error due to the re-
placement of a the real profile image at the top the up-
per protrusion base to the profile image at the down
protrusion base. In [5] the difference between D, and
D, for the protrusion of a test object of MShPS-2K
measure was estimated. It appeared, that it could be
5...10 nm already at the first scans (before formation of
a film). With the growth of the thickness of the con-
taminated film this difference can increase or decrease.

Thus, the dynamics of variation of values D;and D,
can bring an essential contribution to the measurement
error of contamination broadening. In particular, the
discovered phenomenon of absence of contamination
on a protrusion can be a result of the simultaneous
growth of both L and D in the formula (1).

We should point out that D, and D, corresponding
to the size of the beam of electrons, coming out from
the protrusion surface angle sites of several nanometers,
can also serve to another aim. They can become the
quantities, which record the changes of the trapeze pro-
file on those sites as a result of deposition of the con-
taminated film.

Experiment conditions

For the experiments the test-objects of MSHPS-2K
linewidth measure [7] were used. The step height was
equal to ~460 nm, the width of the top base ~330 nm.
Scanning of the protrusion was done in high-vacuum
SEM S4800 (Hitachi) at the energy of electrons of
20 keV and magnification of 30.000x. According to the
SEM passport its resolution was ~1 nm at the beam en-
ergy of 15 keV. The size of a pixel was ~1,65 nm, and
the size of a frame — 2560 x 1920 pixels. Duration of
one scanning was about 10 s, of a pause — 2 min.

Images of the protrusions after each scanning were
fixed in a digital form in a computer, then they were
processed by means of a program for image analysis on
the basis of NDPL software platform [10]. Program op-
eration began with formation of the curves of the video
signal (VS) for the each line of a protrusion image.
Then, the curves of VS of all lines of one image were
averaged. The averaged curve of VS was used for ob-
taining of the values of the effective diameters.

Results of the experiment

Scanning without contamination. In [4] it is discov-
ered, that the contamination broadening is absent dur-
ing scanning without pauses. But the constancy of a
profile near the protrusion angles (changed by the film
deposition) can be determined not only by the invari-
ance of the protrusion width, but also by constancy of
D;and D,. Fig. 2, a and b, demonstrate, how D, and
D, vary from the number of scans with pauses and with-
out them. Apparently, in the mode of scanning with
pauses D, grows monotonously with an increase of the
number of scans, D; — changes slightly within 2 nm,

and this change is correlated with D, at the initial stage
of 10 scans. Presence of a trend in D, points to the
growth of contamination at the top base of the protru-
sion, and its absence for D, testifies to the absence of
contamination at the bottom-base. In the mode of scan-
ning without pauses (see fig. 2, b) D;and D, change its
values without any appreciable trend, which testifies to
the absence of a film at both angles of the protrusion.
Variation of Dy and D, in scans 30...60 and 80...140
(coming after the initial scans and the scans after a test
interruption) equals to several angstrom and is possibly
connected with a random error of measurement of
those values.

Variation of the VS curve in case of repeated scan-
nings. The changes occurring in VS curves during re-
peated scannings of the protrusion, tell most fully on
their form. The form of VS curves received in the
mode without pauses after the first, 6 60 and
66" scans are presented in fig. 2, a. The values of the
amplitude in different scans are normalized by the vid-
eo signal corresponding to the bottom plateau of the
trapeze. It is visible, that the sequence of scans leads to
reduction of the amplitude of VS curve, and it is ap-
proximately identical on the sites of the curve, corre-
sponding to the top base and the lateral walls. This fea-
ture remains after 140 scans. However, during scanning
with pauses the character of the form variation of VS
curve changes (see fig. 1, b). In this case each scanning
provokes not a reduction, but an increase of the am-
plitude of VS curve, at that, it is nonuniform on the dif-
ferent sites of the protrusion profile. The amplitude
change appears to be not only spatially nonuniform, but
also nonmonotonic by time (by the number of a scan)
in one point of the profile. In fig. 3 it is visible, that the
amplitude of VS curve in the middle of the protrusion
during the scanning of it with pauses, at first, increases,
reaching the local maximum at the second scan, and
then decreases to a minimum at the fourth scan. Such
a character of a variation of the amplitude on the neigh-
boring sites of the profile near to the top angles of the
protrusion can change their width and D,. This is
proved by the correlation between the variation of the
VS amplitude in the middle of the protrusion in fig. 3
and the change of the effective diameter D, in fig. 2, a.
It is visible, that in the first 10 scans the amplitudes D,
and D, change in a correlated way not only in relation
to each other, but also to the curve in fig. 3.

Discussion of the results

The given work demonstrated that systematic errors
in measurement of the effective diameter of a beam can
influence the estimation of the contaminated broaden-
ing of the protrusion. It presents experimental proof
that such errors are absent in case of repeated scannings
of the protrusion without pauses. That means that the
geometrical profile of such protrusion remains practi-
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cally invariable. In the mode of scanning with pauses
the film deposition occurs mainly on the sites of the top
base and the lateral walls near it, which causes distor-
tion of the top part of the protrusion profile.

These conclusions were made as a result of fixation
of variation of the values-registrars of the changes of
the profile at the top and bottom bases of D, and D,
(and, simultaneously, effective diameters) during the
protrusion scanning. We should point out a curious
and important feature of the variation of D and D, in
fig. 2, b: a one-time interruption of scanning for ~4 min.
before scan No 60 (which was not interrupted during the
rest of the time) led only to a brief variation of the spec-
ified values, not causing a steady increase of the diameter
(like in case of scanning with multiple pauses). That
means that scanning without a contamination is possible
and even with pauses, but after a long uninterrupted pe-
riod. During scanning with regular pauses, exceeding the
time of a single scan, the contamination arises.

We should point out one more feature of the curves
in fig. 2, a and b. It is visible, that the difference A be-
tween D, and D, exists even at the first scans (up to
an appreciable contamination). Value of A in fig. 2, a
reaches ~4 nm (the relative value is about 30 %). Also
it is visible, that with an increase of the number of scans
the difference A somewhat decreases at the beginning,
but then grows and becomes equal to ~7 nm at scan
No. 22 (over 40 % of the diameter value). This value
of A considerably exceeds a random error of measure-
ments, equal to units of angstrom. Within the frame-
work of a model formation of SEM images [6] the dif-
ference must be absent and its presence testifies to im-
perfection of this model.

It turned out that the variation in time of VS am-
plitude in fig. 3 (measured on one of the sites of the pro-
trusion profile) correlates with a temporary variation of
the width of this protrusion (see fig. 2, a). That means
that the nonmonotonic changes of the width are not a
random error and they are determined not only by the
protrusion contamination, which causes only an in-
crease of the width. It is possible to explain these var-
iations of the protrusion width and VS amplitude by a
nonmonotonic change of the electric charge, which in
its turn, changes emission of electrons from the near-
surface layer of the protrusion. The induced charge can
be formed during scanning in the layer of the natural
oxide and in the layer of the contaminated film and be
fixed in them for the period of a pause.

As one can see in fig. 1, a, the expected reduction
of the emission is almost identical in various sites of the
protrusion surface during scanning in the mode without
pauses. Apparently, the induced negative charge in the
near-surface layer increases, which leads to a smaller
emission of the beam electrons. It is possible, that dur-
ing a pause after 60 uninterrupted scans a full relaxation
of this charge does not occur, and, as a result, a con-
tamination of the protrusion also does not arise.
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During scanning with pauses the emission of slow
secondary electrons increases with every scan, nonuni-
formly on the protrusion profile. Apparently, a positive
induced charge is formed, at the beginning — on the
top of the protrusion base, then — on the lateral walls.
Presumably, this charge leads to the deposition on the
surface of the film, which acquires the same charge.
A nonuniform accumulation of the charge on the top
base and the lateral ledge surfaces leads to a nonuni-
form growth of the film.

Conclusion

The character of growth of the contaminated film on
the protrusion surface depends on the scanning mode of
SEM. It was experimentally proved that contamination
was absent in sites at the top angles of the protrusion
during its scanning in SEM at an uninterrupted mode
with duration of several tens of scans. During scanning
with pauses the film on the protrusion angles was de-
posited after every scan.

Presumably, the film deposition is caused or blocked
by an electric charge induced in the film volume or in
the layer of the natural oxide on a protrusion top (de-
pending on the sign of the charge). In different modes
of scanning the near-surface charges of different signs
are formed. Charging of a contaminated film on the top
base, apparently, causes its more active growth, both on
this site and on the lateral walls near it.
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MCCAEAOBAHUE BAUAHUSA ONMEPALIMOHHbBIX NMAPAMETPOB
NMPOLECCA PECVD HA XAPAKTEPUCTUKUN NMAEHOK AMOKCHUAA KPEMHUA

Ilocmynuna 6 pedaxyuro 06.02.2017

Hccnedosanvt karouegvie napamempst NAEHKU OKCUOA KPEMHUSL: CKOPOCMb POCMA, MEXAHUHECKUe HANPANCeHUs. U NOKA3amendb
npeaomaenus. Bausnue onepayuonnsix napamempoe Ha cKOpocmb pocma NAeHKU OUEeHUBAA0Ch N0 MOAUUHE NACHKU, KOMOpPas
onpedeasinacy ¢ NOMOwbIo Aaauncomempa. MexanuuecKue HanPINCeHUs paccHumuvléaly no paspabomanHol aemopamu panee
MemooukKe Ha 0CHO8aHUU useuba niacmutsl. OnpedeneHsvl ONMUMANbHbIE ONEPALUOHHbIe NAPAMempPbl 045 POPMUPOBAHUS NACHOK
NAA3MOXUMUHECK020 OKCUOQ KPEMHUS, NO360ASIOUUEe U30MABAUBAMb MANOHANDSNCEHHbIE CIPYKMYPbl MAMepuand.

Karoueevie caoea: mexanuueckue HANPAMNCEeHUA, NAASMOXUMUHUECKOe ocajcoenue U3 2a30801 d)a3bl, oKcud KpPeMHUA

BBenenune

Jnst aneKTpuYecKoil M30MsIUM YpOBHEN MeTal-
JIU3alMUA UCIIOJB3YeTCs CI0M OKCHUAA KpeMHHUs. DTa
TUIeHKa o0ecreuyrBaeT TakKMe CBOMCTBA, Kak Xopollas
anare3usi 1 KOH(OPMHOCTb, MO3TOMY €€ MOXHO MC-
MOJIb30BaTh KaK MEXXCJIOMHBINA nu31eKTpuK [1]. Mexa-
HUYecKue HanpsokeHus B SiO, BIMSIOT Ha IUIaHap-
HOCTb TOBEpXHOCTU. [IpoBeieHHE TEeXHOJOTMYECKUX
orepaluii peaKTUMBHO-MOHHOTO TPABJICHUS U TEPMO-
00paboOTKM MO3BOJISIET UBMEHUTDb NTOBEPXHOCTD ILJIac-
TUHBI, clejaB ee 0ojiee poBHOI [2]. OgHaKo, yrpaBisist
MEXaHWYECKMMM HAMPSIKEHUSIMU B TIporiecce popMu-
pPOBaHMSI TUIEHKHU, MOXXHO COKPATUTb YMCJIO OIepaiuii
JUISI TIOATOTOBKU MOBEPXHOCTU C TPeOYEeMbIM pesibe-
oM. JIns noctukeHus pe3yJbTUPYIOLIEro 3HAYEHUS
MEXaHWYECKUX HaMpsDKeHWM, CTpeMSIIIMXCSI K HYIIO,
MOXHO MPOBECTU OTEPALIUIO OCAXKICHUS TIJIEHKU C Ha-
MIPSDKeHUSIMA CKaTHS Ha 00pasell ¢ pacTITUBAIOIINMU
HaIpsKeHUsIMU (C JTULEBON CTOPOHBbI). B HEKOTOPBIX
cIyyasix orepaius rmaccuBaluy MOBEPXHOCTU Ha JIU-
LIEBOU CTOpPOHE IJIACTUHBI CBSI3aHA C TEXHOJIOTHYecC-
KUMU CJIOXHOCTSIMU JTMOO OTCYTCTBYET MaTepual C
HEoOXOAMMBIM 3HAKOM HaIpsKeHW. OIUH U3 CITOCOo-
00B pellieHUsT MPOOJIEeMbl — OCaXKAEHUE CJIoSI Ha 00-
paTHYI0 CTOPOHY oOpa3slia.

g nonyyenus mieHoK SiO, UCIOJIBb3YIOTCS pas-
HbI€ METOJIbI:

e TEPMUUYECKOE OKMCJIEHME KpeMHUsI B aTMocdepe
KHCIopoaa mpy aTMOC(hepHOM AaBJIEeHUH;

e TEPMUYECKOE OKMCIEHWE KPEMHMUS B Mapax I€MOHM-
30BaHHON BOJbI MPU aTMOC(HEPHOM U TOBbIILIEH-
HOM JIaBJICHUW;

e XUMHUYECKOE OCAXIEHUE U3 Ta30BOM (a3bl MpU MO-
HUxXeHHoM aasieHuu (LPCVD);

e IJJA3MOXMMMYECKOE OCaXIEeHWE U3 ra3oBoil (a3l
(PECVD).

i ocaxneHus TMOKCHUIA KPEMHUSI OOBIYHO HC-
MOJIb3yeTCs peakiivs CUlaHa C 3aKMChIO a30Ta B TJ1a3-
Mme [1, 3, 4]:

SIH4 + 2N20 e 8102 + 2N2 + 2H2

ITpu ocaxaeHUM HEOOXOAMMO OYEHb TIIATEIbHO
KOHTPOJMPOBAaTh MHOTME MapaMeTphl Ipoliecca: yac-
TOTY M MOIIIHOCTb pa3psija, o0liee AaBjieHue ra3oBoil
CMECH U MaplUMaIbHOE JABJIECHWE PEAr€HTOB, TEMIIEPA-
TYpY TTOMIOXKHN M CKOPOCTh OTKAYKM, a TAKKE ONTH-
MU3UPOBATh TEOMETPUIO PeakTopa W BHUMATEJbHO
noadupath Marepuall a1eKTpoaoB. CienyeT OTMETUTh,
YTO OT KOHCTPYKLMHU peakTopa CUJIbHO 3aBUCST Tapa-
MeTpHI ITpolecca, TaK YTO PEXKUM OCAKIACHUS TOJIKEH
MOAO0MPAaThCS ISl KaXKA0TO peakTopa MHAMBUIYAIbHO,
YTO 3aTPYAHSIET CPABHEHUE CBOMCTB TJIEHOK, MOJY-
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YEeHHBIX Ha pa3JIM4YHbIX peakTopax [3]. OgHaKo TeH-
JIEHLIMsI 3aBUCUMOCTE JOJKHA ObITh UIASHTUYHOM,
YTO 1 OyaeT MpeAcTaBlIeHO B JaHHOM paboTe.

Ilenpto paGoThl OBLIO ONTMMU3WPOBATL OMEpaly-
OHHbIE IMapaMeTpbl TEXHOJOIMYECKOro Ipolecca s
PECVD okcuga KkpeMHusI, IMOJIy4aeMOro Ha YyCTaHOB-
ke Novellus, mist ¢popMUpoBaHUS MaJTOHANIPSLKEHHOMN
IUIEHKW MaTepuana.

BDKcnepuMeHT

IreHKM TIAa3MOXMMMYECKOTO OKCHIA KPEMHUS
SiO, nosyyanu METOAOM CTUMYJIMPOBAHHOIO ILIA3MOIA
XUMUUYECKOTO ocaxaeHusi u3 razopoit ¢assl (PECVD),
13 ra3oBoii cmecu 3akucu a3ora N,O, azora N, u mo-
HocunaHa SiH, Ha ycranoBke Novellus. 3akuch asora
MPEISTCTBYET 3apOAblIeO0pa30BaHMIO B ra30BOi (hase,
YTO TOBBIIIAET YUCTOTY OcaxkmaeMoil TuieHKHu. Bo Bcex
SKCITEpPUMEHTAX TeMIIepaTypa OCaKIECHMS COCTaBJIsIa
350 °C. B pa6ore ucnonb3opancst BU reneparop yacro-
toii 13,57 MI'L ¢ MakCMMaJIbHOU MOILIHOCTbIO 5 KBT.

[Ipu mpoBeaeHrH POLIECCOB BapbUPOBAIMCH MOILII-
HocTh paspsaa B miasme (400...1450 Br), naBieHue B
peakIIMOHHOM KaMepe (1000 .3000 mTopp), pacxon
cwiana SiH, (100...400 cm /MI/IH) pacxopn 3aKucHu
azora N,O (3000 .12 000 cm /MI/IH) pacxon asora N,
(0...3000 cm3/mun), o6wmii pacxox rasoB (3650...
13 560 CM3/MI/IH) Bpems ocaxaeHus (50...300 c).

OcaxnaeHre TTPOBOAVIIN Ha JINIIEBYIO CTOPOHY KpeM-
HueBblx TactuH KJAB12(100), suamerpom 150 MM u
TomurHoM 670 MKM. TONIIMHBI OCAXKICHHBIX TUIEHOK
U TI0Ka3aTesb MPeJOMIIEHUS ONPEaeIsiIn ¢ TIOMOIIbBIO
synuncomeTpa Horiba Auto SE. Panee aBropamu 6bu11
pa3paboTaHbl METOIMKY U3MEPEHMST MEXaHUYECKUX Ha-
MPSKEHU ¢ ¢ MoMolllblo mpodusioMerpa [5] u ¢ uc-
MOJIb30BAHWEM PACTPOBOIO JIEKTPOHHOIO MUKPOCKOMA
[6]. B maHHOIi paboTe MCIIONB30BAICS METOI KOHTPOJISI
10 M3TUOY TIACTUHEI TIOCPESICTBOM ONTHYIECKOTO TPO-
dunomerpa Veeco Wyko NT9300. MeToauka BKIIOUaeT
B cebs1 TIporpaMMy, PeaM3yIolIyio aJfOPUTM aHaIu3a
penbeda IS BEIYMCICHUS paauyca KPUBU3HBI TTOBEPX-
HOCTH B JIOKAJIbHOW oOjactu [7]. 3HaYeHUs paguycoB
KPUBU3HBI MOBEPXHOCTU MOACTABISIOTCS B (PopmMyy
CToHM 1711 BBIUMCIIEHMSI BEJMYMHBI . B rpadukax
JUIST K&KIOTO clydyasl UCHOJIb30BaIOCh cpenHee apud-
METHYECKOe 3HaUCHHUE G MO BCEil TIacTUHE.

ABTOpamMU TIPOBOAUIOCH MCCIEMIOBAHNE CKOPOCTU
OocCaxkIeHus IJIEHKU, ToKa3aTeJIsl MpeJoMJICHUs, MeXa-
HUYECKUX HATPSIKEHUN ¢ OCAXKIAEMOU TUIEHKU MTYyTEM
M3MEHEHHMS OTlepallMOHHEBIX TTapaMeTpoB Mpoliecca.

HUccaenoBanue BJUSHUS MOLIIHOCTH pa3pdaaa B mjiasMe

Bnauane ObUIO MCCIIEIOBAaHO BIMSHUE MOIIHOCTHU
paspsia B Tuta3Me Ha TmapaMeTphl ocakaaeMol TIIeH-
k1. MomHocTh uaMeHstiu ot 400 mo 1450 Bt mpu
JIaBJICHMH B peaKIIMOHHOM KaMepe 2400 mTopp, pac-
X0lax CujIaHa SiH, 300 cm®/MuH, 3aKNCH a30Ta N,O
9500 cm /MI/IH azora N, 1500 cm /MI/IH BpeMeHU
ocaxnaenusa 100 ¢ u Temmeparype momitoxku 350 °C.
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Puc. 1. 3aBHCHMOCTb XapAKTEPUCTHK IVIEHKH OT MOIHOCTH IJIA3MbI:
a — CKOPOCTb POCTa IJICHKU (IMyHKTHpHAasi KpUBasi) U MokKasaTesb
TpeJIOMJIEHUST; b — MeXaHW4YeCKUe HaIPSKEHUS

Fig. 1. Dependence of characteristics of film from plasma power: a — film
growth rate (dotted curve) and index of refraction; b — mechanical stresses

W3 puc. 1, a BumHO, 4YTO U3MEHEHNE MOIIHOCTH Pa3-
psia B IUIa3Me HE OKa3bIBAET CYILLIECTBEHHOIO BJIMSHUS
Ha CKOPOCTb pOCTa IJIEHKM (ITyHKTUpHas KpuBasi). ITo-
KazareJsib MPeJIOMJIEHUS] YMEHbLLIAETCS MPU YBEIUYCHUU
MOILIHOCTH IUIa3Mbl W JOCTHraeT 3HayeHus 1,46 mpu
MomrHocTH Tuta3mel 1100 BT. D10 cBUAETEIBCTBYET O
TOM, YTO NPU 3HAYEHUSX MoOLIHOCTH MeHee 1100 Bt
TUIEHKA TMOJIyyaeTcsl HECTEXMOMETPUUYECKOM 13-3a He-
TIOJIHOTO OKMCIIeHHd cuaHa SiH, 1 ee HachIlEeHUs CBA-
3amu Si—H. W3 puc. 1, b MOXHO caenaTh BBIBOMI, UTO C
VBEJIMYEHUEM MOIIHOCTM IUIa3Mbl MeXaHWYeCKoe Ha-
MpsDKeHUE CXKaTusl TJIEHKW ¢ MO MOJAYJII0 BO3pacTaer.
OTa 3aBUCUMOCTb UMEET JIMHEMHBIN XapaKTep.

Hccnenosanne BIMSHUS AABJICHAS
B PEaKIMOHHOW Kamepe

Hanee ObUIO MPOBEAEHO MCCAEAOBaHUE BIUSHMUS
JIaBJIICHWSI B peakKIMOHHON KamMepe Ha IapamMeTphl
rieHku. Jlapnenue uameHstiu ot 1000 go 3000 mTopp,
MoliHOCTh Mi1azMbl — 1100 Bt. OcTanbHble apamer-
pBI Mpoliecca OCTATUCh MPEXHUMMU.

M3 puc. 2 BUAHO, YTO U3MEHEHUE JABJIECHUS OKa-
3bIBaeT OOJbIIOE BIMSIHUE Ha CKOPOCTh OCAXKIECHUS,
rokazaTeJib MPeJOMJICHUS] U MEXaHUYEeCKUe HarpsKe-
HUs ocaxnaemoil mieHKu. C pocToM JaBjieHUsT yBes -
YUBAETCsl CKOPOCTb POCTa IJIEHKHU (MyHKTUpPHAs Kpu-
Basl), n1ocTurasi Makcumyma ripu nasieHuu 2400 mTopp.
3aBUCHUMOCTb TTOKa3aress MpeoMIeHUs OT JaBJeHUS




aHAJIOTMYHA 3aBUCHMOCTH TIOKAa3aTeJssl TPeIOMIICHMS
OT MOIIHOCTH TIJIa3MBI: TIPHM TTOBBIIIEHUM IaBICHMUS
rokasarejib MpeJOMJICHMST TIJIAaBHO YMEHbBIIAETCS C
1,55 no 1,46. CiegoBaTesbHO, IIPY 3HAYEHUAX JaBIIE-
Hust MeHee 2400 MmTopp NPOMCXOOUT HEMOJTHOE OKUC-
JeHue cunana SiH, 1 HachILIEHUE OCAXIAEMOI TUIEH-
KU CBA3sIMU Si—H, 4TO aHaJOrMYHO MpU OCaXKIEHUU
MpY HU3KOM MOILIHOCTH pa3psiia B IIa3Me.

3HaueHue MEeXaHWYECKUX HaIpsLKeHU (Mo Momy-
JII0) BO3pacTaeT ¢ yBEeJIMYEHHEM HaBJICHHUS B KaMepe.
MOXXHO TIPeIIIOI0XNUTh, YTO TTOBBIIICHUE JABJICHUS B
KaMepe TPUBOIUT K YBEJIMUECHUIO BEPOSITHOCTU CTOJI-
KHOBEHUS peareHTOB B KaMepe C MOIIOKKON ¢ HEKO-
Topoil sHeprueit. I[Ipudyem BeIUMUMHA dHEPTUM OyIeT
MOCTAaTOYHA UIST TIPOBEACHMS XMMUUYECKON peakIlnM,
cJenoBaTebHO, Ha BbIXOJAE IJIeHKa GopMupyeTcs 3a
MEHbIIee BpeMsl (BO3pacTaeT CKOPOCTb OCAXKIEHMSI),
HO OoJiee HaIpsKeHHas.

Hccaenosanue BAMSAHAA CKOPOCTH Pacxoaa
cuiana SiH,

Bbruto mpoBeneHo McclienoBaHUE BIUSIHUS CKOPO-
¢ty pacxona cuiana SiHy (pI/IC 3). CxopocTb pacxona
MeHstachk ot 100 mo 400 cm /MI/IH JaBJeHUE B peak-
LUOHHOI Kamepe Oblio moctostHHBIM 2400 mTopp,
MolHoCcTh M1a3Mbl — 1100 BT. OcTanbHble mapamer-
PHI TIpoliecca OCTaIMCh TTPEXXHUMMU.
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Puc. 2. 3aBUCHMOCTb XaPAKTEPHCTHK IIEHKH OT JABJIEHUs B Kamepe:
a — CKOpOCTb pocTa (IyHKTUPHAst KpUBast) U MOKa3aTelb PesioM-
JIeHUs1; b — 3aBUCMMOCTb MEXaHUUYECKUX HAMpsDKeHUI

Fig. 2. Dependence of film characteristics from pressure in chamber: a —
film growth rate (dotted curve) and index of refraction; b — mechanical
stresses
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Puc. 3. 3aBucMMOCTb XapaKTePUCTHK IUIEHKH OT CKOPOCTH pacxoia
cnaana SiHy: a — 3aBUCMMOCTHM CKOpPOCTM POCTa TUIEHKM (ITYHK-
TUPHAs KpMBasi) ¥ NOKa3aTeJIsl IPeJIOMICHUST; b — 3aBUCUMOCTb Me-
XaHUYECKUX HATPSKEHU

Fig. 3. Dependence of characteristics of film from silane flow rate: a — film
growth rate (dotted curve) and index of refraction; b — mechanical stresses

M3 puc. 3, a MOXHO 3aKJIIOYUTh, YTO CKOPOCTh POC-
Ta TUIGHKM (ITyHKTUPHAS JIMHUS) TIPSIMO TIPOTIOPIIO-
HaJIbHa CKOPOCTH pacxoja CI/IJ'IaHa OmHako mpu pac-
xonax cuwiaHa 6osee 300 cm /MI/IH HAYMHAET YBEIUYU-
BaThCsl MOKa3aTesb MpeoMIeHUs (CIUTOLIHAS JIMHUS).
DTO CBUIETEIBCTBYET O HEIIOJTHOM OKUCJICHWH CHUIaHa
B ocaxnaemoii mieHke. Ha puc. 3, b 3ameTHO, 4TO Npu
YMEHBIIEHUH pacxola CuIaHa ocaxmaemas IUIeHKa
CTAaHOBUTCS OoJiee CXKaToi, IpruYeM 3HaYeHWEe HaTpsi-
SKeHU I pe31<o YBEJIMUMBAETCSI TIPU pacxojax CHJIaHa
meHee 200 cm /MI/IH

HccaenoBanue BJIUSHHUS COOTHOMIEHUS
pacxonos razos N,O/SiH,

CrnenyiouM 11aroM ObLIO MPOBEAEHO HUCCIEN0-
BaHME BIMSHUS COOTHOIIEHUS pacXoloB ra3oB R 3a-
kucu asora u cuinana (N,O/SiH,). CootHomienue R
MEHSJIOCH OT 10 1o 40, pacxon N,O mensica ot 3000
no 12 000 cm /MI/IH IpyY NOCTOSTHHOM pacxozne SiHy
300 CM3/MI/IH

Ha puc. 4, a npogeMOHCTpUPOBAHO, UTO Ha CKO-
POCTb OCaXkIEeHUsI W MoKa3aTesb MPeJOMJIEHUS COOT-
HOILIEHUE PacXOI0B Ta3oB R BIUsSIET HE3HAUMTEIBHO.
ITpu 3HaueHusIx R meHee 25 HabJ0gaeTCsl MOBbILIE-
HUE TIoKazaTess MPeJOMIIEHUS, YTO CBUACTEIbCTBYET
0 (hopMUpoBaHUM TIJICHKH, O0OTAIlIEHHON KPEeMHUEM.
B pa6orte [8] Hussein u ap. 3a¢puKCHUpOBaIN aHAJIOTUY-
HYIO 3aBUCMMOCTb MOKa3aTesisl MPEeJOMICHUSI OT CO-
OTHOILIIEHUsI pacxoja ra3oB. PesynbraThl, NpeacTas-
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JIEHHBbIe Ha puc. 4, b, XOpOIIIO COINACYIOTCS C JaHHBI-
MU B paborax [9, 10], rome BeamymHa MEXaHUYECKUX
HanpsKeHUi 110 MOMYJTIO BO3PAcTaeT C yBeJIuYeHueM R.
Ha puc. 4, ¢ 3aMeTHO, YTO COOTHOLIEHHUE PACXOJ0B
razoB R oka3bIBaeT BJUSIHME HA PaBHOMEPHOCTb pac-
MpeAesieHus TOJNIIWHBI TIIEHKM IT10 TutactuHe. [lpwm
3HaYeHMsIX R MeHee 25 cpeaHeKBaapaTUYHOE OTKJIO-
HEHUE TOJIMHBI IUIEHKU OKa3bIBaeTcs: Oosblie 3 % u
pe3ko yBenmmumBaetcs 10 11 % nipu 3Havenun R = 10.

Hccaenosanue BIMAHAA CKOPOCTH pacxoaa a3ora N,

beuto mposeneHo uccienoBaHue 3aBUCMMOCTH T1a-
PaMeTpOB OCaxIaeMOii TJIEHKM OT CKOPOCTU pacxoia
asora N,. Pacxon asora mensm ot 0 1o 3000 oM /MuH.
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Puc. 4. 3aBHCHMOCTb XapPaKTEPUCTHK ILIEHKH OT COOTHOIIEHHS! pac-
xo708 rasos N,0/SiH4: ¢ — 3aBUCUMOCTH CKOPOCTH POCTA MJIEHKH
(TMMyHKTUpHAsl JTUHUS) W TIoKaszaTelsisl MpejloMiIeHus; b — 3aBUCHU-
MOCTb MEXaHNYECKUX HANPSKEHUIA; ¢ — 3aBUCUMOCTD CPEHEKBAJI-
PaTUYHOTO OTKJIOHEHUS TOJNIIMHbI TJIEHKK

Fig. 4. Dependence of characteristics of film from ratio of gas flow rates
N,O/SiH s a — film growth rate (dotted curve) and index of refraction;
b — mechanical stresses; ¢ — standard deviation of film thickness
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Puc. 5. 3aBMCHMOCTb XapaKTEPUCTHK ILUIEHKH OT pacxoja a3ora: d —
3aBUCUMOCTH CKOPOCTH POCTA MJIEHKU (ITYHKTUPHAS IMHUST) U TTOKa-
3aTesst IPEJIOMIICHUSI; b — 3aBUCUMOCTh MEXaHMUECKUX HaMpsKEeHU I

Fig. 5. Dependence of characteristics of film from nitrogen gas flow rate:
a — film growth rate (dotted curve) and index of refraction; b —
mechanical stresses

Bce octanbHbIe TapaMeTphl IIpoliecca OCTaBaluCh 0e3
U3MEHEHU.

Ha puc. 5, a BuaHo, uro pacxoxn azora N, OKa3bl-
BAeT HE3HAUUTEJIbHOE BJIMSHME Ha TaKue MapameTpbl
OCaXaeMOM TUIEHKHU, KaK CKOPOCTb OCAXIEHUSI, TIO-
Kazatesb npejsoMieHus. M3 puc. 5, b MOXHO 3aKiio-
YUTh, YTO ONTUMAIBHOE 3HAYEHUE Pacxo/a a3oTa Co-
crasisier 1500 CM3/MI/IH.

3akmoueHue

B mpouecce hopMupoBaHusi MeMOpaH IO TPYIIIO-
BOM KPEMHHEBOU TEXHOJIOTHH MCITONB3YIOTCS HECKOb-
KO CJIOEB IUAJICKTPUIECKIX MaTepraioB. KoHTpommpyst
MeXaHNJeCKre HamnpsoKeHUsT B KaKIOM TUIEHKEe MeMO-
paHBI, MOXHO TTOBBICUTH BEPOSITHOCTD BBIXOIA TOTHBIX
KpucTaioB. B naHHO# paboTe 3KCnepuMEHTaIbHO I10-
Ka3aHO BIIMSHUE ONEPAllMOHHBIX IMapaMeTPOB OCaKie-
HUSI Ha CKOPOCTh pocTa IuieHKu Si0,, moKasaresb Ipe-
JIOMJICHUST M1 MEXaHNJecKue HanpsokeHust. OmpenesieHbl
ONTUMAaJIBHBIE TTapaMeTphl TS (DOPMUPOBAHUS TUIEHKH
PECVD SiO, na ycranoske Novellus, nossossionue
co3maTh MAaJIOHAIPSDKEHHYIO CTPYKTYpY MaTepuaa:
MOILHOCTh pa3psiga B riasMme 400 Br, naBneHune B Ka-
Mepe 1500 MTopp, cooTHOILIIEHNE pacxoa Ira30B 3aKMCHU
azota u cuiaHa 40, pacxon raza azora 1500 CMS/MI/IH.

Paboma evinonnena npu noodepicke Munucmepcmea
obpazosanus u nayku Poccutickoti Pedepayuu no doeo-
eopy No 02.G25.31.0200 om 27 anpens 2016 eoda, wiughp
doeosopa 2015-218-07-052.
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The authors investigated the key parameters of the silicon oxide films: growth rate, mechanical stresses and refraction index. The
influence of the operational parameters on the growth rate of a film was estimated by the thickness of the film, which was determined
with help of an ellipsometer. The mechanical stresses were calculated by the method developed earlier by the authors and based
on a plate bend. The optimal operational parameters were determined for formation of the films of plasma-chemical silicon oxide,

allowing one to manufacture the understressed material structures.
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Introduction

For electric insulation of the metallization levels a
layer of silicon oxide is used. It ensures good adhesion
and conformity, therefore, it can be used as an inter-
laminar dielectric [1]. Mechanical stresses in SiO, in-
fluence the planar character of a surface. Technological
operations of reactive-ionic etching and heat treatment
allow us to change a plate surface and make it more
even [2]. However, control of the mechanical stresses
during a film formation makes it possible to reduce the

number of operations for preparation of a surface with
the demanded relief. For achievement of the mechan-
ical stresses aspiring to zero, it is possible to implement
a deposition of a film with a compression stress on a
sample with the stretching stresses (on the face side). In
some cases a surface passivation on a plate’s face is con-
nected with technological difficulties or absence of a
material with the necessary sign of stresses. One of the
ways to solve the problem is to deposit a layer on the
reverse side of a sample.
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For obtaining of SiO, films different methods are used:
e thermal oxidation of the silicon in the oxygen at-

mosphere at the atmospheric pressure;

e thermal oxidation of the silicon in the vapors of
deionized water at the atmospheric or higher pressure;

e chemical deposition from a gas phase at a lower
pressure (LPCVD);

e plasma-chemical deposition from a gas phase

(PECVD).

Usually for deposition of the silicon dioxide a reac-
tion of silane with nitrogen monoxide in plasma [1, 3, 4]
is used:

SiH4 + 2N,0 — SiO, + 2N, + 2H,.

It is necessary to control carefully many parameters
of the process: frequency and power of a discharge, to-
tal pressure of a gas mix and partial pressure of the re-
agents, temperature of a substrate and speed of pump-
ing out, and also to optimize the geometry of a reactor
and select carefully a material for the electrodes. It is
necessary to point out that the process parameters de-
pend on a reactor design, so, the deposition mode
should be selected for each reactor individually, which
complicates comparison of the films received in various
reactors [3]. However, the trend of the dependences
should be identical, as it is presented in the given work.

The aim of the work was to optimize the operational
parameters of the technological process for PECVD of
silicon oxide received on Novellus installation, for for-
mation of an understressed film of a material.

Experiment

The films of the plasma-chemical silicon oxide were
received by the method of the plasma enhanced chem-
ical vapor deposition (PECVD), from a mix of nitrogen
monoxide N,O, nitrogen N, and monosilane SiH, on
Novellus installation. N,O prevents nucleation in the gas
phase, which improves cleanliness of a deposited film. In
the experiments the deposition temperature was 350 °C.
In the work a high frequency generator was used with fre-
quency of 13.57 MHz and maximal power of 5 kW.

The power of the discharge in plasma varied
(400...1450 W), just like the pressure in the reactionary
chamber (1000...3000 mTorr), the consumption of
SiH, (100...400 cm3/min), N,O (3000...12 000), N,
(0...3000 cm3/min), total consumption of gases (5650...
13 560 cm3/min), and deposition time (50...300 s).

The deposition was done on the face side of
SHB12(100) silicon plates with diameter of 150 mm and
thickness of 670 um. The thickness of the deposited films
and the refraction index were determined with the help
of Horiba Auto SE ellipsometer. Earlier the authors de-
veloped techniques for measurement of the mechanical
stresses o with the help of a profilometer [5] and use of
a scanning electron microscope [6]. In their work the au-
thors used a method of a plate bend control by means of
optical Veeco Wyko NT9300 profilometer. The method
included a program realizing an algorithm for analysis of
a relief and calculation of the radius of curvature of the
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surface in a local area [7]. The values of the surface cur-
vature radiuses were used in the Stoney formula for cal-
culation of . In the diagrams for each case the arithme-
tic mean value of ¢ was used for the whole of the plate.

The authors carried out a research of speed of a film
deposition (film growth rate), refraction index and me-
chanical stresses o of the deposited film by changing the
operational parameters of the process.

Research of the influence of the power
of a discharge in plasma

First, the influence of the power of discharge in
plasma on the parameters of a deposited film was in-
vestigated. The power was varied from 400 up to 1450 W
in a reactionary chamber: pressure — 2400 mTorr,
consumption of SiH; — 300 cm’/min, of N,0O —
9500 cm3/min, of N, — 1500 cm?/min, time of dep-
osition — 100 s and substrate temperature of 350 °C.

In fig. 1, a it is visible, that a change of power of dis-
charge in plasma does not render an essential influence
on the growth rate of a film (dotted curve). The refraction
index decreases with an increase of the power of plasma
and reaches 1.46 at the level of plasma power of 1100 W.

This testifies to the fact that at a power less than
1100 W a film turns out to be nonstoichiometric because
of an incomplete oxidation of the silane and its saturation
by Si—H bonds. From fig. 1, b it is possible to draw a
conclusion, that with an increase of the power of plasma
the mechanical stresses of a film compression ¢ by mod-
ulus increases. This dependence has a linear character.

Research of the influence of pressure
in the reactionary chamber

Then a research was done in the reactionary cham-
ber of the influence of pressure on the film parameters.
The pressure was varied from 1000 up to 3000 mTorr,
the power of plasma was 1100 W. The other parameters
of the process remained unchanged.

In fig. 2 it is visible, that a change of pressure has the
biggest impact on the speed of deposition, the refrac-
tion index and the mechanical stresses of the deposited
film. With increasing of pressure the film’s growth rate
also increases (dotted curve), reaching the maximal lev-
el at 2400 mTorr. Dependence of the refraction index
on pressure is similar to the dependence of the refrac-
tion index on the power of plasma: with an increase of
pressure the refraction index smoothly decreases from
1.55 down to 1.46. Hence, at the values of pressure less
than 2400 mTorr we have an incomplete oxidation of
SiH, and saturation of the deposited film by Si—H
bonds, similar to those of deposition at a low power of
discharge in plasma.

The values of the mechanical stresses (by modulus)
increases with a pressure increase in the chamber. It is
possible to assume, that a pressure increase leads to a
higher probability of collision of the reagents in the
chamber with a substrate with certain energy. At that,
the energy would be sufficient for a chemical reaction,




hence, as a result, a film is formed during a shorter pe-
riod of time (the speed of deposition increases), but it
comes out more intense.

Research of the influence of the speed of consumption
of the silane

A research of the influence of the speed of con-
sumption of silane (fig. 3) was carried out. The speed
of consumption varied from 100 up to 400 cm /mm
the pressure in the reactionary chamber was constant
(2400 mTorr), the power of plasma — 1100 W. The
other parameters of the process remained the same.

From fig. 3, a it is possible to conclude, that films’
speed of growth (dotted line) is directly proportional to
the speed of consumption of the silane. However when
consumption of the silane exceeds 300 cm /mm the
refraction index (continuous line) begins to increase.
This testifies to an incomplete oxidation of the silane in
the deposited film. In fig. 3, & it is visible, that, when
the consumption of the silane is smaller, the deposited
film becomes more compressed, at that, the value of the
stresses increases sharyly, when consumption of the si-
lane is below 200 cm”/min.

Research of the influence of correlation
of consumption of N,O/SiH, gases

The next step is the research of the influence of cor-
relation of consumption of gases R of nitrogen monox-
ide and silane (N,O/SiHy). The correlation R varied
from 10 up to 40, the consumptlon of N,O varied from
3000 up to 12 OOO cm /mm at the constant consump-
tion of SiH, of 300 cm?/min.

Fig. 4, a demonstrates that the influence of the con-
sumption of gases R on the speed of deposition and the
refraction index is negligible. At R less than 25 we wit-
ness higher refraction index, which testifies to forma-
tion of a film, enriched by silicon. In [8] a similar de-
pendence of the refraction index on the correlation of
the consumption of gases is recorded. Results of fig. 4, b
agree well with the data of [9, 10], where the value of
the mechanical stresses by modulus increase alongside
with the increase of R. In fig. 4, ¢ one can see, that the
correlation of the consumption of gases R influences
the uniformity of distribution of the film’s thickness on
a plate. At R less than 25 the standard deviation of the
film’s thickness is more than 3 % and it increases
sharply up to 11 % at R = 10.

Research of the influence of the speed of consumption
of nitrogen

A research of the dependence of the parameters of
a deposited film on the speed of the consumption of ni-
trogen was carried out. The consumptlon of nitrogen
was changed from 0 up to 3000 cm /mm All the other
parameters remained without changes.

In fig. 5, a it is visible, that the consumption of ni-
trogen has an insignificant impact on such parameters
of a deposited film, as the speed of deposition and the
refraction index. From fig. 5, b it is possible to con-

clude, that the optlmal value of the consumption of ni-
trogen is 1500 cm /mm

Conclusion

In the process of formation of the membranes by a
group silicon technology several layers of the dielectric
materials are used. By controlling the mechanical
stresses in each film of a membrane it is possible to im-
prove likelihood yield crystals. This work demonstrated
experimentally the influence of deposition parameters
on the growth rate of SiO, film, refraction index and
mechanical stresses. The optimal parameters were de-
termined for formation of PECVD of SiO, film on
Novellus installation, allowing us to create an under-
stressed structure of a material: the power of a discharge
in plasma — 400 W, the pressure in the chamber —
1500 mTorr, the correlation of the consumption of ni-
trogen monoxide and silane — 40, the consumption of
nitrogen — 1500 cm /mm

The work was done with support of the Ministry of Ed-
ucation and Science of the Russian Federation under the
contract Ne 02.G25.31.0200 of April, 27th, 2016, the
code number of the contract: 2015-218-07-052.
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®deneparbHOE TOCYIAPCTBEHHOE OIOMKETHOE yupexXaeHne Hayku MHCTUTYT TTpobieM TeXHOJIOTUN
MUKPOBJIEKTPOHUKU U 0CO00UMCThIX MaTepuanoB Poccuiickoit Akanemuu Hayk (MITTM PAH)

PA3BMEPHBIE ®AKTOPbl U HEAMHEMHBIE MPOLIECCbI
B CTPYKTYPHO-AMHAMMNYECKOM NOAXOAE HAHOMOHUKU

ITlocmynuna 6 pedaxyuio 16.02.2017

Cmaesumcs npobaema pacnpocmpanerus NOA0JNCeHUL HeAUHeUHOU OUHAMUKU HA CMPYKMYpHO-OuHamuxeckuli nooxod (CHII)
HaHouoHuKu. JlaHo KavecmeeHHoe 00ssiCHeHUe PA3MepHO20 hakmopa, 0OHAPYICEHHO20 HAMU PaHee 8 BbIYUCAUMENbHBIX IKCHepU-
MeHmMax 045 peatucmuyHbiX NO eeoMempuy mMooenell HAaHOCMPYKmMYpP ¢ UOHHOU NPo8ooUMOCmblo. SHAHUEe Pa3MepHo2o paKkmopa
8AJICHO, MAK KAK N0380Asem UCHOAb308AMb HA HaAHOMacumabe noHsmue "3¢gexmugrHoe 00HOpoOHoe noae" u npubaudceHue 00-
HOPOOHO20 3nekmpocmamuueckoeo noas laycca. Ilokasano, ¥mo r; — pasmepruiii paxmop, Komopbiii onpeoessiemcs Mai0Cmbio
cpedHe20 paccmoAHUsA T; MeNcOy UOHAMU NOOBUNCHO20 COPMA 6 MAMEPUANAX C NPbidCKo6ol hpogodumocmoto. Ilonyuennolil pe-
syabmam cgopmyauposan 6 CJHII kak meopema 83aumHocmu 045 U30bIMOYHbBIX 3aps0068 U NoAe6blx 000ABOK K 8blcOMAaM NOMEH-
YuanvHoIx 6apbepos. Yemarnoeaeno, umo 00seKmvl HAHOUOHUKYU CAedyem paccMampueams KaKk OUHamu4eckKue HeAuHeuHble CUc-
membl, ¥ KOMOPbIX OCHOBHbIE NAPAMEMPYL 3ABUCAM OM 6HeuwlHeeo 8o3delicmeus. [lokazarno, ymo neauneirnocmos ypaguenuti CAIT
NpoABGASAEMCS 8 HEKOMMYMAMUBHOCIU ONEPamMOopo8 2eHepamopa mokxd.

Karouegvie caoea: nanouonuka, cmpykmypro-0uHamu4eckuli nooxoo, sggexkmusnoe 00HOPOOHOE 1eKmpocmamuteckoe noae,
DpasmepHbll pakmop, meepovie INeKmpoIUmsl, HeAUHeUHble NPOUEeccbl, KOMNbIOMEePHOe MO0eAUPOBaAHUe

Bsenenune

Ha mpotsskennm moutn 15 net XypHan "Haro-n
MmukpocucteMHas Texuuka" (HMCT) myonukyer cuc-
TeMaTUYeCKME MCCIIeNOBaHNs aBTOPOB B 00JIACTH TE€O-
peTUYECKON M TIPUKJIATHON HAHOMOHWKW — HaYKH,
TEPMUH Y KOHIIETILIMSI KOTOPOI BNEpBbIe ObLIM BBEIE-
Hbl B Poccuu B 1992 1. [1]. IIpeaMeT HAHOMOHUKU —
ObIcTpbiit MOHHBIN TpaHcnopT (BUT) Ha HaHOMacHI-
tabe (https://en.wikipedia.org/wiki/Nanoionics). ITo
nyoauKauusM B XypHaje, Hampumep [2—7], MOXHO
MIPOCJICINTh OCHOBHBIC HAIIpaBJICHMS pa3BUTUS HAHO-
MOHUKM B Hallleil cTpaHe 3a mpoiueninue roabl. I1o-
JIydeHHBIE aBTOPAMU Pe3yJbTaThl B OOJACTU OCHOB
HAHOMOHWKHN OTBEYAIOT MOTPEOHOCTSIM pa3BUTUST Ha-
HOBJIEKTPOHUKHU (TJTyOOKO CyOBOJIBTOBasi HAaHOBJIEKT-
poHuka [4, 8—10]), MUKpocucTeMHOI TeXHUKU (3-
(bekTHBHBIE aBTOHOMHbIE TMOPUAHbIE WCTOYHUKU
SHEPIUM U MOIITHOCTHU IJISI TUTAHUS MUKPOPOOOTOB U
y3J10B OECIIPOBOJIHBIX CEHCOPHBIX ceTelt [3]) u apyrux
KPUTUYECKHUX M TIPOPBIBHBIX TexHoygoruit [11]. B ux
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YUCIIO BXOISAT KOCMUYECKasl TeXHUKA U paglalinoHHO
cToliKasl sJekTpoHuka [12, 13].

B HacTos1116€ BpeMsl HAaHOMOHMKA TIpYU3HaHa B MU-
pe, TepMUH "HAaHOMOHUKA" IIMPOKO UCITOJIb3YIOT B Ha-
YYHOM JINTEepaType, ¢ HUM acCOLIMMPYIOT pacIIUpsIio-
LIUICST KPYT HOBBIX TOHSITUIA. B HOBOM YHUBEpPCUTET-
CKOM y4eOHHUKE 110 MOHMKE TBepmoro Teia [14] Bmep-
Bble MosiBUJIach oTaenabHas riaBa 10 "Nanoionics” u
ykazaH npuopureTr UIITM PAH na npu6opsr ¢ BUT
Ha HaHoMacIuTa6e ("nanoionic devices" [15]). C HaHO-
MOHUKOU CBSI3bIBAIOT CO3/IaHWE HOBOIO THUIMA BHICO-
KOIIOTHOM SHEPrOHE3aBUCUMOM II€pEe3arMChbiBAEMOM
MaTpuuHoil pe3uctuBHOM mnamsaTu (RRAM-resistive
random access memory) JJisi HAaHO3JEeKTPOHUKU. NH-
TeTpUpPOBaHHAsI C JIOTMKOM BbhIcOKOIIoTHasT RRAM
(memristor-based memory networks) [16] paccmarpu-
BaeTcs Kak MaTepMasibHas OCHOBAa MCKYCCTBEHHOTO
uHTesuiekTa [17]. Tlpumep nepecedyeHus: MPUKIATHOMN
HAHOMOHUKU Y HAHOBJIEKTPOHUKU (MUKPOCUCTEMHOM
TeXHUKH) HAI0T WMIYJIbCHBIE CYMepKOHIECHCATOPHI
MMKPOHHBIX pa3MepoB ¢ PEKOPIHO BBICOKO TIOTHO-
CTBIO 3apsiia U DHEPrMM Ha KOTepeHTHBIX MOJIsIpU3ye-




MBIX TeTepoTIepexoax JMeKTPOHHBIN MPOBOTHUK,/TBEP-
JIOTeJIbHBIA MOHHBIN TPOBOAHUK [3, 18—20]. Dopmu-
pyemMble Ha OOpaTHOM CTOPOHE MaHeleil COJHEYHBIX
3JIEMEHTOB UMMYJIbCHBIE TUICHOUYHbIE CYTIEPKOHIEHCa-
Topbl ¢ BUT MOryT yiaydiiuTh 3HEPrOMOIIHOCTHBIE
XapaKTEPUCTUKU CUJIOBBIX OJIOKOB KOCMUYECKHUX aIl-
napaTos.

HecmoTpst Ha BaXHOCTb HAHOMOHHBIX MMITYJIb-
cHbIX IIpubopoB ¢ BUT, ux pazpaboTka Ha COBpeMeH-
HOM YpOBHe (T. €. C MCIIOJIb30BaHUEM METOAOB UMC-
JIEHHOTO MOJIEJIMPOBAHMS) B HACTOSIIIEE BPeMsT HEBO3-
MoxHa. [IpuuuHoii sIBysieTcs: pobjieMa OTCYTCTBMS
0a30BOI (OOIIETIPUHSITON) TEOPUH MPHIKKOBOIO MOH-
HOTro TpaHcrnopTa Ha HaHomaciuTade. [ToaTomy maH-
Hble U3MEPEHUN U TUAarHOCTUKU, Hecylre MHdopma-
LIMIO O MEXaHU3MaX MOH-TPAHCIIOPTHBIX MPOLIECCOB U
CTeTeHU aTOMapHOTO COBEPIIIEHCTBA TeTepOIepexo10B
¢ BUT (Hampumep, maHHbIe UMIEOAHCHON CIEKTPO-
ckonuu [21]), He MOTYT OBITh MHTEPITPETUPOBAHbBI O/ -
HO3HAYHO U, O0Jiee TOTO, BEOYT K IMPOTHBOPEUMBBIM
BBIBOJAM O IIepCMEeKTUBAX CO3AaHUSI HAHOMOHHBIX
MPUOOPOB IS HOBOU 3JIEeMEHTHOI 0a3bl HAHOBJEKT-
POHUKU ¥ HAHO(MMKPO)CUCTEMHOM TEXHUKHM.

B nensix pemenust npodaemsl B UTITM PAH 6bu1a
chopMyIMpoBaHa 1 BBIMIOJHSETCS MporpaMma Io co-
3MAHUI0 TEOPETUYECKUX CPEACTB ONMMCAHMS TMHAMM-
YeCKOro MOBeIeH!SI MOJEIbHBIX HAHOCTPYKTYP Ha OC-
HOBE€ TBepAbIX 3JeKTpoauToB (THD), T. e. TBepaAbIX Be-
LLIECTB C 30HHOU CTPYKTYpPOil AU3NEKTPUKOB, B KOTO-
PBIX TIPBDKKOBAas WMOHHAS IPOBOIUMOCTbH MOXET B
10'0 11 Gostee pa3s mpeBBIIIATD HTEKTPOHHYIO IPOBOIM-
MocTb [3, 18]. BeinmosiHeHUE MporpaMMbl MOTpedOBaIO
pa3paboTKu (PU3NYECKUX MOAECIIEi, IToMcKa METOJ0B,
aJITOPUTMOB U BBIYMCIUTENbHBIX cXeM. B pesynbrarte
ObL1a co3/aHa TeopeTUUeCcKasi CUCTeMa " cmpyKmypHo-
Junamuyeckuil nodxod Hanouonuxku' (CHIT) [5—7,
22, 23], 4T0 MO3BOJUIO IIPOBOAUTH BEIYUCIUTEIbHBIE
9KCIEPUMEHTBl U OIMCHIBATh B3aMMOCBSI3b MEXIY
MIPBIXKOBBIM MOHHBIM TPAHCIIOPTOM, ITHIJICKTPUIEC-
KOH MoJjisipu3alieil u nuccunanuyeir SHepruy B Moiesb-
HbIX TO-HaHOCTPYKTypax Mpy MaJIbIX OTKJIOHEHUSIX OT
paBHOBecusi. XapakTtepHas uepra C/IT — mpencras-
JIeHHE MOJIeJIbHOI HAaHOCTPYKTYPbl HEOTHOPOIHBIM Ha
HaHoMacllTabe MOTeHLUAIbHBIM pelibe(poM, B KOTO-
POM MO AEMCTBUEM CJa0Oro BHEIIHEro 3JeKTpuyec-
KOTO BO3IEHUCTBUS 1O TIPHIKKOBOMY MEXaHU3MY Iepe-
JIBUTAIOTCS TTOJBUXKHbIE MOHBI.

BbruucnurenbHble 3KCIIEPUMEHThI MOKa3aJIu Mpo-
rHoctuyeckyio addexruBHocts CJIII. Bmepsnie
ObUIM BBISIBJICHBl (DU3MYECKUE OCHOBBI TOSIBICHMS
YHUBEPCAJbHOIO JIMHAMUYECKOTO OTKJIMKa (3aKOH
A. K. Ixonmepa [24]) Rec* «« o (n~ < 1) B TD-Ha-
HOCTPYKTYpax, T. €. AefCTBUTEIbHAS YacTh KOMIUIEKC-
HOI1 ipoBoauMOCTU Rec™ siBnsieTcs cTerneHHOoM (hyHK-
yell 4JacTOThl » BHEIIHEro Bo3melcTBusg [22, 25].
B MarepuanoBeneHUM TBEPIOTEIbHBIX MOHHBIX IPO-
BOJHUMKOB 3KCIIEpUMEHTaJbHbIE JaHHbIE BCEraa IMpo-

BEPSIIOT HA COOTBETCTBUE C 3aKOHOM JIxkoHiuepa. Oxn-
HaKo OOIIENPUHATON TEOPUM TMHAMUYECKOTO OTKJIU-
Ka He ObL0.

CJII mo-HOBOMY CTaBUT IIpOOJIeMY OIMCAHMS M-
HaMUYeCKOro oTkjinKa TO-HaHOCUCTEM, BBO/ISI HOBYIO
BEJIMUMHY — TOK cMellleHuss MakcBeJsljia Ha MOTeHLIU -
aJbHOM Gapbepe [22, 25]. IToka3zaHo, UTO ¢ yBenauye-
HUEM YacTOThbl BHEIIIHEro BO3IEHCTBUS » B oOpasuax
C HEOTHOPOIHBIM MOTEHIIMATLHBIM PeIbe)OM HE MC-
ye3aloT 0071aCTU, B KOTOPHIX TOKM MOHHOI MTPOBOAM-
MOCTHM W TOKM cMellleHuMs MakcBejla Ha Oapbepax
MMEIOT COIMOCTaBUMMbIE 3HAYEHMSI. DTO MPUBOAUT K
MPUMEPHO MOCTOSTHHOMY YTy ciBUra a3 Meximy To-
KOM M HallpsbKeHMeM Ha aJiekTpoaax obpasua. ITomy-
YEeHHBIN pe3yJbTaT OOBSICHSIET METOAOJIOTUIO MMIIe-
IAHCHOM CIIEKTPOCKOIWHU, MCHOJb3YIOLIECH ITOHATUE
"3JIEMEHT C TIOCTOSHHBIM caBuroM (dasz” [26]. Takwue
"s11eMeHThl" (C HEU3BECTHBIM (DUBMUYECKUM COMAEp-
>)KaHUEM) BKJIIOYAlOT (OopMajibHO B 3KBUBAJCHTHbIC
BJIEKTPUIECKIE CXEMBI IS TIOATOHKY MX JUHAMUYEC-
KOro OTKJIMKa K 9KCIIEPUMEHTAIbHBIM JaHHBIM YacTO-
THOTO noBeaeHus: TH-00pa3los.

B HepaBHMX pabotax [7, 23] METOAOM YMCIEHHOIO
MOJIEIMPOBaHUSl OblJla OOOCHOBaHA IPABOMEPHOCTh
npuMmeHenus B CIII nonatus "ogHopomgHoe > dek-
TUBHOE 3JIEKTpOCTaTUYeCcKoe mose" (Fy¢¢) Ha HaHO-
maciiurtade, XOTsI UHAYLIUPOBaHHbIE CJIabbIM BHELIHUM
BO3IEMCTBMEM TOYEUYHEIE 3apsiabl co3aaloT B THO-Ha-
HOCTPYKTYpPE CUJbHO HEOTHOPOAHBIE BJIEKTPUUYECKUE
noisi. BeraucnurenbHble 3KCIIEPUMEHTHI [7, 23], BbI-
MOJIHEHHbIE IS pealMCTUYHBIX MO T€OMETPUM pac-
npeneaeHus 3apsiioB U MOTEHIMAIbHBIX 0apbePOB MO-
Jeseit, rmoxkasaji BO3MOXKHOCTb HCMOJIb30BaTh MpH-
OJIM>KEHUE OTHOPOMHOIO 3JIEKTPOCTATUUECKOTO TOJs
l'aycca (F) npu pacyeTtaXx MOH-TPAHCIIOPTHBIX IPO-
1IECCOB B HAHOCTPYKTYpaX IPOTSKEHHOCTbIO OoJiee
~3...4 M (pa3MepHBIi PaKkTop).

HonroBpeMeHHast 1eiab mnpoBoauMbix B MITTM
PAH wuccinemoBaHuii — pacluvMpeHue TpaHUWI] HaHO-
MOHWKY B HOBBIX HAIPaBJICHUSIX U OTpeaeIcHUe TIep-
CIIEKTUB CO3JaHUSI HOBBIX BbICOKO(MYHKIIMOHATbHBIX
TBEPAOTEIbHBIX MOHHBIX MaTepUaIOB U UMIYJIbCHBIX
MpUOOPOB [J151 HAHOANEKTPOHUKU U MUKPOCUCTEMHOM
TexHuku. CHIbHAs HeCTallMOHApHOCTh MPOLECCOB,
MPOTEKAIOIIUX B UMITYJIbCHBIX MPUOOpax, Mpearnoia-
raet BkJIwueHue B Teoputo BUT TokoB cmeleHus
MakcBesa 1 onucaHue oTkjanka TO-HaHOCTPYKTYp B
TepMUHAX HEJUHEWHOU nuHamuku. WMaeu, Meronsl,
TOIXONBI U Pe3yIbTaThl HEIMHEWHON TUHAMUKHY (pa3-
JeJl COBpEMEHHOI Teopuu KojiebaHuil u BoOJH [27])
yXe B TeUeHME HECKOJIbKUX AECATUIETUII aKTUBHO UC-
MOJB3YIOT BO MHOI'MX AUCLMILIMHAX, YCUJIMBAs MEX-
JUCUMITIMHAPHBIE TeHACHIIMU B HayKe. OHAKO HeJu-
HeilHas IMHaAMUKa oKaszaja ciaboe BIMSHUE Ha pas-
BUTHE MOHWKM TBEPIAOTO TeJjia, YTO KyMYJSITUBHO OT-
paxaeT coaepxKaHUe YHUBEPCUTETCKUX YUYeOHUKOB [14].
CrioxuBIIeecs MOJOXKEHNUE MOXET ObITh CKOPPEKTUPO-
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BaHO IMyTeM MHUILIMMPOBAHUS psida MCCIIeIOBATEIbCKIX
MIporpaMM II0 HampaBJICHUIO "dunamuyeckas HeauHeli-
Has uonuka'. LleHTpalbHOE MECTO B 3TUX MPOTPaMMax
JIOJDKHBI 3aHSTh MPOEKThI, MOCBSIICHHBIE BbIIBHXE-
HUIO, pa3paboTKe M BepuPUKALUM TEOPETUUYECKUX
MojeJieil, yYYUTHIBAIOIIMX B SBHOM BU/IE TUIOTHOCTD JIO-
KaJIbHBIX TOKOB cMelleHus: Makcsesna I, = oD/ot.

Lenp HacTOSIIEH PabOTHl — MPEICTABUTh TEPBBIC
pe3yabTaThl MO MCCIEeI0BAHNIO OCHOBHBIX HEJIMHEH-
HbIX CBOMCTB pelneHuii ypaBHeHuit CIII u BbISIBUTH
GU3MUECKYI0 CYIIHOCTh padMepHOro adgekra, ycra-
HOBJICHHOTO B paborax [7, 23] METOIOM YMCJIECHHOTO
MOICIMPOBAHUS.

OCHOBBI U MPOSIBJICHHE HEJIHHEAHOCTH
B CTPYKTypHO-IuHaMudecKoM moaxone (CJII)
HAHOHMOHHMKH

CIII BxmoyaerT:

(1) cioeByl0 aTOMapHyl0 MOJEIb HAaHOCTPYKTYPbI
(puc. 1, cM. TPEThIO CTOPOHY OOJIOXKKH), OOBEAUHSIIO-
myro cucremy {X’} napajuieJibHbIX KpucTauiorpagu-
yeckux ruockocreil X/, IToaBUKHbBIE MOHBI IIEPEME-
LLAKOTCST ¢ MUIOCKOCTH Ha twiockoets X¢ «» X¢ 1 o
NPLDKKOBOMY MeXaHM3My 1o 1D-tynHensm BUT yve-
pe3 moTeHHMaNIbHble Gapbepnl. Ilnockoctu X’ coor-
BETCTBYIOT MMWHUMYMaM TMOTEHLIMAJbHOIO pelibeda.
IIpu cnabom BHElLIHEM BO3AEHCTBUU (Fe€HEpaTop TO-
Ka G(7)) BO3HMKAaeT HampaBJieHHOE JBMXKEHNUE MOHOB
B 1D-tyHHensx. Mopgenb OCHOBaHa Ha peajbHOI
CTPYKTYpe IepelloBOT0 CYyNepUOHHOTO IMPOBOIHUKA
(ITCHII) tuna a-Agl (puc. 1, a, b), cTpykTypa KOTO-
poro 6au3Ka K ontuMaibHoil 11 BUT, u npencras-
Jisiet ¢BsA3Hy1o 3D-ceTky Kpuctamiorpaguueckux mo-
sunuit (tyHHenu BUT), pasgeneHHBIX HEOOIbIIMMMU,
(=0,1 5B), moreHunanbHbIMK Gapbepamu. HYucio mo-
3ULIMIA Ha TUIOCKOCTAX XV B 4...6 pa3 NpeBbIIIAeT YUCIIO0
ITOABIKHBIX MOHOB,

(2) MeTonm "CKPHITHIX" TIepEeMEHHBIX (M30BITOYHEIE,
WHAYLIMPOBAHHBIE BHEIIHUM BO3JEWCTBUEM, HEpaB-
HOBECHbIE KOHLIEHTPALMU A; (t) MOHOB TTOABMXKHOIO
copra Ha TIocKocTsIX X7);

(3) dusuko-maremaTuueckuii popmaanusm (CUcTe-
Ma auddepeHInaIbHbIX YpaBHEHMIT), KOTOPBIA ore-
pupyeT "CKPBITBIMU" TIepeMEHHBIMU nj(t) U 6asupyeT-
Csl Ha MPUHIUIME AETAaTbHOTO PaBHOBECHUSI U KUHETU-
YECKUX YPaBHEHUSIX, 3aIMCAaHHBIX B (POpMe 3aKOHa CO-
xpaHeHus yrcaa yactuu. CAIT mo3BossieT onuchiBaTh
WOH-TPAHCIIOPTHBIE Y TUIJICKTPUK-TIOISIPU3AIIMOH-
HbI€ TMPOLECChl, KOTOphIE CaraloTcsl U3 TepMUUYECKU
aKTUBUPOBAHHBIX TOKOB MOHOB MOABMXXHOIO COpTa
MeXIy MUHMMyMaMU MOTeHUMaIbHOro pejbeda TO
U TOKOB cMellleHus MakcBelJla Ha TOTeHLMaTIbHbBIX
Oapbepax. DTU MPOLIECCHI CBA3BIBAET AaJbHOIECHACTBY-
[olee KyJOHOBCKOE B3aMMOJAECHCTBME, UTO BedeT K
KOJUIEKTUBHBIM sIBJIeHUSIM ((hOpMUPOBaHUE U pelaK-
calusi MPOCTPAHCTBEHHOro 3apsina, umneaaHc Bap-
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Oypra, yHUBEpCaJbHbI TMHAMUYECKUI OTKIUK JIKOH-
mepa u ap.);

(4) meton ogHOpPOAHOTO 3(h(PEeKTUBHOTO BJIEKTPO-
CTATUYECKOTO TIOJS B YCIOBUSIX, KOTJA TPH CIa00M
BO3/eiicTBUM reHepaTopa ToKa G(f) U3OBITOYHBIE TO-
YeyHBIE 3apSObl PacIpeldesIeHBl IO IIOCKOCTIM X/
JIUCKpeTHO-ciydaiiHo. ITokazaHo, YTO TOYHOCTb pac-
yeToB CHIT MOXHO YBEJIMUUTD IMyTeM KOPPEKTUPOBKU
OIIHOPOIHOTO 3JIEKTPOCTATUYECKOTO 1o 'aycca, co-
30aBAEMOTO 3apsIKEHHOM MIOCKOCThIO X,

B CJIIT o6bekTaMu SIBJISIIOTCS CI0€Bble HAHOCTPYK-
Typbl, 0OpasyeMble CEMENCTBOM MapaslIeNbHbIX IJI0C-
Kocteil {X’}. HanpasineHHBI reHepaTopoM Toka G(f)
MIPBDKKOBBIA TPAHCIIOPT MOHOB MPOUCXOAUT 1o 1D-
kaHajgaM bUT B HarnpaBieHrM KOOPIMHATHOM OCH X,
MePNEHINKYJIAPHOI TutockocTaM {X’}. Crucrema OOBIK-
HOBEHHbIX auddepeHIManbHbIX ypaBHeHuin CHAIT
OMUChIBaeT M3MEHEHHUE KUHETHMKW MOHHOTO TpaHC-

rnopra XV Xk XK1 ponos yepes MOTeH-
LMaJIbHbIe 0apbepbl ..Mg — | k> Mk, k + [ B OOLIEM
cllyyae pa3HOM BBICOTBHI:
dy(n) .
T =0 =500 s v,
' {0~
J= 1 My y (D) = (1)

hy

rae yj — OTHOCUTECJIbHOC UIBMECHCHUEC KOHLICHTpAalluU B

J-M MMHUMYME MOTEHLIMaJbHOTO penbeda; éj — HeJu-

HeliHbIe (PYHKILIVM, 3alMCAaHHBIE C YYETOM IIpUHIIMIIA
JIeTajpHOTrO OanaHca. B3amMocBsI3aHHBIE KMHETHYEC-
Kue ypaBHeHUS (1) BbIpaKarOT 3aKOH COXpaHEHUS YuC-
JIa 4acCTHLI, MEepeMEeIalolIMXCcs MeXIy MUHUMyMaMu

MOTEHLIUAJILHOTO pefibeda DX G xR o xR
BennunHa 71, — NMOBEpXHOCTHAasi KOHLEHTPALUsS HO-
HOB IOABUKHOI'O COpTa Ha JII000i 1u3 M Iiockocrteit
MOJIeJIbHOII HAHOCTPYKTYPhI {Xj }(j=1, .., M)Byc-
JoBusix G(f) =0, BeIMUMHA K j(t) — HepaBHOBeCHasl Io-
BEPXHOCTHAs1 KOHLIEHTpAalMsl MOHOB MOJBUXXHOTO COP-
Ta Ha TJIOCKOCTH Xj, uHayuuposaHHasa G(r). B CHTI
MHOXECTBO BEJIWYUH {yj(t)}, 1 < j < M, Ha3BaHbI
CKPBITBIMU TIEpEeMEHHBIMH [5, 6, 22], MOCKOJBKY K-
CIIepUMEHTAJIbHBIE BO3MOXHOCTH JUISI OIpEeAeICHMS
byHKIMI nj(t) B HAaCTOSIIEE BpPeMsl OTCYTCTBYIOT.
CnabocThb BHEIIIHETO BO3AEMCTBHS O3HAYAET, YTO CKPhI-

Thle IIEPEMEHHBIC Y(7) = —L < 1, a BO3HUKAalO-
ny

1K€ MPU BHEIIHEM BO3JAEHCTBUU MOJIEBbIE JOOABKU Q
K BbICOTaM 0apbepoB N YAOBJIETBOPSIIOT HEPABEHCTBAM
Qk, k+1 < kBT<< T]k’ k+ 1

IMepemennsie {y;(7)} = |X(#)) BusioT 1BOSIKO (J10-
KaJIbHO U IJI00aJIbHO) Ha KMHETUKY MOHHOIO TPaHC-
mopra B HAHOCTPYKType {X’}. JIokajgbHOE BIMSHUE:
Kaxas napa rnepeMeHHbIX nyy(7) 1 nyyy 4+ () onpene-




JISIET Pe3yIbTUPYIOLINI IMTOTOK MOHOB Yepe3 IMOTEHII -
abHBIA 0apbep My x + 1 T Qe k + 1), TIe Q4 4 () —
noJieBast [o6aBka K BbIcoTe Oapbepa. [100anbHOe Biu-
sIHAE COCTOMT B TOM, YTO M30BITOUHBIN 3apsii engy,(f)
Ha TUIOCKOCTH X/ maeT CBOil BKJIAL BO BCe MOJIEBBIE
nobGaBku MHOXecTBa {Qy 4 4+ (4, Vs o) Vis s YD}
HETIPEPBIBHO MOZ[I/Id)I/IL[I/IpYSI MMOTEHIINATBHBIN perbed
{le k+ 1. + Qk k + ](t V1o s y]s ens yM)} HaHOCTPYK-
TYpBI {X/ ). Orciona cJielyeT HeJIMHEMHOCTD pellleHUui
ypaBHeHuii CIII1 1 BO3HUKHOBEHNE B HAHOCTPYKTYpE
HOBBIX CBOMCTB (emergent properties), He CBOIUMBIX K
CBOICTBaM ee yacTeit (CUCTeMHbI 3(hdheKT).

Pa3smepHbie akTopsl npu yyeTe TUCKPETHOCTH
pacnpejejieHuii 3apsA/i0B HA HAHOMAacIITa0e.
CooTHolIeHHEe B3aMMHOCTH /JiS 3apsi/ioB

H MOJIEBBIX JO0ABOK K BBICOTAM MOTEHIHATLHBIX
0apbepoB B HAHOMOHHKE

B HemaBHuX pabotax [7, 23] MeTOAOM BBIUMCIIM-
TEJbHOIO JKCIIEPMMEHTa O00OCHOBaHA BO3MOXHOCTh
ucnonb3oBanust B CII1 moHsTus 3(1)(1)eKTI/IBHoe ol-
Hopom{oe aekTpocTatnyeckoe mose” ( F/ of ) ITone

eff ucnonbsyercsa B CIII BMeCTO HEOTHOPOIHOTO
nojs F;, KOTOpOE BO3HMKAET B HAHOCTPYKTYpax {Xf }
Mpu BHelltHeM BozaelcTBumn G(f). HeogHopoaHoe 1o-
ne Fy co30a0T M30BITOYHBIE TOYEYHbIE 3apsaabl O,
JIMCKPETHO-CITy4aiiHO pacrpele/ieHHbIe 10 TI0CKOC-
tam X’. TIpu manbix G(7) cpefHee pacCTossHUE I MeX-
Iy U30BITOYHBIMU 3apsimamu Q Ha riockoctu X! mpu-
HuMaeT Gosbline 3HadeHust (rg > 300 Hm). Hpu oTHX
YCJIOBMSIX U3MEHEHUE KMHETUKY MOHHOTO TpaHCIIopTa
OTIpE/IEIISIET CyMMa .S TIOJIEBBIX 100aBOK Q) . 4+ | K BbI-
COTaM MOTCHLMATBHBIX 0apbepoB My 4 + 1;

S = %Qk, k+ 1 (2)

BddexTuBHOE MOJE Féj’fk _OTHOPOIHO-HEMPEPHIB-
HO 3apsKEHHOM MI0CKOCTH X/ 06eCTieYrMBaeT TAKOE XKe
W3MEHEHHE CpeIHel YacTOTHI MEePeCKOKOB ITOIBIK-
HBIX MOHOB Yepe3 0apbephl My 4 4 |, KaK ¥ HEOZHO-
pontoe mone F. DddektusHoe nose Fly MOXHO
3a/1aTh IyTeM KOPPEKLMHU TOJIEBBIX 100aBOK Q; [7, 23],
KOTOpbIe BO3HUKAIOT B ONHOPOIHOM 3JIEKTPOCTATH-
yeckoM mnose I'aycca F;, co3dnaBaeMoOM OJHOPOIHO-
HETIPEPHIBHBIM pacnpele/eHUEM U30bITOUHOTO 3aps-
na mo X/,

B nanoctpykTypax {X/}, HaXOI[SHJ.II/IXCSI Moj BO3-
neiictueM G(f), pacCTOAHUSA Lk MEXIY IIJIOCKOC-
Tp10 X’/ (C IMCKPETHO-CIIy4ailHBIM pacIpeaeIeHueM
U30BITOYHBIX TOUEUHbIX 3apsiioB Q) 1 IJIOCKOCThIO X' k
(C KOTOPOiI1 MOHBI COBEPILAIOT MEePEXOIbI Xk xkt1
yepe3 MOTeHLMaNbHbIE 6apbepbl My 4+ 1 T Q4+ 1)
He MPEeBBIIIAIOT HECKOJIBKMX HaHOMéTpOB. YncieHHOe
MozenupoBaHue [7, 23] mokasbiBaeT, YTo I HaHO-
CcTpyKTYp {X’} mporsKeHHOCTBIO Oosee 3...4 HM gO-
nyctumo ucnons3osats B CIIT none laycca Fg; B Ka-

yecTBe 3(PPEeKTUBHOTO MOJST Féj’fk ~ const. OgHaKo B
paborax [7, 23] He obOcykaajcs Bonpoc 0 pU3NIeCKOM
CMBICJIE pa3MepHOTo (akTopa, KOTOPHBIN TO3BOJISET
HMCIOJIb30BaTh MPUOIKEHUE F ~ F (%B HEOOBIYHBIX
s F; reOMEeTpUYeCcKnX yCJIOBHUSX: L (~1 aM) K ro
(>300 HMm). [eiicTBUTEIbHO, pacCTOsIHUE R MeEXIy
TUTOCKOCTBIO ¢ M30BITOYHBIMH 3apsiAaMU ¥ TOYKOM Ha-
OJII0JEHMS T10JI HE COOTBETCTBYET NPUOIMKEHUIO Fis;,
Tak Kak R < rp, a He HaoOOpOT. [ljisi BBISICHEHUSI
MPUYMHBI BOSHUKHOBEHUS pa3MepHOro (akropa pac-
CMOTpUM JABE 3aJa4u 3JEKTPOCTaTUKU (puc. 2, a, b u
puc. 3, a, b).

Ha puc. 2, a nokazaHa 1mjaockocTb P ¢ KBa3uom-
HOPOJHBIM pacrpenejeHueM TOYeUYHbIX 3apsaoB Q.
CorjnacHO MaKpOCKOITMYECKOU 3JIEKTPOCTaTUKE, B
00J1acTu MPOCTPAHCTBA, yIaJeHHOM OT IJIOCKOCTU P
Ha pacCTosiHue R > r(, HANPSIKCHHOCTb DJIEKTPH-
YecKOro moJisi F MOXHO CYMTATh MOCTOSIHHOM. DTO
onHoponHoe nosie 'aycca F. B TakoM mose y Beex
MOTEHIIMAIbHBIX 0apEEPOB BBICOTHI 1y 4 4 | U3MEHH-
IOTCSI Ha OZHY ¥ Ty X BEJINUYMHY TOJIeBOil T0GABKH
Q. = const(R). XapakTepHas 1jiuHa L B 5KCIIOHEHTE
e R/L KOTOpYI0 MOXHO MCIOJIb30BaTh Il PUOIIN-
KeHHoro onucanus mnepexoga or F= 0 (mpu R=0) K
F;= const(R), 10KHa OBITh IMOPsIIKA HECKOJILKUX ro-

Ecnu pacnpocTpanuTh 5Ty JIOTMKY Ha ciydail
KpucTautorpadudeckoii mwiockoctu X’ (puc. 2, b) ¢
ro > 300 HM, TO MOXHO cAeJaTh HEIPaBUJIbHbII BbI-
BOJI: COOTHOILIEHUE Fe}j‘ ~ Fg ucnonbsyerca B C/I1
HEKOPPEeKTHO (xapakTepHas AjauHa L B 3KCIIOHEHTE
e ®'L nomxuna 6bite L > ro> 300 HM, Ho B C/II Ha-
HOWOHWKU, TIE paCCTOHHI/IH Lk HM, BBITIOJTHSIETCS
uHoe ycnosue: L) % <« ro)-

OpHako B paborax [7, 23] peuraercs apyras 3ajgada
(puc. 3, a). B CAIl uameHeHUe KUHETUKU MOHHOIO
TpaHCHoOpTa MPU BHEIIHEM BO3IEWCTBUU OMpPEnessioT
He camu nosisi, a cymMma S (2) 1oJieBbIX 100aBOK Q K
BBICOTaM IOTEHLIMAIbHBIX OapbepoB. IloaTomy Kop-

PEKTHOCTD IIPUOIMKEHUST Féj’fk ~ const(Lj’ k) ~ Fnpn

ro> - % < 1 um obecrieunBaior JIOIIOJIHUTEJIbHBIE YC-

JnoBus. Puc. 3, a neMOHCTpUpYeT 3TU YCIOBUS: B OK-
PECTHOCTU KaXI0TO M30BITOYHOTO TOYEYHOTO 3apsiaa
Q “MeeTcs MHOXECTBO MOABMXXHBIX MOHOB, KOTOpbIE

COBEPILIAIOT MEPEXOIIbI Xk xkt1 yepe3 MOTEHIIM-
albHble Oapbepbl My 4 + |- CpelHee pacCTOsSHUE F;

MEXy MOABMXKHBIMU MOHAMHU Ha TJIOCKOCTSIX X*, Ha-
npumep, B [ICUIT a-Agl, cocrasnsietr ~0,6 HM. Kax-
Il M30BITOYHBINA 3apsin O CYIIECTBEHHO M3MEHSIeT
MoJieBble J00aBKU ) TOJIBKO y 0apbepoB Tex N Io-
BIDKHBIX MOHOB (Ha ILIOCKOCTU Xk), KOTOpbIE HaXo-
JSITCS B €ro OymKalilieid OKpeCTHOCTU. Boliaeaum oty
OKPECTHOCTb M30BITOYHOTIO 3apsiaa Qj HEKOTOPBIM Te-
JIECHBIM YIJIOM ©®, BeplliMHA KOTOPOIrO UMeeT KOOpIr-
HaTbl U30BITOUHOIO 3apsiaa QJ Cymma § (2) noneBbIx
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100aBOK Q K BbIcOTaM /N 6apbepoB M 4 + |, BBIAEIEH-
HBIX yIJI0M ©, OyaeT ~NQ. Ilpu yBeJ‘[’I/I‘{eHI/II/I paccTo-
stamst L K= (Jk—jla) <« ro Mexay 3apsinom Q u 1Ioc-
KocThio X Kaxnas moseBast noGaBka Q B (2) ymeHb-
waercst Kak ~(Jk — j|A) 2, Tae A — paccTOSIHUE MeXIy
ILUIOCKOCTSIMM C MHAeKcaMu k u k + 1. OmTHOBpeMEeHHO
B OKPECTHOCTH yrja ® 4ucio N MOABMXKHBIX MOHOB
yBesmumBaetcst Kak ~(Jk — j|A)%, a cymma S B (2) cra-
HoBUTCcSI NQ ~ const, XOTs ro > L% < 1 um. Takum

00pa3oM, pa3MepHBIi (pakTop (KOTOPEIN 00eceunBa-
et B CIII1 BO3MOXHOCTb MCMOJIb30BaTh MPUOIMKEHUE

F ejfk ~ Fgnpu JERRS rQ) — 3TO CpeAHee pacCTOSTHUE

r; MCXIY MOHaMHU IOABMXHOIO COpTa B TBEPAOTC/Ib-

HOM MOHHOM MpoBoaHUKAX, KoTopoe B [ICUII a-Agl
uMeroT nopsiaok 0,5 HM. BIABIEHHBIN 7,-pasMepHbBIT

dakTop gBISETCS CIEACTBUEM M3BECTHOIO IMOJIOXE-
HUSI MAaKPOCKOITMYECKOM 3JIEKTPOCTATUKU: IJIsl TOUEU-
HOTO 3apsa B BAKyyMe IOTOK BEKTOpa HaIPsKEHHOC-
TH 3JIEKTPUYECKOTO TI0JIsI Yyepe3 3aMKHYTYIO MOBEpX-
HOCTbh, OKPY:KaIOILIYIO 3apsi, paBeH const.

Puc. 2 u 3 paror KayecTBeHHOEe OOOCHOBaHHUE 00-
HapyxeHHoro paHee B CIII (MeTogoM 4YKCJIEHHOTO

P X 5 I
I I |
E o % r>300 nm i
| \ |
E X & . X i
: ,;{ R>>r, Lik Li*~1 nm :
I — «—
: F; = const(R) F ;= const(L /) :
| |
: a) b) |

Puc. 2. /IBa ciiyuasi reoMeTpuy pacnpeneieHns: TOYeYHbIX 3apsioB U
PACCTOSIHMIA 10 TOYKH HAOJIIOJEHNS MOJIS B KJIACCHYECKO# IJIEKTPO-
CTaTHKE: @ — TUIOCKOCTb C KBA3UOJHOPOJIHBIM pacripeieJieHUeM 3a-
pana. Iepexon ot mons F= 0 (R = 0) k momo I'aycca F; = const(R)
MPOUCXOIUT TIpu R > ro; b — B CIII m10CcKOCTh ¢ M3OBITOUHBIMU

3apsgaMu X (rQ > 300 HM) HaxomuTCs GJIM3KO K 000 U3 TUTOC-

KoCTel {Xk} (I ko HM), TJIe HaXOAATCSI MUHUMYMbI TTOTEHLIMAb-
HOTO pesibeda v ITOABKHBIE MOHBL. [Tepexon K 3¢ (GeKTUBHOMY ITOTIO
Féj’fk ~ F IpOMCXOINT ITPU PACCTOSTHUAX %~ 1um (Lj’ k<« rQ)

Fig. 2. Two cases of distribution geometry of point charges and distances
to the field observation point in classical electrostatics: a — a plane with
a quasi-uniform charge distribution. Transition from the field F = 0
(R = 0) 1o the Gauss field Fg = const(R) occurs at R> rg; b — in

SDA plane with excess charges (ro > 300 nm) is close to any of the (X7}
planes (L k.1 nm),where there are the potential landscape minima
and mobile ions are located. Transition to an effective field ngk ~ Fg

occurs at the distances of L ko 1nm@h*< ro
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Puc. 3. Pa3mepHnsiii pakrop n Teopema B3aumaoctu B CIII1 s muo-
KeCTBa M30bITOYHBIX 3aPsAI0B {Qj} Ha miockoctu P, 1. e. {Qj} eP

M MHOXKECTBA MOJIEBbIX 106aBOK {Q;} K BHICOTaM MOTEHHHMAILHBIX

0apbepoB Ha miockocTu P, T. e. {Qj} € P: a — manoctp cpegHero

PaccTOsIHUA 7; MEXIY MOHAMM MOABMXHOIO copTa obecreynBaeT
i, k i

KOPPEKTHOCTb MPUOIVKEHUS Fgﬁ ~ const(L” k) ~ Fg B ycnoBusx

ro > Lk 1 um; b — 3amena {{Qj}, Q} & {{Qj}, O} obecrieunBaer

WHBapUaHT ZQj ~ const(R, 24 k)
J

Fig. 3. The dimensional factor and the reciprocity theorem in SDA for
a set of excess charges {Qj} on a plane P, i.e. {Qj} e P and a set of

field additives {Qj} to the heights of potential barriers on a plane P,
i.e. {Q;} € P:a — the smallness of an average distance between mobile

ions provides the correctness of the Fé}fk ~ const(L/’ k) ~ Fgapproximation
atrg> JZL Ny nm; b — replacement {{Qj}, Q} < {{Qj}, Q} provides
the invariant 2.Q; ~ const(R, Ly

J

MOJIeJIMpOBaHUsI Ha HaHoMaciuTtade [7, 23]) pa3mep-
Horo cakTtopa, BbIpaxarollerocsi B cjiaboil 3aBUCU-
MOCTH TONpPaBoK K nomo l'aycca F; npyu 3HaYEHUAX
WHAEKCOB j M k TUIOCKOCTEH, yIOBIECTBOPSIOMINX He-
paBeHCTBY |k — j| > 3. CyluecTBOBaHUE B HAHOMOHUKE
r-pa3MepHOro (akTopa IMo3BOJIAET CHOPMYIUPOBATH
B CATII cooTHONIEHHE B3AUMHOCTHU JJIs1 3apsIIOB U TO-
JIEBBIX 100ABOK K BBICOTaM IMOTEHIIMAIbHBIX 0apbEePOB
(puc. 3, b). 3ameHa mapbl (MHOXECTBO 3apsIOB {Qj} u
roJieBast 1o6aBKa (2 K BBICOTe Oapbepa) Ha mapy (MHO-
JKEeCTBO MOJIEBBIX 100aBOK {Qj} u 3apsig Q) obecrnevyn-

BaeT B CIAII nHBapuaHT OTHOCUTEIBHO R 1 L k, T. €.
ZQj ~ const(R, I/ k), I7Ie B ciydyae MHOXKECTBa 3apsi-
J

TIOB {Qj} MOJT 3HAKOM CYMMBI ZQj CTOWT OJIUH 3JIEMEHT
J

Q=~ const(Lj’ k). Kaxnyio napy o603HauuM Kak MHO-
JKECTBO U3 JABYX 2JIEMEHTOB, COOTBETCTBEHHO, {{ Qj}, Q}

n ({9, O
CooTHollIeHre MCXKOY 3apdAdaMi U ITOJCBbIMU 10-

6aBkamu B C/IIT moxeT OBITH chopMyJIMpoOBaHa KakK
TeopeMa B3auMHOCTH. /111 maphl {Qj} (MHOX€eCTBO 3a-

psIIoB Ha TutockocTr P) m Q (1moseBast 1o6aBKa K BbI-




COTe MOTEeHLIMAJILHOTO Oapbepa B 00J1aCTU, yIaJIeHHOM
oT P Ha paccrosHue L) u napsl Q (3apsi, yaaJdeHHbIN
oT P Ha paccrosiHue L) u {Qj} (MHOXECTBO MOJIEBBIX

JI00aBOK K BbICOTAM IMOTEHLIMAJIbHBIX 0apbepoB, pac-
MOJIOXXEHHBIX Ha MockocTu P) B ycloBusix L > ~ro

ulLl>~r (rQ — CpelHee pacCTOSTHUE MEXIY 3apsiaa-
MU, F; — CPEIHEE PACCTOSAHUE MEXIY MOTEHLUATb-

HbIMU OapbepamMu, KOTOPbIE€ MPEOA0JIeBAIOT MOABUXK-
Hbl€ HOHBI) BBITIOJHSAETCS TPABWIO: TIPU 3aMeHe

{Q}, @} & {{Q}, O} cnenyer :Zﬂj ~ const, rue B
J

cliydyae MHOXKECTBA 3apsiIOB {Qj} oJ 3HAKOM CYMMBI
CTOUT OJIMH 3JIEMEHT () = const.

O0beKThl HAHOMOHUKHM KaK JUHAMHYECKHe
HeJIMHEHHbIe CHCTEMBI.
HexkoMMyTaTHBHOCTH ONIEPATOPOB
reneparopa toka B CJII1

B voHuke TBepaoro Tejna LIMPOKOE MPUMEHEHME
HaXoJsT pejlaKCallMOHHbIE METOIbl MCCAENOBAHUS U
JUArHOCTUKMU, TUHEHHbIE B CBOei ocHoBe. Hampumep,
METOJ, UMMEAAHCHOW CIEKTPOCKONMUU 0asupyeTcsl Ha
MOJIOXKEHUHU, UTO CJI0XKHas cucTema (sueiika, obpasell,
reTeponepexo, ajaekTpoxumudeckas uemnb) ¢ BUT Oy-
JIET TIPOSBIATH TMHEWHBIE CBOMCTBA, €CIIM 3aBUCSIIEE
OT BpeMeHH ! BHellIlHee Bo3aelicTBue G(7), HampuMmep,
BO3IeiicTBUE reHepaTopa Toka (G(), caenath JO0CTaTou-
HO ManbIM [21], T. e. G(f) < p, Toe napameTp p (KOM-
OMHAaIMS BEJTMYMH) OIpeAesisIeTCsl YCAOBUSIMU 3a1auu.

HeonHoponHblii NOTeHUMANbHBIA penbed B TyH-
Heassx BUT (1. e. n1okanbHble (DYHKLIUU TIPOCTPAHC-
TBEHHOTI'O pacrpenesieHus1 BbICOT n(#) 6apbepoB) Mpe/-
onpeaensieT crneuuduky ITMHAMUUECKOro OTKJIMKA Ha-
HOCTPYKTYP C HPBIKKOBBIM HOHHBIM TPAHCIIOPTOM.
B CAIl peanusyercsa cheaywoolias MocCieI0BaTe/ b-
HOCTb MPUYMHHO-CJIEICTBEHHBIX CBSI3€ii: UMITYJIbCHOE
WJIK TapMOHUYECKOE BHellIHee Bo3aeiicTBue G(f) — mno-
SIBJICHWE B HAHOCTPYKTYPE 3aBUCSIIIETO OT ¢ pacipene-
JIeHUsI M30BITOYHBIX 3apsioB {enOyj(t)} 0 CcucTeMe
KpuctautorpadyecKux IIocKocTer {X’} (MUHUMY-
MbI HOTEHLIMAJIBHOTO pelibeda) — BOSHUKHOBEHUE He-
OIIHOPOIHOTIO 3JIEKTpUYecKoro nojis Fr, f), UHAYLU-
POBaHHOIO W30BITOYHBIMU 3apsiiaMyd — HU3MEHEHUE
BBICOT 0apbepoB M(7) Ha BEJIWYMHY IMOJIEBBIX 100aBOK
Q(r, 1) - U3MeHeHVe KUHETUKU MOHHOTO TPaHCIIopTa,
onpenensiemoe npu G(f) < p cymMoil S MoJjieBbIX 10-
06aBoK Q(r, f) — 3aBUCSIIMN OT ! HETMHEWHBINA OTKIIMK
HAaHOCTPYKTYPHI.

Takum 06pa3oM, 0ObEKTHl HAHOMOHUKM BEAYT ceOsl
KaK JUHAMUYECKHE CHUCTEMbI, Y KOTOPHIX OCHOBHBIC
nmapaMeTphl (BBICOTBHI MOTEHLMUAIbHBIX OapbepoB) 3a-
BUCSIT OT BHEIIIHETro Bo3aeiicTBust G(f). DTO 03HAYAeT,
YTO OTKJIMK R(7) paccMaTpuBaeMbIX OOBEKTOB Ha BO3-
ngeiictBue G(f) HE MOXET OBbITb ONMUCAH JOCTATOUYHO
MOJIHO B paMKax JIMHEHHOro NMpuOIMKeHUs, U oll1iiee

pewieHue Ry, (f) cienyer UcKaTh B 00JIaCTU TUHAMU-
YEeCKOM HEJIMHEHNHOW MOHUKHU.

®dopmammzosanHasgs Moaenb CAIT (1) cBsI3bIBaeT
MHOXECTBO KOMIIOHEHTOB {y;(1)} = |1(1)) ¢ MHOXECT-
BOM IEPBBIX IPOM3BOIHBIX IO BpeMeHH { ; (1)} =|Y (7))
u ¢ ynkuueir G(f), KOTOpas MOIETUPYET NEHUCTBUE
reHepatopa Toka. Beauuunsl |X(7)) u |Y (7)), a Takxke
HavyaJIbHbIC U TPAaHNYHBIC YCIOBUS 331af0T TPACKTOPHUIO
(3BOIIOLIMIO) CUCTEMBI B 2M-MepHOM (Da30BOM IIpO-
CTpPaHCTBE NmepeMeHHbIX {y (N} u {y, (N}, 1 < k < M,
rne M — oOiiiee Yucao TIOCKOCTEH X B MOAEIbHOM
HaHoctpyktype. CIII naer "BHyTpeHHee omucaHue"
(B TepmuHax [28]) moBeneHuss HaHOCTPYKTYp {X’}, B
KOTOpPBIX Bce M ~ 10...30 KOMIOHEHT BeaTUYUHBI | Y(7))
CBSI3aHBI JTaJIbHOACHCTBYIONINM KYJIOHOBCKUM B3aM-
MozeiictBueM. OOlee YMCIIO TaKMX BHYTPEHHUX CBSI-
3eit umeet mopsinok M(M — 1) ~ M2, T. €. BeJIMKO. 13-
BecTHO [28, 29], 4TO BBICOKas "CTPYKTypHasl CBS3-
HOCTB" C HEM30EKHOCThIO MPUBOAUT K HEJIMHEHHOCTU
JUHaMUUYecKux Mopeneit. TeopeTuyeckuil aHaIU3 MX
MOBeNeHUs SIBISIeTCS TPYIHOM 3amaueil gaxe Mpu Ma-
JIOM 4McIie KOMIOHEHT {y;(f)} = | X(#)), a mpu GonbImx
3HAUCHUSIX kK CTAHOBUTCSI BOOOIEe Hed(PDEKTUBHBIM.
OTclofa cieayeT, YTO YNCIIEHHBIE METOIBl U KOMITBIO-
TePHBbIE SKCIIEPUMEHTHI TOJDKHBI UTPaTh BAXKHYIO POJIb
B JMHAMUYECKON HETMHENHON MOHUKE.

Henuneiinocts pewienuit ypasuenuit CIAII (1) Ha-
[JIAIHO TPOSIBISETCA B OTKIMKE MOMIENBHBIX HaHO-
cTpyKTYp {X/} Ha MoC/IEn0BaTENILHOCTD UMITYJIbCOB Te-
HepaTopa Toka G(f). [Tycts reneparop G cosmaer B { X/}
C HEOMHOPOAHBIM, HO CUMMETPUYHBIM OTHOCHUTEJIBbHO
IeHTpa Macc TTOTEHIIMAILHBIM pelibehoM, IBa TOCTIe-
JOBaTeJIbHBIX MPSIMOYTOJIbHBIX UMITYJIbCca TOKa (orepa-
TOPBI Gt u G ) pa3HO#l MOJSIPHOCTU. JITUTETbHOCTD
At KaxXIoro M3 MMITYJILCOB YIOBJIETBOPSET YCIOBUIO
At < 1, TIe T — XapaKTepHOE BPeMs pejlakcaluuy Ha-
HOCTPYKTYPHI {X’/}, KOTOpOE ompenensercs BBICOTOIA
caMoro BbIcOKoro Gapwepa. Ipu mo6om G+ B {X/}
TIPOVCXOINT TIepepactipeie/ieHne N30BITOUHBIX 3apsi-
OB MEXITYy MMHMMYMaMH MOTEHIMAIbHOTO pebeda.
Bosnaukaromme 3JeKTpUIecKue oI MOTUGUITUPYIOT
BBICOTBI GAPBEPOB ..My — | ks N, k + |--» TOITOMY BTO-
poOil MMITYJIbC TIPOTHUBOIOJIOXHON TONSIpHOCTH G
BO3IEHCTBYET yX€ Ha IPYrylo, MOIUGULAPOBAHHYIO
HAHOCTPYKTYpY, UMEIOIILYIO MOTEHLMAIbHbINA pebed
e+ Lk T Qo k=1 M k+ 1 T Qe ek 1

[Tycts HauvanbHOE DPAaBHOBECHOE paCHpeNeeHHe
U3OBITOYHBIX 3apsifoB B {X’} omuchiBaeT BeIMYMHA

|Yy) = |0, ..., 0). Bo3neiicTBue omeparopa G" Ha |Yo)
MOXHO 3aIKcaTh B BUIE
Y = Gy, 3)

T. e. orepatop G TepeBOIUT MHOXECTBO |Y;) B HOBOE
MHOXeCTBO — oTK/HK | Y1) HaHOCTpyKTYpBI. Bemiuu-
Ha |Y") omuceiBaeT HEPaBHOBECHOE (HEPeIaKCupo-
BaHHOE) cocTosgHue {X’/}. Bo3aeiicTBre MMIyIbca TOKa
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oTpulIaTeTbHOI MonsipHocTH G~ = —|G| Ha |Y}) 3a-
MHUIIEM aHATOTHYHO:

Y7 =G Y. 4

[MocenoBarebHOE IPUMEHEHME OIepaTopoB G
u G (G u G) naer:

Y =61Y" = G G %)

Y ™H =Gy = G G|Yp). (6)

¥j, a.u.
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Puc. 4. BosaeiicTeue ABYX Pa3HbIX MOCJIEI0BATEIbHOCTE HMITYJIbCOB
ToKa pa3uoii mosproctn (G', G7) ma nmamocrpykrypy {X’} ¢ mc-
XOIHBbIM cocTostHieM | Yp) =0, ..., 0) co3naeT pa3Hbie HePABHOBECHDbIE

cocrosinms | Y 7y m |Y ™). Ha BcTaBKe MOKa3aH NOTEHIMAIbHbII pe-
abed B HAHOCTPYKTYpe: @ — I — MOC/IEN0BATENLHOCTD UMITYJIbCOB

G" - G 2— yi(1), mepexon ot | Yp) =10, ..., 0y k |¥7); 3 — p,(9);
4 — y3(0); 5 — y4(0); 6 — y5(H); b — I — mocnen0BaTeIbHOCTb UM~
myiscoB G — G, 2 — y1(9), mepexox ot |Yy) =10, ..., 0) k Yty
3= 0@; 4= y3(0); 5 — y4(0); 6 — ys5())

Fig. 4. An influence of two different sequences of impulses of a current
of different polarity (G*, G~) on the nanostructure { X'} with an initial
state |Yp) =0, ..., 0 creates different non-equilibrium states |Y* ) and
|Y~Ty. The insert shows the potential landscape in the nanostructure:
a — 1is a sequence of impulses Gt — G~; 2is (9, the transition from
1Yoy =10, ..., 0y 10 |[Y7); 3 — py(0); 4 — y3(0); 5 — y4(0); 6 — ys(2);
b — 1is a sequence of impulses G~ — G+; 2is y|(1), the transition from
[Yp) =10, ... 0y to [ Y™ 3 — py(0); 4 — y3(0); 5 — yy(0); 6 — ys(2)
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Ha puc. 4 mpencraBiieH pe3y/ibTaT pacyeToB IIO
dopmynam (5), (6) 119 CUMMETPUYHON HAHOCTPYKTY-
pel {X’}, roe 1 <j< M= 28 (BcTaBKa Ha pucyHke). Pac-
yeThl B paMkax CJIIT BbIMOJHEHBI C B cpele MakeTa
nporpaMM Wolfram Mathematica [30] mis nmapamer-
POB MO {ng}, TaKUX Xe Kak B [7, 23]: TemnepaTypa
300 K, ny = 10! M_z, pacnpeleieHIe BICOT OapbepoB
Mk -1 jo Nk k + 1--- B {X/} IpencraBieHo Ha BCTaBKe
K puc. 4, a: 0,23, 0,33, 0,34, 0,35, 0,37, 0,38, 0,41,
0,43, 0,46, 0,51, 0,56, 0,62, 0,73, 0,80, 0,73, 0,62, 0,56,
0,51, 0,46, 0,43, 0,41, 0,38, 0,37, 0,35, 0,34, 0,33, 0,23
5B. Ha puc. 4 nokazaHo, 4TO Mocjaea0BaTeJIbHbIE UM-
nysbebl Toka G — G (G~ — GT) co3maoT B MOMEHT
t = 2 ¢ HepaBHOBecHoe coctosiHue |Y' 7y (¥~ ).
IToka3zaH mepexon K HEpaBHOBECHOMY COCTOSTHUIO OT-
HOCHUTEJIbHBIX KOHLIEHTPALIUM {yj(t)} TOJIBKO JJISI TIATH
MUHUMYMOB TIOTEHIIMAJIBHOTO peibeda, T. €. KOM-
NOHEHT Y(7), (1), y3(f), y4(f) m y5(f) BexTOpa
{yp(D} = | X(9), 1 <j< M= 28. VI3 noNy4eHHBIX JaH-
HBIX CJIeAyeT, YTO MOCTUIHYTble HEPAaBHOBECHBIE CO-
crosiiust |Y +_) ul|Y _+) HeJib3s1 Ha3BaTh OJIU3KUMU,
Tak Kak y | Y™ ") u |Y ") Bce KOMITOHEHTBI OTINYAIOTCS
3HakoM. Takum obGpaszom,

YT =y, Y Hy=—y, (7)

T. ¢. omepatopel G u G~ (G~ = —|G*|) He KoMMyTH-
PYIOT 1axke B yCIOBUSX Af K 1, KOT/Ia TOJIBKO HEe0O0Ib-
1Iasi YacTh BBOAMMOM B HAHOCTPYKTYpY {X’/} sHeprum
npeoOpa3yeTcsl B TEIJIOTY.

OKCnepuMeHTaJIbHble METOJAbl MOHUKM HMEIOT
MPOCTPAHCTBEHHO-BPEMEHHBIE OTPAHUYEHUS IO Jie-
TeKTUPOBAHUIO MPOLECCOB, YTO BeAET K MOTEepe WH-
¢opmanyu u3-3a (PU3MUYECKOTO IIPOCTPAHCTBEHHO-
BPEMEHHOTI0 YCPEeIHEHUs 3JIeMEHTapHbIX IPOLIECCOB
{yi(D}, xOTOpBIE MPOTEKAIOT B 00JIACTU OTAEIbHBIX I10-
TEHUMAJIbHBIX 0apbepoB. [103TOMY psi IMHAMUYECKHUX
SIBJICHUN He (puKcupyercs B 3KcrneprumeHTe. MoXHO
OXMJAaThb, YTO B IMHAMUYECKOM HEJTMHENHOM MOHUKE,
YUUTBIBAOLIEH HEOTHOPOAHOCTDb MOTEHIIMATBLHOTO pe-
JIbeda HA HaHoMaclluTabe, OyayT oOHapyXeHbl (Iep-
BOHAYaJbHO METOJOM YMCJIEHHOTO MOIEIUPOBAHMS)
HOBBIE, MPUHIUITUAIBHO BO3MOXHBIE MTPOLIECCHI U SB-
JieHus1 (MacKupyemble YCpeIHEHUSIMU), UHTePIIPEeTH-
pyeMble B COBpPEMEHHBIX paboTax KakK MNpUCYTCTBUE
IIyMa B DKCHEPUMEHTAbHBIX TaHHBIX.

3akiouyeHune

i pa3BUTHS CTPYKTYPHO-IMHAMUIECKOTO TTOMI-
xoga (CIIT) HaHOMOHUKM BIIepBbIE TPUMEHEH METO
MPOECLIUPOBAHMS MOJIOKEHUIA HEJIMHEUHON TMHAMUKA
Ha CHII. IToka3aHo, YTO OOBEKTHl HAHOMOHUKU OT-
HOCSITCSl K KJIacCy NMHAMWUYECKUX HEJMHEUHbIX CUC-
TE€M, Y KOTOPBIX OCHOBHBIE TapaMeTpbl (BBICOTHI TO-
TEHUMAJIbHBIX 0aphepoB) 3aBUCSIT OT BHEILIHETO BO3-
aevicteust. Heaunetinviil ounamuueckuti omkauk Ry (1)
NPOBOOHUKO8 C MPBINCKOBOU UOHHOU NPOBOOUMOCHIbIO




npedonpedenen HAHOMACUIMAOHOU HEOOHOPOOHOCHbIO
HOMEHUUANbHO20 peavedha.

B pabore naHO KauecTBEeHHOE OOBSICHEHNE OOHAPY-
JKEHHOTO paHee B BBIYMCIMTEIBHBIX 3KCIIEPUMEHTAX
pa3sMepHOro (pakTopa, KOTOPHIi TTO3BOJISIET UCITOTB30-
BaThb Ha HaHoMacluTabe moHsTHe "3(PEPEeKTUBHOE Of-
HoponHoe mnone”. IlokaszaHo, 4To r; — pa3MepHBbIii
(hakTOp — OIpeaeseTcss MaJOCThIO CPEIHErO PacCTO-
SHUS ; MEX1y MOHAMU MOJBMKHOIO COpTa B MaTepH-
ajax ¢ IIPbDKKOBOM HPOBOAMMOCTBIO. IloyyeHHBINI
pe3yabTaT chopMyJIMpOBaH B paboTe KaK TeopeMa B3a-
MIMHOCTH 3apsiioB Q; ¥ MOJIEBBIX 106ABOK (2; K BBICO-
TaM IOTEHIIMAJIBHBIX OapbEPOB:

{0}, O o {1}, 0} = %‘,Qj ~ const.

BoisiBneHo (yHIameHTalbHOE HEIMHEHHOEe CBOM-
ctBO pemieHuii ypaBHenuii CIII — HeKoMMyTaTUB-
HOCTb OIlepaTopoB reHepaTopa Toka G(f). OHO TposIB-
JIIeTCS maxke B YCIIOBMSIX, KOTJA MOXHO IIpeHeOpedb
MpeoOpa3oBaHUEM DJIEKTPUYECKOM SHEPIUU B TEILIO-
BYIO B Mpolieccax pejakcallim.

PacnipocTpaHeHue uaeil, MoaxomoB M Pe3yIbTaTOB
HEeJIMHEWHON TMHAMWKY Ha HAaHOMOHUKY IPeICTaBIIe-
HO B CTaThe KaK aKTyaJlbHasl U BaxkHas IpobjeMa.
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Introduction

Throughout almost 15 years the Journal of Nano and
Microsystem Technique publishes regular researches of
authors in the field of theoretical and applied nanoion-
ics — the science, which term and concept have been
introduced for the first time in Russia in 1992 [1].
A subject of nanoionics is a fast ion transport (FIT) on
nanoscale (https://en.wikipedia.org/wiki/Nanoionics).
Under journal’s publications, for example [2—7], it is
possible trace the basic direction of nanoionics devel-
opment in our country for the last years. The authors
findings in the field of nanoionics basis meet require-
ments of nanoelectronics development (deep-sub-volt-
age nanoelectronics [4, 8—10]), microsystem technics
(effective autonomous hybrid energy & power sources
for supply of microrobots and nodes of wireless sensor
networks of [3]) and others critical and disruptive tech-
nologies [11]. The space technics and radiation-resist-
ant electronics are among them [12, 13].

Currently nanoionics is recognized in the world, the
term "nanoionics" is widely used in the scientific liter-
ature, with it associated an extending range of new con-
ceptions. In the new university textbook on solid state
ionics [14], the separate chapter 10 "Nanoionics" was
included for the first time and the priority of Institute
of Microelectronics Technology of Russian Academy of
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Sciences on devices with FIT on nanoscale was en-
dorsed ("nanoionic devices" [15]). The creation of new
type of high-density non-volatile rewriteable matrix re-
sistive memory (RRAM-resistive random access mem-
ory) for nanoelectronics is connected with nanoionics.
Integrated with logic high density RRAM (memristor-
based memory networks) [16] is considered as a mate-
rial basis of artificial intelligence [17]. An example of
intersection of applied nanoionics and nanoelectronics
(microsystem technics) is micron size impulse superca-
pacitors with record-high charge and energy density on
coherent polarizable heterojunctions (electronic con-
ductor /solid-state ionic conductor) [3, 18—20]. The
impulse film supercapacitors with FIT formed in un-
derside of solar cell panels can improve energy-power
characteristics of power facilities of spacecrafts.

Despite the importance of nanoionic impulse devic-
es with FIT, their development at modern level (i.e., by
using numerical simulation methods) is currently not
possible. The reason is the absence of basic (conven-
tional) theory of ionic hopping transport on nanoscale.
Therefore, data of measurements and diagnostics (car-
rying information about the mechanisms of ionic trans-
port processes and the degree of atomic perfection of
heterojunction with FIT), for example, impedance
spectroscopy data [21], can not be interpreted unam-




biguously. Moreover, these data can lead to contradic-
tory conclusions about the prospects for creation of na-
noionic devices for new element base of nanoelectron-
ics and nano (micro) system technology.

In order to solve this problem in IMT RAS was for-
mulated and executed research program to create the
theoretical tools to describe the dynamic behavior of
the model nanostructures based on solid electrolytes
(SE), i.e., solids with dielectric band structure in which
ionic conductivity may be in 109 and more times high-
er than electronic conductivity [3, 18]. Implementation
of the program required the development of physical
models, research methods, algorithms and computing
schemes. As a result, a theoretical system-"structure-
dynamic approach of nanoionics" (SDA) [5—7, 22, 23]
was created. It allowed carrying out the computer ex-
periments and describing the relationship between the
ion hopping transport, dielectric polarization and energy
dissipation in model SE-nanostructures (for the condi-
tions of small deviations from equilibrium). A character-
istic feature of SDA is a presentation of model nanos-
tructure by non-uniform on nanoscale potential land-
scape, in which under action of a weak external electric
influence the mobile ions migrate by the hopping
mechanism.

Computer experiments have shown the prognostic
efficiency of SDA. For the first time the physical basis
of the emergence of "universal" dynamic response (Jon-
sher’s law [24]) Rec* o« o” (n = <1) was revealed in
SE-nanostructures, i.e. the real part of the complex
conductivity Rec* is a power function of the frequency
o of external action [22, 25]. Experimental data in ma-
terials science of solid-state ionic conductors are always
checked by agreement with Jonsher’s law. However,
there was no generally accepted theory of dynamic re-
sponse.

SDA considers the problem of description of the dy-
namic response in SE-nanosystems from new view-
point, introducing a new notion — Maxwell displace-
ment current on potential barrier [22, 25]. It is shown
that with increasing frequency o of the external influ-
ence the areas with comparable values of ionic conduc-
tivity and Maxwell displacement currents are not dis-
appear in the samples with non-uniform potential land-
scape. This leads to about constant angle of phase shift
between current and voltage on the sample electrodes.
The obtained result explains the methodology of im-
pedance spectroscopy, which uses the term "element
with a constant phase shift" [26]. These "elements"”
(with unknown physical content) include formally in
equivalent electrical circuits for the fitting of their dy-
namic response to experimental data of w-behavior of
SE-samples.

In recent papers [7, 23] numerical simulation meth-
od has proved the validity of the application of concept
“uniform effective electrostatic field" (F,p in SDA on

nanoscale, although the point charges induced by weak
external action create in SE-nanostructure greatly non-
uniform electric fields. Computational experiments
(made for models with realistic geometry of distribu-
tions of charges and potential barriers [7, 23]) have
shown the ability to use the approximation of the uni-
form electrostatic Gauss field (F;) in the calculations of
ion-transport processes in nanostructures with length
more than ~3—4 nm (dimensional factor).

The long-term aim of ongoing research in IMT RAS
is an expansion of nanoionics boundaries in new direc-
tions and determining the prospects of creating new
highly functional solid-state ionic materials and im-
pulse devices for nanoelectronics and microsystem
technology. A strong non-stationarity of processes pro-
ceeding in pulsed devices implies the inclusion of Max-
well displacement currents in the FIT-theory as well as
the description of SE-nanostructure response in terms
of nonlinear dynamics. Ideas, methods, approaches and
results of nonlinear dynamics (section of the modern
theory of oscillations and waves [27]) for several dec-
ades actively use in many disciplines, enhancing the
interdisciplinary trends in science. However, non-line-
ar dynamics has made little effect on the development
of solid state ionics that cumulatively reflects the con-
tent of university textbooks [14]. The situation can be
corrected by initiating a number of research programs
towards "dynamic nonlinear ionics". The central place
of these programs should take projects devoted to ad-
vancement, development and verification of the theo-
retical models taking into account directly the densities
of local Maxwell displacement currents /) = 0D/ot.

The purpose of this work is a presentation of first re-
sults under study of basic nonlinear properties of the
SDA-equations solutions and revealing of physical na-
ture of the dimensional factor discovered in [7, 23] by
computer simulation method.

Fundamentals and manifestation of nonlinearity
in structure-dynamic approach (SDA) of nanoionics

SDA includes:

(1) a layered atomic model of a nanostructure
(fig. 1, a, b, ¢), which unites a set of the parallel crys-
tallographic planes {X’}. The mobile ions move from
one plane to another Xkl xktl by hopping in
1D-FIT tunnels over the potential barriers. The planes X’
correspond to minima of the potential landscape. Un-
der a weak external influence (current generator G(7)),
a directed ions movement in 1D-tunnels arises. The
model is based on the real structure of advanced supe-
rionic conductor (AdSIC) such as a-Agl (fig. 1, see the
3-rd side of cover), the structure of which is close to op-
timal for FIT and constitutes the connected 3D-net of
crystallographic positions (FIT- tunnels), separated
from each other by small potential barriers (=0.1 eV).
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The number of such positions in the planes X/ of more
in 4—6 times than the number of mobile ions;

(2) a method of "hidden" variables (the excess, non-
equilibrium concentrations nj(t) of the mobile ions on
the planes X/, induced by external influence);

(3) a physical-mathematical formalism (the system
of differential equations), that operates by "hidden" var-
iables nj(t), and based on the principle of detailed bal-
ance and kinetic equations written in the form of the
conservation law of the mobile particles. SDA allows to
describe ionic transport and dielectric-polarization
processes, which include the thermally activated cur-
rents of the mobile ions between the minima of SE-po-
tential landscape and Maxwell displacement currents
on potential barriers. These processes are connected by
the long-range Coulomb interaction which leads to col-
lective phenomena (the formation and relaxation of
space charge, the Warburg impedance, the Jonsher’s
"universal" dynamic response etc.).

(4) a method of the uniform effective electrostatic
field in conditions of a weak action of the current gen-
erator G(f) when excess point charges in the X’ planes
have discrete—random distributions. It is shown that
the accuracy of the SDA-calculations can be increased
by correction of the uniform electrostatic Gauss field,
created by the X’ plane with uniform-continuous dis-
tribution of excess charge.

In SDA the objects are layered nanostructures
formed by a family of the parallel planes {X’}. A hop-
ping ion transport guided by the current generator G(¢)
occurs within 1D-FIT tunnels in the direction of a co-
ordinate axis x, perpendicular to the {X”} planes. The
system of ordinary differential equations of SDA (1)
describes a change in the kinetics of ions transport

XU o xR xR over the potential barriers
<Mk -1,k Nk k+ 1 in general case of different
heights:
dy;(1)
ét (t) = éj(J/p seey yM)’
. ni(t)—n
J=1 e My oy = L—2L, (1)
0

where Y is a relative change of concentration in the j-th
minimum of the potential landscape; & —
ear functions written with considering the principle of
detailed balance. Interrelated kinetic equations (1) ex-
press the conservation law of the number of particles
moving WX XK XK+ 1 between the minima
of the potential landscape. The quantity n is a surface
concentration of the mobile ions on any of the planes M

of model nanostructure {X’} (j = 1, ..., M) in the con-
ditions G(?) = 0; the quantity nj(t) is a non-equilibrium

are non-lin-

surface concentration of mobile ions on the plane X’ in-
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duced by G(7). In SDA the variables {yj(t)}, 1<j<M

are called "hidden variables" [5, 6, 22], because the
experimental possibilities for definition of the func-
tions nj(t) currently not available. The weakness of

external influence means that the hidden variables

ni(f)—
yi1) =
/ no
the heights of the barriers n satisfy to the inequalities

Qg+ 1 <hkpT <y g1

The variables {y;(#)} = |X(#)) influence in two ways
(locally and globally) on the kinetics of ion transport
in the nanostructure {X’}. The local effect is that each
pair of variables nyy,(7) and nyy, 4 1(#) determines the
resulting flow of ions through the potential barrier
T]k k+ 1 + Qk k + l(t) where Qk k + l(t) is the field
additive to the barrier height n ko k+ 1 The global ef-
fect is that the excess charge enyy; (#) on the plane X’
gives own contribution to all ﬁeld additives of the set
{Qk, k+ 18V Vis o5 Y}, continuously modifying
the potential landscape {n; s + 1+ Q. x + 1L Y5 s
Vis wos ypp} of the nanostructure {X’}. From here the
nonlinearity of the solutions of the SDA equations fol-
lows and new nanostructure properties (emergent prop-
erties), which are not reducible to the properties of its
parts (the system effect appears).

1D~ "o <« 1, and arising field additives Q to

Dimensional factors accounting discreteness

of charges distributionson nanoscale.

Ratio of reciprocity between charges and field
additives to heights of potential barriers in nanoionics

In recent papers [7, 23], a possibility of using in
SDA notion of "uniform effective electrostatic field"
(Fj’ k) is proved by a method of computational mode-
ling. The field F is used in SDA instead of a non-
uniform field Fdls which arise in nanostructures {X’}
under external action G(f). The non-uniform field F;
is created by excess point charges Q, discrete randomly
distributed on the planes X’. Under small G(7) the av-
erage distance o between excess charges Q on the
plane X’ is large length (ro > 300 nm). Under these
conditions, the change of the ion transport kinetics is
determined by a sum of the field additives Q;  + | to
the heights of potential barriers ny  + |

S= ZQk, k+ 1 (2)

The effective field Fjﬂ of the uniform-continuous
charged plane X’ provides the same change of average
frequency of the mobile ions hopping through the bar-
riers g 4 + 1 as nonuniform field F;. The effective field
F/ ey can be defined by correction of the field additives
Qg [7, 23], which arise in the uniform electrostatic
Gauss field Fg;, created by uniform-continuous distri-
bution of the excess charges on X




In nanostructures {X’} under influence of G(?), a dis-
tance L/ K between the plane X’ (with discrete-random
distribution of the excess point charges Q) and the plane
Xk (from which the ions make transitions Xk xkt+1
over the potential barriersn, , + 1 T Q 4 + 1) does not
exceed a few nanometers. The computaﬁonal modeling
[7, 23] shows that for nanostructures {X’} with a length
of more than 3—4 nm acceptable to use the Gauss
field F; in SDA as the effective field ng’fk ~ const.
However, in [7, 23] the question of physical sense of
the dimensional factor which allows to use the ap-
proach F/, o8 Fin unusual geometric conditions L/ k
(~1 nm) < rp (> 300 nm) has not been discussed. In-
deed, the distance R between the plane with excess
charges and the observation point of the field does not
correspond to the approach Fg because R < rg, not
vice versa. To clarify cause of appearance of the dimen-
sional factor, we will consider two tasks in electrostatics
(fig. 2, a, b and fig. 3, a, b).

Fig. 2, a shows a plane P with a quasi-uniform dis-
tribution of point charges Q. According to macroscopic
electrostatics, in a space region distant from the plane P
by a distance R > ro» the electric field strength F can
be considered as constant. This is the uniform Gauss
field. In this field the heights n; 4 4 | of all potential
barriers change on the same value of field additive, i.e.,
Q¢ = const(R). The characteristic length L in the ex-
ponent e —R/L , which can be used for an approximate
description of the transition from F= 0 (at R = 0) to
Fg = const(R) should be about several rg. If this logic
will be extended to the case of the crystallographic
plane bd (fig. 2, b) with ro > 300 nm, then the wrong
conclusion is possible: in SDA, the using relation
Fé}'k ~ Fgis incorrect. Indeed, the characteristic length
L in the exponent e “R/L should be L > ro> 300 nm,
but in SDA of nanoionics (where distances Lk nm)
another condition L/ % < ro holds.

However, in [7, 23] another problem is solved
(fig. 3, a). In SDA, not fields, but the sum.S (2) of
the field additives Q to the heights of potential bar-
riers determines the change of the ion transport kinet-
ics under external influence. Therefore, additional
conditions provide the correctness of approximation
F;}f" ~ const(L> ) ~ Fgat ry > /¥~ 1 nm. Fig. 3, a
shows these conditions: in a vicinity of each excess
point charge Q there are many mobile ions, which
make the transmons Xk o xk 1 through the poten-
tial barriers n; 4 . The average distance between
mobile ions on the planes Xk, for example, in AdSIC
a-Agl, is r; = 0.6 nm. Every excess charge Qj signifi-
cantly changes the field additives Q only for those bar-
riers of N mobile ions (in the plane Xk) which are in its
nearest vicinity. Let’s limit this vicinity of the excess
charge Qj by some space solid angle ® which vertex has
co-ordinates of excess charge Qj. The sum (2) of the

field additives Q to the heights of the N barriers
Nk, k + 1> confined in the angle ©, is ~ NQ. Each field
additive Q in (2) decreases as (Jk — j|A) "2 with increas-
ing distance (L) % = (|k J1A) < r) between the charge
Q and the plane X where A is the distance between
the planes with mdlces k and k + 1. Simultaneously,
in a vicinity of the angle ® the number of mobile ions
N increases as: ~(Jk — j|A)?, so the sum (2) becomes
NQ = const, though ry > L/ % <~ 1 um. Thus, the di-
mensional factor (which provides in SDA possibility to
use the approximation Fé}fk ~ Fg at k<« rQ) is an
average distance r; between mobile ions in solid-state
ionic conductors, which in a-Agl — AdSIC has an or-
der of 0.5 nm. Revealed r;-dimensional factor is a con-
sequence of the well-known condition of a macroscopic
electrostatics: for a point charge in vacuum the flux of
a vector of electric field strength through the closed sur-
face surrounding a charge is equal const.

Figs. 2 and 3 give a qualitative basis of previously
discovered in SDA (by the method of computational
modeling on the nanoscale [7, 23]) the dimensional
factor, which is expressed in a weak dependence of cor-
rections to the Gauss field F; for planes with indices j

and k satisfying the inequality |k — j| > 3. The existence
of r,-dimensional factor in nanoionics allows us to for-

mulate in SDA the reciprocity ratio for the charges
and the field additives to the heights of potential bar-
riers (fig. 3, b). Pair replacement (set of charges {Qj}

and a field additive Q to the barrier height) on pair
(set of field additives {Qj} and a charge Q) in SDA
provides an invariant with respect to R and L’ k, i.e.
ZQj ~ const(R, L k), where in the case of set of
J

charges {Qj} the sumZQj contains one element, i.e.,
J

Q ~ const( k). We will designate each pair as {{ Qj}, Q}
and {{2), O).
The ratio between charges and field additives in

SDA can be formulated as the theorem of reciprocity.
For pair {Qj} (set of charges on the plane P) and Q

(a field additive to height of potential barrier in area re-
moved from Pon distance L) and pair Q (the charge re-
moved from P on distance L) and {Q} (set of field ad-

ditives to heights of potential barriers located on the
plane P) in conditions of L > ~rgand L > ~r; (rg —
is the average distance between excess charges, r; is the

average distance between potential barriers, which over-
come mobile ions) the rule is carried out: from replace-

ment {{Q}, Q} < {{Q}, O} follows = ZQJ- ~ const,
J

where in the case of set of charges {Qj} the sum contains
one element Q ~ const.
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Objects of nanoionics as dynamic non-linear systems.
Non-commutative character of current generator
operators in SDA

The relaxation methods of research and diagnostics,
which are linear in the basis, find wide application in
solid state ionics. For example, the method of imped-
ance spectroscopy is based on suggestion that a com-
plex system (a cell, a sample, a heterojunction, an elec-
trochemical circuit) with FIT will exhibit linear prop-
erties if time-dependent ¢ external influence G(7), for
example, influence of the current generator G(f), is
sufficiently small [21], i.e., G(f) < p, where the pa-
rameter p (a combination of values) is defined by con-
ditions of the problem.

The non-uniform potential landscape in the FIT-
tunnels (i.e., local functions of the spatial distribution
of the barriers heights) predetermines the specificity of
the dynamic response of nanostructures with hopping
ionic transport. In SDA, the sequence of cause-conse-
quence relations is the following: impulsed or harmonic
external action G(7) — appearance of ~-dependent dis-
tribution of excess charges on the system of the crys-
tallographic planes {X’} (minima of potential land-
scape) in the nanostructure — appearance of non-uni-
form electric field F(r, r) which is induced by excess
charges — changes in the n(7) barrier heights on the
value of field additives Q(r, 1) — the change of ionic
transport kinetics determined at G(7) < p by the sum
of Q(r, 1) field additives — #-dependent non-linear re-
sponse of nanostructure.

Thus, in nanoionics, the objects behave as dynamic
systems with key parameters (heights of potential bar-
riers) which depend on the external action G(7). It
means that the response R(?) of the considered objects
to the G(?) action cannot be described full enough with-
in the framework of linear approximation and it is nec-
essary to search for common solution Ry, (?) in area of
dynamic nonlinear ionics.

The formalized model of SDA (1) connects set of
components {y,(7)} = |X(#)) with set of time dependent
first derivatives {y, (9} = |Y (7)) and with G(7) function
which simulates the action of the current generator.
The quantities |¥(7)) and |Y (7)) as well as initial and
boundary conditions, define the trajectory (evolution)
of the system in 2M-dimensional phase space of var-
iables {y (0} and {y, (9}, 1 < k < M, where M is the
total number of the planes X*in the model nanostruc-
ture. SDA gives the "internal description” (in terms of
[28]) of behavior of nanostructures {X’}, in which all
M ~ 10...30 component quantities | ¥(#)) are interconnect-
ed by long-range Coulomb interaction. Total number of
such internal relations has an order M(M — 1) ~ M2,
i.e., large value. It is known [28, 29] that large "struc-
tural connectivity” inevitably leads to nonlinearity of
dynamic models. The theoretical analysis of their be-
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havior is a difficult task even for small number of the
{y (9} = | X(#)) components, and for large M it becomes
ineffective in general. Hence, numerical methods and
computer experiments should play an important role in
dynamic nonlinear ionics.

Nonlinearity of solutions of the SDA equations (1)
is evident in the response of the model nanostructures
{X?} on a sequence of impulses of the current generator
G(7). Let’s the generator G creates two successive rec-
tangular current impulses (G* and G— operators) of
different polarity in the nanostructure {X’} with non-
uniform (but symmetric relatively the center of mass)
potential landscape. The duration Af of each of impuls-
es satisfies the condition Af < t, where 7 is character-
istic relaxation time of the {X’} nanostructure, which is
determined by the height of the highest barrier of na-
nostructure. At any G' a redistribution of excess
charges between the minima of the potential land-
scape occurs in {X’}. Arising electric fields modify the
barrier heights ..mg — 4, Mg f + 1., therefore, the
second impulse of opposite polarity G~ influences an-
other, modified already nanostructure with potential
landscape Mg — 1, k + Qk, k— 1> T]k’ k+1 + Qk, k+ 1+

Let initial equilibrium distribution of excess charges
in {X’} is described by quantity | ¥y) = [0, ..., 0). Action
of the operator G" on |¥y) can be written down

Y5 = G'IYy), 3)

i.e., the operator G converts set |Yy) to a new set, i.e.,
the response |Y *y of nanostructure. The quantity Y )
describes non-equilibrium (non-relaxation) state of
{X7}. Action of the current impulse of negative polarity
G~ =—|G"|) on|Y,) can be written in a similar manner.

Y™ = G71xp. 4)

Consecutive application of the operators G and G~
(or G~ and G™) gives

YY"y =G lY" = G GYYy; (5)
Y =GY")=G"GYy. (6)

In fig. 4 (a, b) the result of calculations by (5)—(6)
for symmetric nanostructure {X’}, where 1 <j < M =28
(the insert) is presented. Calculations within the SDA
framework were performed in the software package
Wolfram Mathematica [30] for the model parameters
such as in [7, 23]: temperature is 300 K, n, = 1018 m™2,
The distribution of the barriers heights ..mg — 4,
Nk k + 1--- in {X’} is presented in the insert of fig. 4, a:
0.23, 0.33, 0.34, 0.35, 0.37, 0.38, 0.41, 0.43, 0.46, 0.51,
0.56, 0.62, 0.73, 0.80, 0.73, 0.62, 0.56, 0.51, 0.46, 0.43,
0.41, 0.38, 0.37, 0.35, 0.34, 0.33, 0.23 eV. It is shown
(fig. 4, a, b) that consecutive current impulses Gt > G
(or Gt = G") create during the moment 7= 2 s a non-
equilibrium state | Y ") (or | Y~ 7)). Transition to a non-
equilibrium state of the relative concentrations {yj(t)}




only for five minima of the potential landscape, i.e., for
components y;(7), y,(7), y3(7), y4(?) and y5(?) of the vec-
tor {y, (9} = |X(1)), 1 <j< M = 28 is shown. The find-
ings indicate that the achieved non-equilibrium states
|Y*7) and |Y ™) cannot be called similar, since for
|Y* 7y and |[Y ™) all components differ in a sign. Thus,

YTy, YTy =—y, (7)
i.e., operators G and G~ (G~ = —|G™]) do not com-
mutate even in conditions A7 < t when only the small
part of the input energy in the nanostructure {X’} is
converted into heat.

Experimental methods of ionics have spatial and
temporal restrictions on detecting of processes, that
leads to loss of the information because of physical
space-time averaging of elementary processes {y,(?)},
which pass in area of individual potential barriers.
Therefore, a set of the dynamic phenomena is not fixed
in experiment. It is possible to expect that in dynamic
nonlinear ionics (taking into account non-uniformity
of potential landscape on nanoscale) will be discovered
(initially by a method of numerical simulation) new (in
principle possible) processes and phenomena (masked
by averages), interpreted in modern works, as the pres-
ence of noise in experimental data.

Conclusion

Projection of nonlinear dynamic fundamentals on
SDA is applied for the first time for development of
structural-dynamic approach (SDA) of nanoionics. It is
shown that objects of nanoionics belong to a class of dy-
namic nonlinear systems in which the basic parameters
(the heights of potential barriers) depend on external
actions. Nonlinear dynamic response Ry;(#) of con-
ductors with hopping ionic conductivity is predefined
by non-uniformity of potential landscape on nanoscale.

In this work, the qualitative explanation of the di-
mensional factor (observed earlier in computational ex-
periments), which allows to use on nanoscale the con-
cept "effective uniform field", is offered. It is shown that
the r-dimensional factor is defined by a small average
distance between mobile ions in materials with hopping
conductivity. The received result is formulated as the
theorem of reciprocity of charges QJ and field additives
Q; to the heights of potential barriers

{0}, ot o {{Q}, 0 = ?Qj ~ const.

Fundamental nonlinear property of solutions of the
SDA-equations — noncommutativity of operators of
the current generator G(¢) is revealed. This property re-
veals itself even in conditions when it is possible to ne-
glect transformation of electric energy in thermal one in
relaxation processes.

The dissemination of ideas, approaches and results
of nonlinear dynamics in nanoionic presented in the ar-
ticle as relevant and important problem.
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PA3PABOTKA IBIS-MOAEAU MUKPOCXEM KOHLIEHTPATOPOB CETEM,
NMPUMEHSIEMbIX AASl MPOEKTUPOBAHUSI TEAEKOMMYHUKALIMOHHOM

ATTMAPATYPbI

Ilocmynuna 6 pedaxuyuro 21.03.2017

IIpoananusuposana cyuecmsyrowas HOMEHKAGMYpPa omeuecmeeHHbix Mukpocxem. OOOCHOBAH 8bIOOP MUKPOCXeMbl 045 Uccae-
dosanus. [lpedcmaenenvt napamempusl mukpocxemul, 0630p cmanoapma IBIS (Input/Output Buffer Information Specification),
XpoHonoeus cozoanus eepcuii 1BIS-modeneii, meopemuueckue ceedenusi 06 IBIS-moodeauposanuu. Pazpabomana IBIS-mooens.

Karoueevie caosa: IBIS, annapamypa meneKkoMMYHUKAUUOHHAS, MOOeAb, MUKPOCXeMA, CUCMEMA A8MOMAMU3UPOBAHHOO
npoeKmuposanus, 6a3a I1eKmpoHHas KOMHOHeHmMHAs, u3deaue, Ka4ecmeo

Bsenenune

Bospacratoniye TpeboBaHuUs K IapamMeTpaM U Io-
KazaTeJIsIM KayecTBa TeJJIEKOMMYHUKAIITMOHHOM arma-
paTypbl 3acCTaBJISIIOT €€ pa3pabOTUMKOB IMPUMEHSITh
COBEpPIICHHbIE MHCTPYMEHTHI MpOeKTUpoBaHUsi. OHU
JIOJIKHBI XOPOILIO 3HaTh HOMEHKJIATYpy U3AEIUI 2JIeK-
TPOHHOI KOMMOHeHTHOU 6a3bl (BKB), KoTopas B Ha-
cTosIIee BpeMs CTAHOBUTCS BCE IIMpPE, MOHUMATH
CYIIHOCTh (PU3UUYECKUX TMPOLIECCOB, MPOTEKAIOIIUX B
U3AEJTUIX, BHIMOJHEHHBIX IO Pa3IMYHbIM TEXHOJOIM-
sIM, YMETb PACCUUTHIBATh OJJOKU U Y3JIbl Pa3JIUYHOIO
Ha3HauyeHUsl, IPUMEHSITh COBEPILIEHHYIO U3MEPUTEb-
HylO anrmnaparypy. BoeinmonHeHUe Takux 3a1a4y B HACTO-
s1ee BpeMsi HeBO3MOXHO 0e3 ncronb3oBanust CAIIP,
OCHOBY KOTOPBIX COCTaBJISIIOT Monenau uzneauii DKb.

CoBpeMeHHasl MpakTUKa pa3paboTKU TEJIEKOMMY-
HUKAaIMOHHOU anmnapatrypbl MpearnojaraeT UcrnoJib30-
BaHue paziauuHbix CAITP. JIns1 Kaxmoil cyliecTByeT
CBOI aJropuT™ (pyHKIIMOHMPOBAHUS U CBOM (phopmaT
npeacTaBieHus: mMoneau uzneauii DKb. OcHOBHbIMU
paspadorunkamu CAITP sgBnstiorcst 3apyoeskHbIe KOM-
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MMaHUM, KOTOPbIE OPUEHTUPYIOTCS U IIPOABUTAIOT MO-
eI 3apyOeXHBIX IpousBoauTenein mamennii DKB,
JIOMYCKAaIOT MOIIOJIHEHNE OMOIMOTeK HOBBIMM MOMAEISI-
MM, B TOM YMCJIe Ha U3IEIUSI POCCUIMCKOrO IMpOU3-
BOJICTBA.

PocT HOMeHKIaTypbl OTEUYECTBEHHBIX W3ACIUNA
BDKb nukTyeT HeoOXOIMMOCTh B CO3IaHUN OMOJIMOTE-
KW MOJieJieil, KOTOpbIE ONMCHIBAIOT MpaBUia UX GyHK-
LIMOHUPOBAHUS B Pa3JIMYHOM amnmaparype, B TOM YUC-
Jie U TeJeKOMMYHMKallMOHHOW. be3 Takux mopeneit
MPEANPUATUS — U3TOTOBUTENU TEJIEKOMMYHUKAIIMOH -
HOW anmaparypbl U MPOEKTUPOBIIUKU HECYT KOJIOC-
CaJIbHbIE YOBITKU, TEPSIOT CPEICTBA U BPEMS Ha Jlopa-
0OTKYy ammapaTypbl MO MPUYMHE MOJTYYEHUS HEYAOB-
JIETBOPUTEJIbHBIX PE3YJLTATOB HA BTafnax €€ MCIbITa-
HUsI, TpY OTCYTCTBUM Monenu uzaenus DKb unu npu
€€ HAIMYMU, HO HU3KOTO KayecTBa.

3agaua MOJAEIMPOBAHUSI — CHeJIaTh MPOLEecC TMpo-
€KTUPOBaHUS armnapaTypbl 0ojiee ObICTPBIM, BbISIBUTH
MPpOOJIEMBI C U3NEIUEM Ha 3Tare MPOEKTUPOBAHUS, a
Tak>Xe MOJYYUTb OTCYTCTBYIOLLIME B KOHCTPYKTOPCKOM
JIOKyMEHTAIlU JTAHHbIE, HEOOXOAUMBIE JUISI TIPABUJIb-




HOTO TIpMMEHEHMs u3aenuit B ammaparype. Cpenu
IIUPOKOTO CIIEKTPa UCXOMHBIX TaHHBIX BHUMAHUE aK-
LIEHTUPYETCSI TOJBKO Ha HYXKHBIX ITapaMmeTpax. DTU
mapamMeTpbl MOXHO TIPEACTAaBUThH C ITOMOIIBIO (aiina
onucanus usgenus Kb B pa3IM4yHBIX CTaHapTax,
B ToM uuciie IBIS (Input/Output Buffer Information
Specification) [1].

Boioop Bepcuu dopmara IBIS-monem

Cneundukanus IBIS mogsunaces B Havane 1990-x,
Korma KoMmItaHms Intel TipegocTaBmiia CBOMM BHEIII-
HUM pa3paboTYMKaM CTaHIApTU30BaHHBLIN (opmar
JIJIs1 onuvcaHusi 0JJ0KOB BBoJa-BbiBoja (0ydepoB). Bto
CTaJIO0 TOJTYKOM JJTSI CO3MaHMsI OOIIETIPUHITOTO MHAYC-
TpUAILHOTO cTaHaapTa u nmooyauao Intel obpaTuThest
K Beaymum paspabotuukam EDA (Electronic Design
Automation — aBTOMAaTH3alINsI IIPOSKTUPOBAHUS JICKT-
POHHBIX MpuOOopoB u ycrpoiictB, CAIIP anekTpoHu-
KW) TSI pa3BUTHSA U TTIOAIEPKKY 3TOTo cTaHmapTa. Tak
ob11a co3gana cnenmdukanys IBIS 1.0. B utone 1993 1.
IBIS Version 1.0 Obl1a mpeacTtaBieHa B BUAE TEKCTO-
Boro ASCII-daiina. Pabora nponmoirkanack, U B AeKa-
ope 1995 r. nmosiBunack IBIS Version 2.1, koTopast Obl-
J1a oUIIMAIBHO TpWHATa HammoHaabHBIM WHCTUTY-
toM CIIA (ANSI) nox HazBanuem ANSI/EIA-656, B
3Ty BepCHIO OBIT BKITIOUEH IMMPOKUIA 6a30BBIil HAGOP
XapaKTepUCTUK, TPUTOIHBIN IJIT TOYHOTO MOJEINPO-
BaHUS OOJBIIMHCTBA LMpoBLIX Oydepon. IBIS Ver-
sion 3.2, comep:Kalliasi HEKOTOpble TEXHUYECKHE pac-
IIUpeHus, ObUTa BRITyIIeHa B aBrycre 1999 r. u opu-
nranbHo Oblma permameHTrpoBaHa ANSI/EIA-656-A
(crangapr, 3amenmBinii ANSI/EIA-656). B ampeie
2001 r. MexnmyHapongHasl 3JeKTpPOTeXHUUeCcKass KOMMUC-
cust (EIC) yrBepauia MexxayHapoaHbliii craHaapT IBIS
nox HoMepoMm IEC 62014-1. B aBrycte 2005 r. Bep-
cusa 3.2 Obla OOHOBJIEHA, B Hee ObLIM BKJIOYEHDI
¢opMaThl paclIMPeHHBIX XapaKTePUCTUK MOIEIUPO-
BaHMST KOPITYCOB M OINMMCAHMI 3JIEKTPUUISCKUX XapaK-
TEPUCTHUK TMevaTHbIxX 1iat. B utone 2002 r. Oblia npen-
craBieHa IBIS Version 4.0 u npuHsiTa opraHu3auuei
IBIS Open Forum. B suBape 2003 r. Obu1a BoIITylIeHA
IBIS Version 4.1. B utone 2006 r. 6bu1a IIpeacTaBieHa
IBIS Version 4.2 u ogo6pena IBIS Open Forum, a B
ceHTsIOpe 2006 T. Bepcus Oblla perilaMeHTHMpOBaHa
ANSI/EIA-656-B. B aBrycte 2008 . Obl1a mpeacTaB-
sneHa IBIS Version 5.0, B KoTopylo ObIIM A00aBJICHBI
ajropuTMuueckast Moaesb uHtepdeiica (AMI) u anro-
PUTM TIPOBEPKH 3JEKTPOMArHUTHON COBMECTUMOCTH.
IBIS Version 5.1 co 3HaYnTeIbHBIMM YTOYHEHUSIMUA U
pacliMpeHUsIMU K LIUPOKO UCIOJb3yeMoMy (opMaTy
AMI 6b11a npunsaTa oprann3anueid IBIS Open Forum
B aBrycte 2012 r. JlaapHeile YTOYHEHUST U paciliv-
peHusa K ¢opmaty AMI ObuUIM peann3oBaHbI B CEHTS0-
pe 2013 1. (IBIS Version 6.0), a IBIS Version 6.1 mo-

Jyauia ogodpeHue opranusanueii IBIS Open Forum B
cenrsope 2015 r. [2].

Taxkum obGpa3oM, MPOBEAEHHBIN aHAIU3 Pa3BUTUS
uHcTpyMeHTapusi IBIS mokasbiBaeT 1iejiecoo0pa3HOCTh
MTOCTPOCHHUS Mojieau B ¢hopmare Bepcuu 6.1.

Bbi0op MuKpocxeMbl

3agaueil JAaHHOTO MCCIIEJOBAHUS SIBJISIETCS pa3pa-
6otka IBIS-Monmenu TMITOBOII COBpEeMEHHON OTEYECT-
BEHHOI MHUKPOCXEMbI, KOTOPAsl BIMOJHSIET (DYHKIIUN
yIIpaBJICHUS TOTOKAMU JaHHBIX B TEJIEKOMMYHHUKAIIV-
OHHOI anrmaparype. 9To KOHLIEHTPaTOPkI ceTeit, obec-
MMeYNBAIOIIE PETPAHCIISIIIAIO BXOISIINX CHUTHAJIOB C
OIHOT'O M3 MOPTOB B CUTHAJ Ha BCE OCTaJIbHbIE (ITOM-
KJIIOYEHHBIE) TOPTHI, peayn3ys, TaKUM o0pa3oM, TO-
MoJioruto "obuas 1muHa", ¢ pasaejaeHueM NPONnyCKHOM
CITOCOOHOCTH CETH MEXIY BCEMU YCTPOUCTBAMU U pa-
00TOi1 B pexkxrMe MoJyayIieKca — Iepegadya v mpueM
MHOOPMAIINH TIPOUCXOIAT TTOOUEPETHO.

HoMeHKIIaTypa 0Te4eCTBEHHBIX MUKPOCXEM, 00ec-
MeYMBaAIOIINX yIpaBJIeHNEe MOTOKAMU JAaHHBIX B Te-
JIEKOMMYHUKAIIMOHHOM amraparype, OblIa ImojydyeHa
13 6a3bl JaHHBIX "JIeUTPOH" ¢ TTOMOIIBIO MOMCKOBBIX
Mpoleayp u IpeacrasieHa B tadim. 1 [3].

Cpeau wusgenuii, mpeiacTaBIeHHBIX B TaOnulle,
MMEI0TCS KOMMYTAaTOPHI CETH, KOTOPBIE B OTJIMYHE OT
KOHLIEHTPATOPOB TMepeaaloT JaHHbIE TOJbKO HEemoc-
PEICTBEHHO IIOJIyd4aTeal0, TeM CaMbIM IOBBIIIAIOT
MPOU3BOAUTEIBHOCTD U 6€30MaCHOCTh CeTU, U30aBIISIsI
OCTaJIbHbIE CETMEHThI CETH OT HEOOXOAUMOCTH (1 BO3-
MOXHOCTH) 00OpabaThiBaTh JAaHHEBIE, KOTOPEIE MM He
npenHasHavyaauch. OQHAKO KOMMYTATOPBI SIBJISIHOTCSI
GoJiee CIIOXXHBIMU YCTPONCTBAMH W TIPUMEHEHUE UX
HEe Bceraa LieaecooOpa3HO MCXOAs U3 COOOpaxkKeHU
3aTpar, eCJIM MHOE He OIpeIeSieHO B TEXHNYECKOM 3a-
JaHUMN.

B pesynbrare mpoBeAecHHOTO aHaaM3a OIpeaesieHa
TUIIOBasi MUKpPOCXeMa — KOHILIEHTpaTop ceTu. B 1abi1. 2
MpeacTaBjieHa HOMEHKIIaTypa KOHLIEHTpaTopoB ceTu [3].

M3 1aba. 2 BeiOpaHa mukpocxema S600BB2Y. Ona
BBITIOJTHSIET (PYHKLIMU YETHIPEXTIOPTOBOrO KOHLIEHTPA-
topa cereit mo npotokosy IEEE 802.3/Ethernet. JIaH-
Has MUKpPOCXeMa MPUMEHSIeTCS KaK IS CIIeIMalbHOMN
TEeXHUKU, TaK 1 IJIsT 001IenocTymHo. OHa IpeaHa3Ha-
YyeHa ISk TIOCTPOSHUS Ha €€ OCHOBE KOHIIEHTPATopa
Ethernet 10Base-T mMHIyCTpMaJbHOIO MCIIOJHEHMUS,
(bYHKIIMOHUPYET KaK YEThIPEXTIOPTOBBII KOMMYTATOP
no crangapty IEEE 802.3 10Base-T. Kpome Toro, B
COCTaB MMKPOCXEMbI BXOAWUT MOPT PACLIUPEHUS IJIsI
00bEIMHEHNUSI HECKOIBLKUX MUKPOCXEM B LIEJISIX yBE-
JINYEHUSI YKClia KAaHAJIOB U MOPT CBETOIMOIHOM UHIY-
KallMM JUIST OTOOPAKEHUST COCTOSIHMS CETH (ITOIKITIO-
YyeHue KaHaJja, repeaada JaHHBIX, OJJOKMPOBKA KaHaa,
KOJITM3WK). MUKpocXxeMa UMeeT BCTPOSHHBIN CHHTE-
3aTop yactoTel (PLL) [4].
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Tabnuua 1
Table 1

HoMeHKIaTypa 0T€YECTBEHHBIX MHKPOCXEM, 00€CIEeYHBAIOIINX YPABICHAE OTOKAMH JAHHBIX B TEJIEKOMMYHHKAIMOHHOM ammaparype
Nomenclature of the domestic microcircuits, which ensure control of the data flows in the telecommunication equipment

[ata moctynus-

YcnosHoe YcnoBHOe 0603HaYe- et KoHCTpyK- | Karero-
0003HaYeHUE | HME KOHCTPYKTOPCKON TOPCKOM JOKY- pus Ka- DYHKUMOHATBHOE Ha3HAYEHHE PaspaGoTunK
WU3ICIINST nokyMmenTauuu (KJI) meHTaunu (KJI) yecTBa y Functional purpose DI; veloper
Product Designation of the design | Date of acquisition| Quality purp P
designation documentation (DD) | of the design docu-| category
mentation (DD)
1839BB1® | AEAP.431200.005-04 TY 03.03.2006 5 CxeMa ynpaBjieHUsI BBOIOM-BBIBOIOM OAO "Anrctpem"”
(cxema uHTepdeiica) Angstrom Co.
Input-output control circuit (interface circuit)
5600BB1Y AESIP.431290.563 TY 10.10.2007 5 YeTtblpexnopToBelii KoHUeHTpaTop ceteit, | OAO "HUNUMD
cootBercTBytowux crangapty IEEE 802.3 | 1 Mukpon"
Four-port network concentrator NIIME
corresponding to IEEE 802.3 standard and Micron Co.
1875BBIT AEfP.431290.120 TY 14.12.2008 5 Ananrep 1MdpoBbIX KaHaIoB BBoma-BbiBoaa| 3A0 "CaeTiaHa —
Adapter of the digital input-output channels | TTonynpoBogHUKEU"
Svetlana-
semiconductor Co.
5600BB2Y AEAP.431290.731 TY 03.05.2011 5 YerpipexnoptoBblit KOHUEeHTpaTop ceteit | AO "I[IKK Munanmp"
no niporokony IEEE 802.3/Ethernet PKK Milandr Co.
Four-port network concentrator under
IEEE 802.3/Ethernet protocol
5559BB014 AESIP.431230.964 TY 15.01.2015 5 Ipuemonepenatuuk no craHgapty RS-232 | ®I'YI1
RS-232 standard transceiver "®HIII HUUNUC
uM. 0. E. Cenakosa"
NIIIS named
after J. E. Sedakov
1825BB1H2AM | AEAIP.431200.772-14 TY 16.03.2015 5 [MocnenoBarenbhblil uHTEpdeiic KOAEK-2 | OAO "Anrctpem”
KODEK-2 serial interface Angstrom Co.
2011BB014 AESIP.431230.880 TY 01.04.2015 5 ITpuemonepenaTyuk ¢ ralbBaHMYECKON AO "TIKK Mwunanmop"
Ppa3BsI3KOI PKK Milandr Co.
Transceiver with a galvanic isolation
2011BB024 AESP.431230.880 TY 01.04.2015 5 IIpuemonepenaTynk Mo CTaHAAPTY AO "TIKK Mwunanap"
RS-485 ¢ ranpbBaHMYeCKOI pa3BSI3KOt PKK Milandr Co.
RS-485 standard transceiver with
a galvanic isolation
2011BB034 AESP.431230.880 TY 01.04.2015 5 IMpuemonepenaryuk o cranmapry CAN | AO "[IKK Mwranmp"
C raJIbBAaHMYECKOM pa3BsI3KOM PKK Milandr Co.
CAN standard transceiver with a galvanic
isolation
1825BBITAM | AEHB.431200.173 TY 22.06.2015 5 IMocnenosarenbHblii uHTepdeiic KOAEK-2 | OAO "AHrcrpem”
KODEK-2 serial interface Angstrom Co.
K5537BB015 | AIKB.431230.276 TY 15.07.2015 1 YeToipexKkaHaIbHbI EpeaaTInK OAO "HUUDT
¢ LVDS-unTepdeiicom NIIET Co."
Four-channel transmitter with LVDS interface
K5537BB025 | AIKB.431230.277 TY 15.07.2015 1 YeTsIpexKaHAIBHBIN TIEPEIATINK C OAO "HUUDT"
LVDS-untepdeiicom NIIET Co.
Four-channel transmitter with LVDS interface
5600BB3T AEHB.431290.084 TY 24.12.2015 5 YeThlpexKaHAIbHBI KOMMYTATOD AO "TIKK Muwunanmop"
ceteii mporokosa [EEE 802.3/Ethernet PKK Milandr Co.
10/100 M6ut/c
Four-channel network exchange under
IEEE 802.3/Ethernet protocol
10/100 Mbit/s
1825BBITAM | AEHB.431200.173 TY 02.03.2016 5 TMocnenoBarenshbiii nHTEpdeiic KOAEK-2 | OAO "Anrctpem”
KODEK-2 serial interface Angstrom Co.
K5537BB015 | AIKB.431230.276 TY 24.10.2016 1 YeThIpeXKaHATbHbIN IIepeIaTInK OAO "HUUDT"
¢ LVDS-untepdeiicom NIIET Co.
Four-channel transmitter with LVDS interface
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Tabauia 2

Table 2
HomeHKaTypa KOHUEHTPATOPOB CETH
Nomenclature of the network concentrators
YcnosHoe YcnoBHOe 0603HaYe- Il[(ao'rjcl;locggngljéeﬁn Karero-
0003HaYeHUe | HME KOHCTPYKTOPCKOM PYKTOD pus Ka-
AATeITHS okymerTatn (KJI) nokymeHTanmu (KJI) qecTBa DyHKIIMOHATPHOEC HAa3HAYCHME Pazpaborunk
P;'Io duct Dlefs;(i]za fion ;c the desien Date of acquisition of Quality Functional purpose Developer
designation dogcumentation ( DD)g the design documenta- category
tion (DD)
5600BB1Y AESIP.431290.563 TY 10.10.2007 5 YeTblpexXnopToBblii KOHLIEHTPATOP OAO"HUUMD
ceTell, COOTBETCTBYIOLIUX CTaHAApTy | 1 MukpoH"
IEEE 802.3 NIIME and Micron Co.
Four-port network concentrator
corresponding to IEEE 802.3 standard
5600BB2Y AESP.431290.731 TY 03.05.2011 5 YerbipexnoproBblil KoHLeHTpatop ce- | AO "[TIKK Mwunanap"”
teit o mporokony IEEE 802.3/Ethernet| PKK Milandr Co.
Four-port network concentrator under
IEEE 802.3/Ethernet protocol
1892X1351 AESIP.431260.821 TY 18.07.2012 5 64-KaHaJbHBI KOHLEHTPATOP ISt OAO HIIL "BSJIBUC"
cucTeM 00pabOTKM CUTHAJIOB CO NPTs ELVIS Co.
BcTpoeHHbIMU LVDS-kaHanamu
64-channel concentrator for the signals
processing systems with embedded
LVDS channels
Ilapamempot muxpocxemor: [Manufacturer] — yka3blBaeT HauMEHOBaHHUE MPO-
Hanpstxkenue nutanus Uee, B 000000 4,5-5,5 N3BOOUTEIISI MUKPOCXEMBI,
Yuciio KaHAIOB NPUEMA,/TIEPENAUM AAHHBIX . . . .. o .ovon ... . 4 [Package] — ompenensieT Auana3oH 3HaAYEHUHN CO-
TemnepaTypHblii auamaszoH, °C . .................. —60...85 TIPOTUBJIEHUA, THAYKTUBHOCTH U €EMKOCTU KOPITyCa;
BxoziHoe HampsikeHUe HU3KOTO YPOBHSI [Pin] — omuchiBaeT BBIBOABI MUKPOCXEMEL,
Ha mudposeix Bxomax Uy, B 0...(0,2*Uc0)

BxomHoe HaMnpsA>XKE€HUE BBICOKOTO YPOBHA

Ha undposbx Bxogax Uy, B 0,8*Uce)...Ucc

Huddepenumansnoe BxonHoe Hanpstkenne Upp, MB .. .. 500...Uqc
BbIxomHO# TOK HM3KOTO/BBICOKOTO YPOBHSI
Top Top- MA ... He Goiee |6

YacroTa ciieIoBaHUsT MMITYJIbCOB TAKTOBBIX CUTHAJIOB
B pexxuMe obxona fr, MI'i
YacToTa clieoBaHUsSI UMITYJIbCOB TAKTOBBIX CUTHAJIOB
B peXXMMe YMHOXEHMS 4acToThl fo, MI'l
Bpemst HapacTaHUsSI U CIaga BXOAHOIO TAaKTOBOTO
CHTHANA Iy, I HC
MuHMMaIbHas ITUTEBHOCTh CUTHAIa cOpoca
ImcLRr HC
EMKOCTB Harpy3ku 1o Hu(pPOBBIM ¥ aHAJOTOBBIM

BoixogaM Cp, m®d ... ...

He 6osee 80

He 6onee 80

He Gonee 3

He MeHee 100

He Gojee 60

Pa3zpab6orka IBIS-mMonemn

B ocHoBe pa3paboTKu ObLIM TOCTaBiAeHbl (popma-
Thl, OINMCaHHBIE 3apyOexkHbIMU cTaHgapTamu IBIS
Version 6.1, ANSI/EIA-656, B KOTOpBIX TIpeICTaBIIe-
HbI cTpyKTypa IBIS-Momenu v OCHOBHBIE KJIIOYEBEIE
CJIOBa, a TaKXKe TeXHUYECKUE YCIOBUSI HA MUKPOCXEMY
1 ee KOpITyC.

OnucaHHbIE KJIIOUYEBbIE CIOBA MTPEICTaBIEHbl HIXE:

[IBIS Ver] — onpenensier Bepcuto IBIS-monenu;

[File Name] — omnpenensier ums ibs. daiina;

[File Rev] — yka3bIBaeT Bepculo penakiuu aiina,
YCTaHaBJIMBAETCS MO YCMOTPEHUIO pa3paboTuyrKa MO-
JeTn;

[Date], [Source] — yka3pIBalOT JaTy MOCIETHEN pe-
JaKUUMKA U UCTOYHUK MHpopMaluuu (HeoOsi3aTebHbIE
KJIIOYEBbIE CJIOBA);
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[Package Model] — ompeneinsieT ycaoBHOe 0003HaA-
YyeHMe KopIyca;

[Notes] — ucmoyib3yeTcs 411 TI0OBIX CITeIMaIbHBIX
MpUMeUYaHUil OTHOCUTENIBHO coliepKaHus daiina;

[Disclaimer] — momojHuUTeIbHAasA UH(POpMALINS;

[Component] — yclioBHOe 0003HAYEHUE MUKPO-
CXEMBI;

[Model] — ucronb3yercs ajis OImMcaHusl MOAEIN 1
€€ XapaKTepUCTUK.

B xmoueBoMm ciioBe [Model] ucnonb3yroTcs cieny-
olIMe noamnapamMeTphbl:

Model type — ompenensier tun moaeau (Input,
Output, I/O u T. 1.);

Enable — yka3biBaeT ypoBeHb YIIPaBJISIOLIETO CUT-
HaJjla, akTUBUpYIOlero oydep;

Cref — eMKOCTb Harpy3ku Mpu U3MEHEHUU Bpe-
MEHHBIX XapaKTepUCTHK;

Temperature Range — omnpeaensieT TemiiepaTyp-
HbII rMana3oH, B KOTOPOM IMPOBOIMIUCH U3MEPEHUS
XapaKTEPUCTUK MOIEIIN.

Huxe npencraBneHa pa3pabdorka IBIS-monenu Ha
MuKpocxemy 5600BB2Y:

|***************************************************

| Central design office "Deyton"
|***************************************************

[IBIS Ver] 6.1

[File Name] 5600VV2U.ibs
[File Rev] 1.0

[Date] January 17, 2017
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4.9 477V NA NA
5.1 4.85V NA NA
5.3 5.15V NA NA
5.5 5.38V NA NA
[Model] Tocc_Ucc

Model_type 1/0

Cref = 60pF

[Temperature Range] 25.0 85.0 -60.0
[Voltage I(typ) I(min) I(max)
4.3 115.5mA NA NA
4.5 120mA  NA NA
4.7 124.4mA NA NA
4.9 128.8mA NA NA
5.1 133.3mA NA NA
5.3 137.7mA NA NA
5.5 144.4mA NA NA
[Model] Uoh_KIL ILnom
Model_type 1/0

Cref = 60pF

[Temperature Range] 25.0 85.0 -60.0
ILnom = 6mA

KIL ILnom = IL/ILnom

|[KIL ILnom V(typ) V(min) V(max)
0.3 4.45V 445V  4.46V
0.5 4.42V 4.4V 4.44V
0.7 4.38V 436V 4.4V
0.9 4.35V 433V 4.38V
1.1 4.32V 428V 4.35V
1.3 4.27V 423V 432V
1.5 4.25V 4.2V 4.3V
1.7 4.22V 4,15V 427V
1.9 4.17V 411V 4.24V
[End]

3akioueHne

[Source] Modeled from manufacturer’s data
book at Deyton
[Notes] The present device — four-port hub
for IEEE 802.3/
Ethernet protocol networks
[Disclaimer] This file is only for evaluation
purposes.
No express warranty is implied.
Simulation
based dependencies contained in this
model file
are considered preliminary until
verified against
bench measurements.
|***************************************************
Component 5600VV2U
|***************************************************
|
[Component] 5600VV2U
[Manufacturer] MILANDR
[Package]
|variable typ min max
IR _pkg 0,1350m 0.080m 0,190m
|L_pkg 7,75nH 5nH 10nH
|C pkg 1,295pF 0,99pF 1,6pF
[Pin] signal_name model name | ®parmMeHT
HCTIONIB3YEMBIX IS
1 chain_i NA | paspaboTku
BBIBOJIOB
2 Ucc Icc_Temp,
Iocc_Temp,
Icc_Ucc,
Iocc_Ucc
3 GND GND
62 NC NC
63 chain_o Uoh_KIL ILnom,
Uol_KIL ILnom,
Uoh_Temp,
Uol Temp,
Uoh_Ucc,
Uol Ucc
64 request n  Uoh_ KIL ILnom,
Uol KIL ILnom,
Uoh_Temp,
Uol_Temp,
Uoh_Uce,
Uol Ucc
[Package Model] ZPP-SMT-64-pin-pkgs
[Model] Uoh_Ucc
Model_type 1/0
Cref = 60pF
IL = 6mA
[Temperature Range] 25.0 85.0 -60.0
[Voltage V(typ) V(min) V(max)
4.3 4.07V NA NA
4.5 4.31V NA NA
4.7 4.54V NA NA
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B xone uccinenoBaHus ObLIM M3YYEHBI TPEOOBAHUSI
K MOCTPOCHUIO MOJIEIMU, HOPMATUBHAS U TEXHUYECKAs
JTOKyMEHTalMsI, a Takxke paspaborana IBIS-momenn
JUISL YEThIPEXIOPTOBOIO KOHILIEHTpaTtopa ceTu. JlaH-
HYI0O MOJIeJIb IIpeanonaraercs ucrnonb3oBatb B CAITP
pa3paboTYMKaMy anmnapaTypbl, B TOM YMCJIe TIPU MO-
JenupoBaHuu ee paboTwl cpeactBamu "ACOHMKA".
HMccnenoBanust mokasaiu — 4eM 0oJbliie MHGopMa-
LIMM B MOJIEJIU, TEM TOYHEE OHA CUMYJIMPYET KOHKpPET-
HOE M3IeJIre TIPU IIPOeKTUPOBAHUM.
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Introduction

The demands to the parameters and quality indicators
of the telecommunication equipment compel the devel-
opers to apply advanced designing tools. They should
know well the nomenclature of products of the electronic
component base (ECB), which becomes wider and wider,
they should understand the essence of the physical proc-
esses in the products made by various technologies, be
able to calculate the units and nodes of different func-
tions, and apply the advanced measuring equipment. Im-
plementation of such tasks is impossible without CAD,
the basis of which comprises the models of ECB products.

The practice of development of the telecommuni-
cation equipment envisages the use of various CADs.
For each CAD there is an algorithm of functioning and
a format of presentation of models of ECB products.
The main developers of CAD are the foreign compa-
nies, which are oriented on the models of foreign man-
ufacturers of ECB products and advance them, admit
replenishment of the libraries with new models, includ-
ing the products of the Russian manufactures.

Growth of the nomenclature of the domestic ECB
products dictates a necessity for creation of a library of
the models, which describe the rules of their function-
ing in equipment, including telecommunication equip-
ment. Without such models the manufacturers and the
designers of the telecommunication equipment bear
losses, lose the means and the time for finalization of
the equipment because of the unsatisfactory results at
the stages of its tests due to the absence of a model of
ECB product or its poor quality.

The task of modeling is to make the process of
equipment designing faster, to reveal problems with a
product at the stage of designing, and also to obtain the
data unavailable in the design documentation, but nec-
essary for a correct application of the products in equip-

ment. Among the wide spectrum of the initial data the
emphasis is made only on the necessary parameters. It
is possible to present these parameters by means of a file
describing an ECB product in various standards, in-
cluding IBIS (Input/Output Buffer Information Spec-
ification) [1].

Selection of a version of an IBIS-model format

IBIS specification appeared in early 1990s, when
Intel provided to the external developers a standardized
format for description of the input-output units (buff-
ers). It gave an impetus to development of a generally
accepted industrial standard and encouraged Intel to
address the leading developers of EDA (Electronic De-
sign Automation — automation of designing of the
electronic instruments and devices, CAD of electron-
ics) with an appeal to develop and support this stand-
ard. Thus IBIS 1.0 specification was created. In June,
1993, IBIS Version 1.0 was presented in the form of a
text ASCII file. The work was continued, and in De-
cember, 1995, IBIS Version 2.1 appeared, which was
officially accepted by the National Institute of the USA
(ANSI) under the name ANSI/EIA-656. This version
included a wide basic set of characteristics, suitable for
an accurate modeling of most of the digital buffers. IBIS
Version 3.2, containing certain technical extensions, was
introduced in August, 1999, and ANSI/EIA-656-A (the
standard, which has replaced ANSI/EIA-656) was of-
ficially regulated. In April, 2001, the International
Electrotechnical Commission (IEC) approved IBIS in-
ternational standard under the number of IEC 62014-1.
In August, 2005, Version 3.2 was updated and it includ-
ed formats of the expanded characteristics of modeling
of the cases and descriptions of the electric character-
istics of the printed-circuit boards. In July, 2002, IBIS
Version 4.0 was presented and accepted by the organ-
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ization of IBIS Open Forum. In January, 2003, IBIS
Version 4.1 was introduced. In June, 2006, IBIS Ver-
sion 4.2 was presented and approved by IBIS Open Fo-
rum, while in September, 2006, ANSI/EIA-656-B ver-
sion was regulated. In August, 2008, IBIS Version 5.0
was presented, to which the algorithmic model of in-
terface (AMI) and the algorithm for checking of elec-
tromagnetic compatibility were added. IBIS Version 5.1
with considerable amendments and extensions to the
widely used AMI format was accepted by IBIS Open
Forum in August, 2012. The further amendments and
extensions to AMI format were realized in September,
2013 (IBIS Version 6.0), while IBIS Version 6.1 was
approved by IBIS Open Forum in September, 2015 [2].

Thus, an analysis of the development of IBIS in-
struments shows expediency of construction of a model
in 6.1 format version.

Microcircuit selection

The task of the research is development of IBIS
model of a typical domestic microcircuit, which per-
forms the functions of control of the data flows in the
telecommunication equipment. These are the concen-
trators of the networks, which ensure relaying of the in-
coming signals from one of the ports into a signal to all
the connected ports, realizing the "common bus" to-
pology with division of the transmission capacity of a
network between all the devices and operation in a sem-
iduplex mode — the transmission and reception of in-
formation are implemented in turn.

The nomenclature of the domestic microcircuits,
which ensure control of the data flows in the telecom-
munication equipment, was obtained from Deitron da-
tabase by means of the search procedures and is pre-
sented in table 1 [3].

Among the products presented in table 1 there are
network exchanges, which, unlike the concentrators,
transfer data only directly to an addressee, thereby they
raise productivity and security of a network, relieving
other segments of the network from the necessity (and
possibility) to process the data, not intended for them.
However, the exchanges are more complex devices and
their application is not always expedient proceeding
from the cost reasons, if the specification requirements
do not define it otherwise.

As a result of the implemented analysis a typical mi-
crocircuit—network concentrator was determined. The
nomenclature of the network concentrators is presented
in table 2 [3].

The 5600BB2Y microcircuit was chosen from table 2.
It performs the functions of a four-port network con-
centrator under IEEE 802.3/Ethernet protocol. The
given microcircuit is applied for the special and acces-
sible technologies. It is intended for the industrial ver-
sion of Ethernet 10Base-T concentrator, and it func-
tions as a four-port exchange complying with the IEEE
802.3 10Base standard. Besides, the microcircuit struc-
ture includes an extension port for integration of several
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microcircuits and increasing the number of channels,
and a port for a light-emitting diode indication for dis-
playing of the state of a network (channel connection,
data transmission, blocking of a channel, collision).
The microcircuit has an embedded frequency synthe-
sizer (PLL) [4].

Microcircuit parameters:

Voltage of power supply U, Vo oo oo 45—-55V
Number of channels for data reception/transmission. . . ....... 4
Temperature range, °C. . ........................ —60...85

Input voltage of low level at digital inputs Uj;, V... 0—(0.2*U¢()
Input voltage of high level at digital inputs

U]H’ Vo (08*Ucc) - UCC
Differential input voltage Uy, mV ............... 500 = Ugce
Output current of low/high level

Iogs Iop, MA ..o not more than |6
Repetition frequency of the impulses of the clock

signals in a bypass mode fo, MHz. . . ... ... .. not more than 80

Repetition frequency of the impulses of clock
signals in the mode of frequency multiplication

JoMHz. ... ... not more than 80
Time of increase and decrease of the input the clock

signal z,, I nanoseconds . ................. not more than 3
Minimal duration of a reset signal #y;cg»

nanoseconds . . . ... ... not less than 100
Load capacitance on the digital and analogue

outputs C;, pF . ... ... oo L not more than 60

Development of IBIS model

The development is based on the formats, described
by foreign standards of IBIS Version 6.1, ANSI/EIA-
656, which present the structure of IBIS model and the
main keywords, and also the technical requirements for
the microcircuit and its package.

The described keywords are presented below:

[IBIS Ver] — Version of an IBIS model;

[File Name] — Name of ibs. file;

[File Rev] — Specifies a version of the edition file,
provided at the discretion of the developer of the model,;

[Date], [Source] — Date of the latest edition and in-
formation source (optional keywords);

[Manufacturer] — Name of the manufacturer of a
microcircuit;

[Package] — Specifies the range of resistance, in-
ductance and package capacity;

[Pin] — Describes the microcircuit's lead;

[Package Model] — Specifies the symbol of a package;

[Notes] — Applied for any special notes concerning
the file content;

[Disclaimer] — Additional information;

[Component] — Symbol of a microcircuit;

[Model] — Applied for description of a model and
its characteristics.

The keyword [Model] uses the following subparam-
eters:

Model type — Specifies the model type (Input,
Output, I/0, etc.);

Enable — Specifies the level of the control signal ac-
tivating the buffer;

Cref — Load capacitance during a change of the
time characteristics;




Temperature Range — The temperature range,
within which the measurements of the model charac-
teristics were done.

Below is IBIS model developed for microcircuit
5600VV2U:

|***************************************************

| Deyton Central Design Office

|***************************************************

[IBIS Ver] 6.1

[File Name] 5600VV2U.ibs

[File Rev] 1.0

[Date] January 17, 2017

[Source] Modeled from manufacturer’s data
book at Deyton

[Notes] The present device — four-port hub
for IEEE 802.3/
Ethernet protocol networks

[Disclaimer] This file is only for evaluation purposes.

No express warranty is implied.
Simulation based dependencies
contained in this model file are
considered preliminary until verified
against bench measurements.
|***************************************************

Component 5600VV2U

|***************************************************

[[Manufacturer] MILANDR

[Package]
[variable type min max
IR _pkg 0.1350m 0.080m 0.190m
|L_pkg 7,75nH 5nH 10nH
|C_pkg 1.295pF 0.99pF 1.6pF
[Pin] signal _name model name | Fragments
of the outlets used
for the development
1 chain_i NA |
2 Ucc Icc_Temp,
Iocc_Temp,
Icc_Ucc,
Iocc_Ucc
3 GND GND
62 NC NC
63 chain_o Uoh_KIL ILnom,
Uol KIL ILnom,
Uoh_Temp,
Uol_Temp,
Uoh_Ucec,
Uol Ucc
64 request n  Uoh_KIL ILnom,
Uol KIL ILnom,
Uoh_Temp,
Uol_Temp,
Uoh_Ucc,
Uol_Ucc
[Package Model] ZPP-SMT-64-pin-pkgs
[Model] Uoh_Ucc
Model_type 1/0
Cref = 60pF

IL = 6mA

[Temperature Range] 25.0 85.0 -60.0
[Voltage V(typ) V(min) V(max)
4.3 4.07V NA NA
4.5 4.31V NA NA
4.7 4.54V NA NA
4.9 477V NA NA
5.1 4.85V NA NA
5.3 5.15V NA NA
5.5 5.38V NA NA
[Model] Iocc_Ucc

Model_type 1/0

Cref = 60pF

[Temperature Range] 25.0 85.0 -60.0
[Voltage I(typ) I(min) I(max)
4.3 115.5mA NA NA
4.5 120mA NA NA
4.7 124.4mA  NA NA
4.9 128.8mA NA NA
5.1 133.3mA NA NA
5.3 137.7mA  NA NA
5.5 144.4mA NA NA
[Model] Uoh_KIL ILnom
Model_type 1/0

Cref = 60pF

[Temperature Range] 25.0 85.0 -60.0
ILnom = 6mA

KIL_ILnom = IL/ILnom

|[KIL ILnom V(typ) V(min) V(max)
0.3 4.45V 445V 4.46V
0.5 4.42V 4.4V 4.44V
0.7 4.38V 436V 4.4V
0.9 4.35V 433V 4.38V
1.1 4.32V 428V 4.35V
1.3 4.27V 423V 432V
1.5 4.25V 4.2V 4.3V
1.7 4.22V 4,15V 427V
1.9 4.17V 411V 4.24V
[End]

Conclusion

The study explored the requirements for building
models, normative and technical documentation devel-
oped by the IBIS model for the Quad port network hub.
The model is supposed to be used with CAD software
developers equipment, including the modeling of its
work means of ACONIKA. Studies have shown that the
more information in the model, the more accurate it
simulates specific product in the design.
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IIpedcmasnennt pe3yabmamol UccAe008aHUU GAUAHUS HENAPAALEAbHOCU I1eKMPO008 HA INeKMPOMEXaHUYeCKUe 83aumooeli-
cmeusi 8 MOMC c 08yxanekmpooHoU u epebenuamoil KOHCmpyKyuel 31eKkmpooos 045 08yx pedxcumos pabomsl. [loayuenst bipa-
JCeHUss 015 pacuema 31eKmpoCmMamu4ecKux cus, KpUMu4eckux HanpajsceHul U 3apa0og npu paziudHbiX HaKAOHAX 21eKmpoooe.
O6HapyiceHo, Ymo 8 pexcume ¢ KOHMPOAUPyembiM 3apadom 8 08yxanekmpoouvix MOMC ¢ HenapasneavHbiMU 31eKMPOOAMU 803-
Huxkaem pull-in-3¢pghexm. Ilokazano, umo 6 pexcume c KoHmpoaupyemvim 3apsoom 6 MOMC c epebenuamoii KoHCmMpyKyuel s1ex-
mpo0o6 npu yeeauMeHuu yena HaKAoOHAa 3AeKmpo0oé 3HAUeHUe Kpumu4eckoeo 3apa0a CHa4aAa yeeauueaemcs, a 3amem yMeHb-
waemcs. Haiioeno, umo maxcumanvroe 3HaueHue Kpumu4eckoeo 3apaoa é 3mom cayyae docmueaemces npu A = 1,354, a snauenue

A 6 makcumyme pasno 1,17.

Karoueevie caosa: MOMC, kondencamop, HenapaiienvHvle 31eKmMpoobl, dNeKMPU4ecKas emMKOoCmb, 31eKmpuieckas cuad,

cmamuyeckoe pasrosecue, pull-in-agghexm

BBenenune

MuHuaTopu3alus 3JeMEHTOB  YIPaBSIOLIUX
KOMIUIEKCOB M MH(MOPMAIIMOHHBIX CUCTEM IIpPUBEa K
MOSIBJIEHUIO MUKPOMEXaHUYECKUX CUCTeM, (popMUpy-
€MBIX Ha OCHOBE MHTErPajbHBIX TEXHOJIOTUI MUKPO-
9JIEKTPOHUKM, 1 THTEHCUBHOMY pacIIMpPeHnI0 00i1ac-
TH X OIPUMEHEHMUSI.

Cpenu pasIMYHBIX MUKPOMEXaHMYECKUX CUCTEM
CYLLIECTBEHHOE MECTO 3aHUMAIOT MUKPOIJEKTpOMeXa-
Huueckue cucteMbl (MOMC), ocHOBaHHBIE Ha 3JIeK-
TPOCTAaTUYECKOM MNpUHIMINE ACHCTBUA. IIpn aTOM mx
COCTaBISIOIINE (KOMIIOHEHTHI, y3JIbl, H€Taad) B MaK-
CUMAaJIbHOM CTENIEHM COYETaIOTCs ¢ TpeOOBAaHUSIMU TL1a-
HapHOU TeXHOJIOTHH, YTO, B CBOIO OUYepPeIb, IIO3BOJISIET
JIOCTUYDb BBICOKMX 3KCIUIyaTallMOHHBIX U TEXHUKO-
5KOHOMMYECKHMX TOKa3aTesei.

AHamM3upysl BHYTPEHHIOK CTPYKTYpPY W3ICIUIA
MUKPOCHUCTEMHOMN TEXHUKU, CIEAYeT OTMETUTh, YTO B
HUX peaju3yeTcs Iejasi COBOKYITHOCTb pa3zHOoOpa3-
HBIX CBS3€M M B3AMMOJICUCTBUI: MEXaHUYECKUX, DJICK-
TPUUECKUX, ONTUYECKUX U T. 1. OCOOEHHO SIPKO 3TO
MPOSIBJISIETCSI B CJIydae MMKPOIJECKTPOMEXaHUYECKUX
CHUCTEM, TJI¢ UMEHHO 3JIEKTPOMEXaHUYECKUEe B3alMO-
JIEWMCTBUS Yallle BCEro OrpaHWYMBAIOT MPENeJabHO JI0-
IMyCTUMBbIE MapaMeTphbl U MPeaeJSbHO JOCTUXKMIMEBIE Xa-
PaKTEPUCTUKM CUCTEMBI [1—4].
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CoBpeMeHHbIE MUKPOIJIEKTPOMEXaHUIECKUE CHUC-
TeMbl KOHCTPYKTUBHO M (PYHKIIMOHAJILHO MpEICTaB-
JISIIOT cO0O0i TOCTATOUHO CJIOXHBIE OOBEKThI, COCTOSI-
mye U3 OOJIBLIOrO YMC/Ia B3aUMOCBSI3AHHBIX TTOICUC-
TeM M 2JIEMEHTOB. MeXIy TeM pe3Koe YBelMJeHHe
CTOMMOCTH BHOBb pa3pabaTbIBa€MbIX CHUCTEM BBIIBU-
raet TpeOOBaHUS MO CHUXXKEHUIO YMCJia UCTbITAHUIA U
YTOYHEHUIO MaTeMaTUYEeCKUX MOJeJieil, UCIOJb3ye-
MBIX TIPU TIPOCKTUPOBAHUM.

TeopeTnueckoe mcciaemoBaHUE TTPOIIECCOB, COMPO-
Boxmaroumux padory MOMC, cBs3aHO CO 3HAYUTEIIb-
HBIMU MaTeMaTUYECKUMU TPYAHOCTAMM ¥ TPEOYET MpH-
MeHeHUsT 3PPEeKTUBHBIX METOJOB pelleHus. B cBs3u
C 3TUM 00JIblIOe 3HAYEHUE MPUOOpPETaeT HAXOXKIECHWE
AHAJIUTUYECKUX PEIICHUI, Na0lIUX HATJISIHbIE Mpe/-
CTaBJICHMSI O HAaMPaBJIEHUSIX IOMCKA ONTUMAJIbHBIX pe-
LIEHWI, HEOOXOAUMBIX IJisI MPOBEACHUS OLIEHOK Ha
aTane MpeaBapUTeIbHOTO MPOEKTUPOBaHUS, JOKAIM-
3aliy 00JIacTeld ONTUMAJbHBIX PEIIeHUN U OThICKa-
HUS1 3(@OEKTUBHBIX HavaJdbHBIX MPUOIVDKEHUN OIS
MocaeAyIoIINX 00jiee TOYHBIX, HO "HEOBOPOTIMBLIX"
U JUIMTEbHBIX PACYETOB C MCIIOJb30BAHUEM CTaHIap-
THBIX TTAKETOB IIPOTPaMM.

OcHOBHBIM 251eMeHTOM MBOMC, Kak npaBuio, sB-
JIIeTCsl IepeMEeHHBIN KOHIEHCATOP, U3TOTaBISIEMbII C
HCIOJIb30BAHUEM MHTETpabHbIX TexHoMoruit. MMeH-




HO ero XapakTepUCTUKU B HANOOIb-
L€l CTeNeHW M OIIPEHIessTIOT Xa-
pakTepucTtuku Bceit MOMC. B pe-
3yJbTaTe MPU pa3paboTKe BJIEKTPO-
cratmyeckux MOMC Bo3HHMKaeT
HeoOXOAUMOCTb B OILIEHKE 3JIEKT-
pUYECKO €MKOCTU U BJIEKTPOCTa-
TUYECKUX CUJI, IeICTBYIOIINX MEX-
Iy pa3IMYHBIMM YacTSIMU KOHC-
TpyKuuu [5—11].

Ananus IIOKa3bIBa€T, 4YTO B

OOJILLLIMHCTBE CJyyaeB MpU OLIEHKE R il
Puc. 1. Mopeab nByxaaekrpoanoii MOMC ¢ HenapaniebHbIMH 3JIEKTPOIAMHA
Fig. 1. Schematic view of MEMS model with non-parallel two-electrode structure

9JIEKTPUYECKON €MKOCTU U 3JIEKT-
pOCTAaTUIECKNX CHUJT  HCTIOJB3YIOT
Moaean MODMC ¢ mapaieabHbIMU
anekTpoaamMu. OMHAKO pealbHO CYLIECTBYIOIIUE TeX-
HOJIOTUM HE TIO3BOJIAIOT TrapaHTHPOBATh Iapalieib-
HOCTb 3JIEKTPO/IOB, TeM 00Jiee B YCIOBUSIX CEPUHAHOTO
mpou3BoacTBa. [Ipyu 3TOM HemapaiaeIbHOCTh JIEKT-
POIOB MOXKET MOSIBISATbCSI BCIEACTBUE TEXHOJOTHUYEC-
KWX TIOTPEITHOCTe!l TIpM M3TOTOBJICHWH M COOpKe
ycTpoiictBa [12, 13], a Takke B Ipoliecce 3KCIuTyaTa-
Y TIPY U3MEHEHWY HATIpaBJICHUS IBUKCHUS CUCTE-
MBI BCJIEICTBUE MOSIBIEHUST BPAIAIOIINX MOMEHTOB.
B naHHo#i paboTe MpoBOAUTCS UCCIEAOBAHUE BIM-
STHMST HeTlapaJuIeJIbHOCTH 3JIEKTPOIOB Ha 3JIeKTpUYeC-
KHe eMKOCTU U cujibl B MOMC ¢ IBYX2JI€KTPOIHOMN U
rpedeHYaTol KOHCTPYKIIMEN 3J1eKTPOIOB.

MOBDMC c AByX3JIeKTPOAHOH KOHCTPYKIUEH
3JIEKTPOIOB

B kauecTBe 00beKTa UCCIeq0OBaHUS BIUSIHUAS Hema-
paJuIeIbHOCTH 3JIEKTPOIOB Ha JIEKTPUUYECKUE EMKOC-
™ U cujbl B MOMC ¢ aByXaJeKTpOIHONH KOHCTPYK-
LIMEl 3JeKTPOAOB Obla UCIIOIb30BaHAa ABYXJIEKTPOI -
Hasl MoJieJIb KOHJIeHcaTopa, cojepxalliasi Ba IMJI0CKUX
HenapaJlIeIbHbIX TPOBOAAIIMX 3jdeKTpona (puc. 1),
OIMH U3 KOTOPBIX (IMMOABUXKHBINA 3JE€KTPOJ), 3aKpemn-
JICHHBIU Ha yIPYTUX MOABecaX, MOXET CMEIATbCs OT-
HOCHUTEJILHO Apyroro (HemoaBu:kHOro). B pacuerax
MPUHUMAJIU, YTO JEKTPOIbl UMEIOT JJIMHY @, IIMPU-
HY b, MUHUMAaJIbHBI MEX3JIEKTPOIHbBIN 3a30p d, MaK-
CUMAJIbHBIN MEX3JIeKTPOAHBIN 3a30p (d + A) U MexX-
BJIEKTPOAHBINM 3a30p TMPU TapaJlIebHBIX 3JIEKTpoaax
dy = d. Tlonaraam Takxe, 4YTO IPU CMELLEHUHU TIOJ-
BIDKHOTO 3JIEKTpOJA €ro yroJ HakjIoHa o He M3Me-
HsIEeTCS.

Ecnu npeHebpeub 0COOEHHOCTSIMU pacIipeaeeHUs
BJIEKTPUUECKOTO TOJISI Y KpaeB 2JeKTPOJAOB (KpaeBbl-
MU 3ddeKTaMun), 3aBUCUMOCTb €EMKOCTU JIBYX3JIEKT-
POIHOTO KOHJEHCATOpa C HemapasuleJbHbIMU BJIEKT-
pomaMmu OT TeOMETPHYECKMX Pa3MepoOB IMPU MAJbIX o
MOXHO MpPEACTaBUTb B CJIEAYIOLIEM BUJE:

Cy = gozab 1{‘%), (1)

IMonsu:kHBIH 311€KTpO /
Movable electrode

d iy dep d,

Henonsm:kueii s1meKTpos /
Fixed electrode

rne € — OTHOCUTEJIbHAsI TU3JIeKTpUUecKasi MpoHuIla-
€MOCTb CPEZIbl MEXIY DJIEKTPOJAMMU; &) — DIEKTPUYEC-
Kas TTOCTOSIHHAS.

Peoicum ¢ konmpoaupyemovim Hanpsaxcenuem. Ipu nu3-
MEHEHUM MEX3JIEKTPOJHOIO 3a30pa M COXPaHEHUM
3HAUEHMUS 3aJJaHHOTO HANPSKEHUST V MexXay 2J1eKTpo-
JaMu KoHaeHcaTtopa ¢ y4yeToM (1) BhIpaxkeHHe ISt
BJIEKTPOCTAaTUUECKOU CUJIBI MPUTSKEHUS, NEMCTBYIO-
1Iel Ha TJIOWAAKY 4 *dX, IPU MajblX oo IPUHUMAET
CJIECAYIOLIMI BU:

gped Vzdx

dF = 5
(tg(o)x +d)

1
5 2)
rle X — KOOpAMHAaTa TOUYKU MPUIOKEHMST CUIIbI (X-KO-
opAvHaTa TUIOIIAAKK a * dx). TakuM o6pa3om, B KOH-
JeHcaTope C HerapasuleJIbHbIMU 3JeKTPOJaMU 3JIeKT-
pocratuyecKkasli Cujia U3MEHSIeTCSl TI0 IIMPUHE BJIeKT-
pona b, 4To HEOOXOAUMO YUMTHIBATH MPU MTPOESKTUPO-
BaHUU YOPYIUX MOABECOB 3JEKTPOJOB.

15 aHanm3a TOBEASHMST MOABMXKHBIX 3JIEMEHTOB
MBMC c HenapaaieabHbIMU JIEKTPOJAMU B peXXUME
C KOHTPOJMPYEMBIM HAIIPSKEHUEM MOXKHO MCIIONIB30-
BaThb 3¢ @eKTUBHOE 3HAUYECHME DJIEKTPOCTATUYECKOM
cwibl. be3 yuyeTta kpaeBbix 3¢p¢heKTOB ¢ MCMOIb30Ba-
HueM dopmyibl (2) BeipaxeHue mjisg 3(p@eKTUBHOMI
BJIEKTPOCTAaTUUECKOU CUJIBI MPUTSKEHUS, NEMCTBYIO-
el Ha HerapajuleJIbHbIe 3JIEKTPOIbI, TP TTOCTOSH-
HOM HaNpsKeHUU Y1 HEM3MEHHOM YTIJIe HAaKJIOHA 3JIeK-
TPOIOB o IPMHUMAET BUI:

Foo = 1 zb dx _
eff,V iSoSGV _[———————-—2
0(tg(a)x+d-y)
_ soaabV2 _ Fop(1-2) 3)
2d2(1—z)(5+1—z) (1+l—z),

rie & = A/d, 7= y/d, Fy = speabV?/[2dy (1 — 2] —
3JIEKTPOCTATHYECKAST CUJIA TIPUTSKEHNS, IEMCTBYIOLLAS

B aHAJIOTMYHOM KOHIEHCATOpe, HO C MapaylieIbHBIMU
3JIEKTPOJAMU U MEXIIEKTPOAHBIM 3a30pOM djy = d.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 6, 2017 361



Takum 06pa3oM, B KOHAEHCATOpe ¢ Hemapaseb-
HbIMU 3JIeKTpodaMu 3¢h(heKTUBHASA SJIEKTPOCTATU-
geckast cuna 6ynet B (1 — 2)/(1 + A — z) pa3 MeHsie,
YyeM B KOHJEHcaTope C mapajjejbHbIMU 3JIeKTpOIa-
Mu. C yBeIMYIEHNEM yTJIa HAKJIOHA TTOABIKHOTO BJIEK-
TpOAa, a CIeJ0BATEIbHO, U CPEAHETO PACCTOSTHUST MEX-
Ly SJICKTPOIAMH d,), STIEKTPOCTATHYECKAs! CUJIA YMCHb-
1IaeTcsl.

HemapamrebHOCTh 3J€KTPOIOB CKa3bIBaeTCST He
TOJILKO Ha OLIEHKAaX 3HAYEHUS] EeMKOCTU U DJIEKTPOCTA-
TUYECKOM CUJIbI, HO U Ha 3HAYEHUU AMana3oHa KOHT-
pOJIMPYEMOTO CMEIIEHUS TOABIDKHOTO 3JIEKTpOIa U
KPUTUYECKOTO HAMPSIXKEHUSI, PU TIPEBBILLIEHUN KOTO-
pOTO TIONBYIKHBIN 3JIGKTPOJ HAYHET HEYIPaBJIsIeMO
COMXAThCSI ¢ HETMOABMXKHBIM 0 UX COMPUKOCHOBE-
Hus (pull-in-s3pdexr).

ITonarast, yTo Mpu oUYeHb MEIJICHHOM YBEIMYCHUU
MIPUJIOKEHHOTO HaMpsDKEHUST (KBA3MCTATUIECKUA CITy-
yail) Ha 3JIEKTPOJbl AEMCTBYIOT TOJBKO BO3Bpalllaio-
Imas cwia YIIpyrocTH IToABeca, MPOIOPIIMOHATbLHAS
CMEILEHUIO TIOABVKHOTO 3JIEKTPOIa, U 3JIEKTpUUEC-
Kast cuja nputskeHust (3), ypaBHeHUE paBHOBECHUS
(GanmaHca cuj1) MOXHO MpPEACTaBUThH B BUJE:

ggeab V2
—kdz + =0, 4)

2P (1—7)(A+1-7)

rme kK — JXeCTKOCTb YIIPYroro IoABeca IMOABUKHOTO
3JIEKTpOJA.

CornacHo (4) MakcuMaJlbHOE 3HAYEHUE yIpaBJisie-
MOIO CMEIIeHUsI MOABUXKHOIO 3JIEKTPOIa K HEIOM-
BIDKHOMY (KPUTHYECKOE 3HAYCHHUE) OT IIOJOXCHMS,
COOTBETCTBYIOILIETO OTCYTCTBUIO HAIIPSIKEHUSI, pABHO

Yer,v = §(2+5—m) -
= Joro(2+A-1+2+27), 5)

TIE Vo o = dy/3 — KpuTnueckoe cmenienne 8 MOMC
C MapaJUIeTbHBIMU SEKTPONAMH M MEXIJIEKTPOTHBIM
3a30poM d = d.

C yueroM (5) BbIpaxkeHUe IIs1 OLIEHKU KpUTUYEC-
KOTO HamlpsDKEHUS B JaHHOM CJIy4ae MOXHO INpeacTa-
BUTb B BUIE:

Voi = J_rJZkycr’ Ud =Y ) d+ A=Y, )/ (ggeab) . (6)

[Ipu mapajuleJIbHBIX 3JIEKTpPOAax BhIpaxkeHue (6)
npeoOpasyeTcsl K M3BECTHOMY BUIY:

Vo = *8kds/(2Tcgzab).

Takum obpazoMm, B MOMC c nByMs Helapaieib-
HBIMHU 3JIEKTPOJAMM B peXuMe pabOThI ¢ KOHTPOJIM-
pPYEMBIM HaIpsSLKEHMEM 3HaueHMsSI KPUTUYECKOTO Ha-
NPSKEHUST U KPUTUYECKOTO CMEIIeHUST BO3PACTaloT MO
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CPaBHEHMIO C COOTBETCTBYIOIIMMHU 3HAYEHUSIMU TIpU
MapajuleIbHBIX 2JIEKTPOIaX U MEXAIEKTPOIHBIM 3230~
poM d = d, 4TO BbI3BAHO YBEJIMYEHMEM CPEIHETO pac-
CTOSTHMSI MEXIY 27IeKTPONaMH dg, U YMEHBLICHUEM
€MKOCTH KOHIIEHCATOpa 1 3JIEKTPOCTATUUECKOM CUITBI
TP YBEIMUYEHUHN YTJIa HAKJIOHA TIOABMIKHOTO 3JIEKT-
pona.

Peosicum ¢ konmpoaupyemvim 3apsadom. Kpome pexu-
Ma C KOHTPOJIUPYEeMbIM HampskeHueM, B MOMC uc-
MOJIB3YETCS M PEKUM C KOHTPOJUPYEMBIM 3apsSIIOM.

IIpu M3MeHeHUM MeX3JIEKTPOIHOTO 3a30pa U CO-
XPaHEHUU 3HAYEHU 3a[JaHHOro MnoyiHoro 3apsaaa Q...
Ha dJIeKTpoAax KoHaeHcaTtopa ¢ yyeTtoM (1) BeIpaxke-
Hue Wit 3(h@GEeKTUBHON 3JEKTPOCTATUUYECKON CUIIbI
MPUTSKEHUS TIPU MaJbIX o IPUHUMAET BUI:

i
1+ A- (- pin’( 1A= "
( -2)(1-2)In Tz

Feg0= Fo0

rae FO’ 0= ngm /(2ggeab) — snekTpocTaTMyecKas Cu-
Jla TIPUTSDKEeHUsI, TeWCTBYIOIIAsI MPY HEM3MEHHOM 3a-
psiie B KOHAEHCATOpe C ABYMS MapajuleIbHbIMU 2JIeK-
TPOJAMU U MEXIJIEKTPOIAHBIM 3a30poM dy = d. Co-
riacHo (7) mpu yBeJMYEHUH yIJla HAaKJIOHA 3JIEKTPOIOB
BJIEKTpOCTaTUUeCcKasl cujla MpU HEU3MEHHOM 3apsiie
yBEJIMUYMBAETCSI.

INonmarast, Kak 1 paHee, YTO B KBa3UCTaTUIECKOM
cyJae Ha 3JIEKTPOIBI NIeHCTBYIOT TOJBHKO BO3BpAIIIAI0-
11ast CUJIa YIIpyrocTH MojaBeca Ky 1 3JeKTpuuecKas Cu-
Ja nputskeHus (7), MOXHO MOKa3aTh, YTO MpPU HeIla-
paJUleJIbHBIX 3JIEKTPOJAax B PeXHUME C KOHTPOJMpye-
MbIM 3apsiIoM BO3HUKaeT pull-in-3¢hdekT B oTandue
OT cJlyyasl ¢ mapaiieJIbHbIMU 3JIEKTpOAaMU, T1e pull-in-
3¢ deKT HEe BO3HUKAET.

Ha puc. 2 mpuBeneHa 3aBUCUMOCTh HU3MEHEHMUS
MEX2JIEKTPOIHOTO 3a30pa Z OT 6e3pa3MepHOro 3apsi-
na A:

b= Quom/ [26geabdk =

1n2(1;—§z—1) L-+i-2,  ®

paccuMTaHHasl C UCIOJb30BaHUeM (8) IpU HECKOJIb-
KUX 3HAYEHUAX A.

CornacHo (8) u puc. 2, ¢ yBeJUUeHUEM OTHOCH-
TEJIPHOTO HAaKJIOHA 3JICKTPOAOB 3HAUYCHME KPUTHYEC-
KOTO 3apsifia, IMPH MPEBBIIIEHUH KOTOPOTO BO3HUKAET
pull-in-3hdeKT, yMeHbIIaeTcsl, YTO CBSI3aHO C YBEJIU-
YeHHEM DJIEKTPOCTaTHYeCKOM cvutbl. [Ipn 3TOM yMeHb-
1IAeTCs Y AMAla30H YIPaBISIEMOro CMELICHUs IOMI-
BIZKHOI'O 3JIEKTPOJIA.

AHaIN3 IOKa3bIBaeT, YTO IIPU OYEHb MEIJICHHOM
YBEJIWYCHUHU TTOJHOTO 3apsiia s OLEHK KPUTHYEC-
KOTO 3HAaYCHMSI CMEIICHUS IMOABMKHOTO 3JIEKTPOIa




Puc. 2. 3aBUCHMOCTb H3MEHEHHS MEXKIJIEKTPOIHOrO 3a30pa Z OT 0e3-
pasmeproro 3apsimaA: ] — A =0; 2— A =0,1; 3— A =0,5; 4 —
A=155—A=3;6—A=57—A=10

Fig. 2. Relation between variation of electrode gap z and dimensionless
charge : 1 — A=0;2— A=01;3—A=054—A=155—
A=36—A=57—4=10

OT TIOJIOXKEHUS paBHOBECHST K HEITOJBVKHOMY MOXKHO
MPEIJIOXKUTh CIeAyIolllee BhIpaXkKeHue:

Ver, o~ d(1+0,0637A - J0,0637A(1 + 0,0358)) .

aIMpOKCUMUPYIOLIee 3aBUCUMOCTb KPUTHYECKOIO
cMelneHust oT A = A/d i 0 < A <7 ¢ IOrpeLHOCThIO,
He mnpesbiaoiieit 1 %. B cBoio ouepenn, BEIpakeHUE
JUTST OLIEHKW KPUTUIECKOTO 3apsiaa, MPY TPEeBRIIICHIT
KOTOPOIO 3JIEKTPOAbI HAYHYT HEyIpaBiseMO COJIu-
KaThCs A0 CONMPUKOCHOBeHUs (pull-in-addexT), mpu-
HMMAET BUL:

1+&)7ch

1
0, = J_r:ln[
o 17ycr

A

% J2egeabdks (1 -5,)(1+A-F,),

rae _)N/C,. = ycr’ Q/d P

HemnoBuskHbie 31€KTPoj1bI /
Fixed electrodes

M3DMC c rpedeHyaToi
KOHCTPYKIHEH 3J1eKTPOI0B

|

|

|

|

I
Ana wncciaemoBaHWS BIUSHUS :
HemnapaseJbHOCTH 2JIEKTPOAOB Ha |
BIIEKTPUYECKNE €MKOCTA W CHJIBI :
B MOMC c¢ rpebeHuaTtoil wiu |
BCTPEYHO-IITHIPEBOM KOHCTPYKIIM- :
eii BJIEKTPOJOB MCII0Jb30Balach MO- |
nenb MOMC-koHaeHcaTopa, IoKa- :
3aHHas Ha puc. 3. |
B TakoM KoHaeHcaTope cpenHui !
(TTIOABUXKHBIN) 3JEKTPOJ, 3aKper-
JIEHHBIII Ha YIIPYIUX MOABECax, MO-

JKEeT CMELIAThCS MO OTHOIIEHWIO K JBYM HETOABUX-
HbIM. B pacuerax mpuHUMaNu, 4YTo 3JIEKTPOIBI UMEIOT
IJIMHY a, BBICOTY b, MMHUMAaJbHBIA MEX3JeKTPOI-
HBbII 3a30p d, MAaKCUMAJIbHbIM MEX3JIeKTPOIHbIN 3a30p
(d + 2A) 1 MEeX3NeKTPOAHBIN 3a30p MpU Tapasieib-
HBIX 3JIEKTPOAAX djy = d B COCTOAHMM, KOTa MOABHXK-
HbI 2JIEKTPOJ OAMHAKOBO yIaJeH OT HEMOABMKHBIX.
ITonaranu Takxke, 4YTO MPU CMEIIEHUU TMOABUXKHOIO
3JIEKTPO/Ia YTOJ1 HAKJIOHA 0. HE U3MEHSETCS.

B npeneOpexkeHnn 0COOEHHOCTSIMU pacHpeaesie-
HUS BJIEKTPUYECKOTO TOJISI Y KpaeB 3JEKTPOAOB 3a-
BUCUMOCTb €MKOCTM KOHJeHcaTopa ¢ rpebeHuaToi
KOHCTPYKIIMEN BJIEKTPONOB M HemnapalieJbHbIMU
3JIEKTPOJIaMU OT TEOMETPUUECKUX Pa3MepPOB MPU Ma-
JIBIX 0. MOXET OBITh MpeICcTaB/ieHa B CJIENYIOIEM BU-
ne [14]:

2 2
d —-x

2 2
C(x) = sqeab- ln[(—d *24) —x J . 9)
2A

ITpu mapamienbHBIX 371eKTpoaax popmyna (9) mpu-

BOJIMTCSI K U3BECTHOMY BBIPAXKEHUIO

_ 2d,

Co(X) = 8086117—5-—-——2 .

dy—x
Peosicum ¢ konmpoaupyemoim Hanpsaxcenuem. Ipu 13-
MEHEHUN MEXDJICKTPOTHOTO 3a30pa U COXpaHEHUH
3HAUEHUs 3aJaHHOTO HAMpPsKEHUS V MexXay 2JIeKT-
poJaMu KOoHJeHcaTopa ¢ yueToM (9) BbIpaxkeHUe JJIs
3JIEKTPOCTATUYECKON CUJIbI IIPUTSKEHUS, JeHCTBYIO-
el Ha TTOABUXKHBIN JIEKTPOM, TTPH MaJIBIX o B JTaH-

HOM CJIy4ae MOXKET ObITh MPEICTAaBICHO B BUJE:

(1-2)(1+A)

, (10)
(1+24) -7

Forv=F,v

rae z = x/d — OTHOCUTEIbHOE CMEleHHUE MOABUXK-
HOTO 32JIEKTPOJa OT HAYaJIbHOrO MOJIOXeHud, Fy | =
= 2gqeab V2z/ [dy(1 — zz)]2 — cuia TIPUTSKEHUS B CITY-

IToiBusKHBIH 21eKTpOs /
Movable electrode

Puc. 3. Cxema ycrpoiicrea MOMC c rpeGeHYaTOii KOHCTPYKIMEi
Fig. 3. Schematic view of MEMS with a comb-shaped design
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yae mapayjieIbHBIX 3JeKTPOIOB I'peOeHYaTO KOHCT-
pykuuu. CornacHo (10), ¢ yBeInyeHreM A OTHOLIe-
HUE CWJT Feﬁr’ V/FO, y OyIeT yMEeHbILATHC.

Kaxk u B cyyae KOHIEHCATOPOB C ABYMS DJIEKTPO-
JaMH, TIpU TpeOeHYATOM KOHCTPYKIIMHM SIIEKTPOIOB
HEMapasuleJIbHOCTh 3JIEKTPONOB CKa3bIBAETCSd U Ha
3HAaUYCHUW KPUTHYECKOTO HATIPSIKCHWSI, TIPU TIPEBHI-
IIEHUN KOTOPOTO 3JIEKTPOIALI HAYHYT HEYITPaBIISIeMO
COMMXAThCsl 0 CONMPUKOCHOBeHUS (pull-in-s3ddexT).
Hcxonsg U3 cuMMeTpUM KOHCTPYKLIMU TIPHW HaIIpsiKe-
HUU, PAaBHOM KPUTUYECKOMY, MOIBUXHBINA 3JEKTPO.
OyleT UMETh B 3TOM CJIyyae TOJbKO OJHY TOUKY HeycC-
TOYMBOro paBHoBecus mpu z = 0.

Ilonarasi, uyto U c rpedbeHYaTON KOHCTPYKIIMEMH
3JIEKTPOJOB IPU OYEHb MEUIEHHOM YBEJIMYEHUU MPU-
JIOKEHHOT'O HampsKeHUsT Ha TOABMXKHBINA 3JEKTPOI
NEMCTBYIOT TOJILKO BO3Bpalllalolias Cuja yIpyroro
rmojaBeca M JJIEKTpUUYecKass Cuia, BBIPAXKEHUE IS
OLIEHKU KPUTUUYECKOTO HATIPSKEHUS, TIPU TIPEBBIIIIE-
HUU KOTOPOTO TPOM3OUIET CXJIOMBIBAHHUE 3JIEKTPO-
OB (cTaTuyeckui pull-in-s3pdekxr), MOXHO npeacTa-
BUTH B BUJIE

Vi = £V, o(1 + 28)/J1+A, (11)

rie Vo = +dy,/kdy/(2epeab) — KpUTUYECKOE Ha-

MpsKeHWe MPU MapajijIeIbHbIX 2JIEKTpomax U 3Haye-
HUU MEX3JIEKTPOIHOrO 3a3opa dj = d.

Takum obpazom, B MOMC ¢ rpebeHYaTOli KOHC-
TPYKLMEN JEKTPOAOB U HelapaiebHbIMU 3JIEKTPO-
JlaMU B pexXrMe paboThl ¢ KOHTPOJMPYEMBIM Hampsi-
JKeHUWEM 3HaueHue KPUTUUYECKOIO HANpsDKEHUS BO3-
pacraeT 1o CpaBHEHMIO C COOTBETCTBYIOIIMM 3HAYECHU -
eM Mpu IapajuienbHbiX aekTpoaax. CorimacHo (11) ¢
POCTOM yIJIa HaKJIOHA 3JIEKTPOAOB 3HAYEHHME KPUTH-
YECKOTO HAIPSLKEHUS YBEIMUMBACTCSI.

Pexcum ¢ konmpoaupyemoim 3apsdom. B ciydae, Kor-
na B riporecce pabotel MOMC 3amaeTcs oO1MiA 3apsi
Ha 3JIEKTpOAax KOHAEeHCcaTopa, ypaBHEHHE pPaBHOBE-
cus (banaHca CUJ) IPUHUMAeT BUJ:

2 ~
—kdz + 280eab Qo Z(1+A)

)

o 5 = 0.(12)
((1+2A) =) (1-2°)

AHaJI13 MOKa3bIBAET, YUTO B KBA3UCTATUUECKOM CITY-
yae MpU HEKOTOPOM (KPUTHUUECKOM) 3HaUEHUH 3apsaa
MOABMKHBIN 3JIEKTPO. TaKXKe OyIeT UMETh TOJIbKO OJ-
HY TOYKY HEYCTOMUYMBOTO paBHOBecus z = (0. BTO Mo3-
BOJISIET ONPEACIUTh U3 ypaBHEeHU (12) 3HaUeHUE KpuU-
TUYECKOTO 3apsiaa

ggeabkd,,
RENE

Qpi=ii(1 +2X)In(1 + 2A) (13)
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Puc. 4. 3aBucumMocTh 0e3pa3MepHOro KPHUTHYECKOro 3apsaa
)"cr = Qpi/ Qpi,O ot A

Fig. 4. Dependence of ratio between values of critical charge
Aer = Qpi/ Opi g O parameter A

B otcyrcTBUM HakioHa BeIpaxkeHue (13) mpeobpa-
3yeTcsl K BUIY

0pi.0 = +,[2eqeabkd. (14)

Ha puc. 4 npusenaeHa 3aBUCUMOCTb 6€3pa3MepHOTo
KPUTHYECKOTO 3apsija Aep = Qpi/ Qpi, o OT 3HaYEHUA Be-
mnuubabl A. CornacHo (13) u (14), maHHas 3aBUCHU-
MOCTb MMEET MaKCUMYM ITpU A = 1,354, a 3HaueHwMe A
B Makcumyme paBHo 1,17.

OTMeTUM, UTO HECMOTpPSI Ha TO, UTO OOIIMIA 3apsia
B JIJAHHOM CJly4ae COXpaHsieTcs, Mo IUIOLIAAU 3JIeKTPO-
JIOB OH pacIpeessieTcsl HEpaBHOMEPHO. YBeIUYeHUe
yIJla HakKJIOHA 2JIEKTPOJIOB NMPUBOIUT K YBEJIMYECHUIO
rpagveHTa 3apsiaa. OTMETHUM TakXKe, YTO MOBEPXHOCT-
Has TJIOTHOCTH 3apsiaa OyIeT MpsIMO MPOMOPLIMOHATb-
Ha HaMpsDKeHUIo, 10 KOTOPOTO B HayaJlbHBI MOMEHT
BpeMeHU ObljIa 3apspkeHa cucTeMa.

cr

3akimoueHue

HccnemoBaHo BIMSHUE HEMApaIeIbHOCTH 3JIEKT-
POIIOB Ha 3JIEKTPOMEXaHUYECKUE B3AUMOIEHCTBUS 151
MOBMC c ABYyX2JeKTPOIHONH M TpeOeHYaTOM KOHCT-
PYKLIMEHR 3JIeKTPOJIOB B peXUMaX ¢ KOHTPOJUPYEMbIM
HarnpsikeHueM 1 3apsiaoM. [TonydyeHbl BoIpaxkeHus 1151
pacyeTa 3JIeKTPOCTATUIECKUX CUJ U KPUTUUECKUX Ha-
MPSKEHUM MPU Pa3IMUHbBIX HAKJIOHAX 3JIEKTPOIOB.

YCcTaHOBJIEHO, YTO B PEXUME C KOHTPOJIUPYEMbIM
HarpsiKeHUEM TIpU YBEJIMYEHUU YIjla HaKJIOHA 3JIeKT-
ponoB 3(ddeKTuBHAs dJeKTpocTaThyecKkas cujila B
MBMC 06erx KOHCTPYKIIMI YMEHbIIaeTcs, a 3Haue-
HUE KPUTUYECKOTO HaIMpsKeHUsT BO3pacTaer.

ITokazaHo, YTO B pexXrMMe C KOHTPOJUPYEMBIM 3a-
psiioM B ABYX2JeKTpoAHbIXx MOMC mipu yBeInueHUn
yIJIa HAaKJIOHA 3JIEKTPOIOB BJIEKTpOCTaTUUYECKasl CuiIa
yBesnuKrBaeTcs. OOHapyXeHO, YTO B PEXMME C KOHT-




POJMPYEMEBIM 3apsiioM B IByx3JeKTpoaHbix MOMC ¢
HemnapaJuleJbHBIMU 3JIEKTPOJaMM BO3HUKAET pull-in-
3¢ deKT. YCTaHOBIEHO, YTO B 3TOM CJiydyae IpU yBe-
JIMYEHUH yTJIa HaKJIOHA 3JIEKTPOAOB 3HAUeHUE KPUTH-
YEeCKOTO 3apsia yMeHbIIIaeTcs.

B pexume ¢ KoHTponupyeMbiM 3apsinoM B MOMC
¢ rpe0eHYaTOl KOHCTPYKLMEH 3J1eKTPOAOB IpU YBe-
JIMYEHUU yTJa HAKJIOHA 3JEKTPOIOB 3HAUYEHUE KpU-
TUYECKOTrO 3apsiia CHayaja yBeJIMYMBAETCs, a 3aTeM
yMeHblaetcs. HaligeHo, yTo MakCMMaibHOE 3HaYEHUE
KPUTUYECKOTO 3apsiia B 5TOM Cllyyae JOCTUTaeTCsl MpU
A = 1,354, a 3HaueHME A B MakcuMyMme paBHo 1,17.
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The article presents the results of the research of the influence of the nonparallel electrodes on the electromechanical interactions
in MEMS with a two-electrode and comb-shaped design of the electrodes for two operating modes. Expressions were obtained for
calculation of the electrostatic forces, critical voltages and charges at various inclinations of the electrodes. It was discovered that
a pull-in effect appears in the charge control mode in the two-electrode MEMS with nonparallel electrodes. It was demonstrated,
that in the charge control mode in the MEMS with a comb-shaped electrodes design, as a result of an increase of the inclination
electrodes angle, the critical charge value, at first, increased and then decreased. It was found that the maximum value of the critical
charge in this case was reached at A = 1.354, while the value of A in maximum was equal to 1.17.
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Introduction

Miniaturization of the elements of the control com-
plexes and information systems resulted in appearance
of the micromechanical systems, formed on the basis of
the integrated microelectronic technologies, and ex-
pansion of the sphere of their application.

Among the micromechanical systems an important
place is occupied by the microelectromechanical sys-
tems (MEMS) based on the electrostatic operating
principle. Their components (units, parts) to a maxi-
mum degree meet the requirements of the planar tech-
nology, which makes it possible to achieve high oper-
ational, technical and economic indicators.

When analyzing the internal structure of the prod-
ucts of the microsystem technologies, it is necessary to
point out, that a set of various bonds and interactions
are implemented in them: mechanical, electric, optical,
etc. This is especially evident in case of the microelec-
tromechanical systems, where more often exactly the
electromechanical interactions limit the maximal per-
missible parameters and characteristics achievable by
the system [1—4].

Modern microelectromechanical systems structural-
ly and functionally are complex objects consisting of a
big number of interconnected subsystems and elements.
Meanwhile, a sharp increase of the costs of the devel-
oped systems demands a decrease of the number of tests
and more specific mathematical models for designing.

The theoretical research of the processes accompa-
nying operation of MEMS is connected with consider-
able mathematical problems and demands application
of effective methods for their solution. In this connec-
tion we witness a growing importance of the analytical
solutions providing ideas about the directions of search
for the optimum solutions, necessary for estimations at
the stage of preliminary designing, localization of the
areas of the optimal solutions and effective initial ap-
proximations for the subsequent more accurate, but
"slow" and prolonged calculations with the use of the
standard software packages.

The basic element of MEMS, as a rule, is a variable
capacitor made with the use of the integrated technol-
ogies. Its characteristics to the greatest degree also de-
termine the characteristics of MEMS. As a result, dur-
ing development of the electrostatic MEMS a necessity
appears for estimation of the electric capacity and the
electrostatic forces operating between various parts of a
design [5—11].

An analysis demonstrates that in most cases for es-
timation of the electric capacity and electrostatic forc-
es, the MEMS models with parallel electrodes are used.
However, the existing technologies do not guarantee
parallelism of the electrodes especially in the conditions
of a batch production. At that, nonparallelism of the
electrodes can appear due to technological errors dur-
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ing manufacturing and assemblage of a device [12, 13]
and also in the process of operation because of varia-
tions in the direction of the system’s movement owing
to occurrence of the rotating moments.

This work presents a research of the influence of
nonparallelism of the electrodes on the electric capac-
ities and forces in MEMS with a two-electrode and
comb-shaped design of the electrodes.

MEMS with a two-electrode design
of the electrodes

The object of the research of the influence of non-
parallelism of electrodes on the electric capacities and
forces in MEMS with a two-electrode design was a
two-electrode model of the capacitor containing two
flat nonparallel conducting electrodes (fig. 1) one of
which movable, fixed on elastic suspensions, could
move in relation to the other one motionless (fixed).
The calculations took into account that the electrodes
had length a, width b, minimal interelectrode gap d,
maximal interelectrode gap (d + A) and the interelec-
trode gap at parallel electrodes dy = d. It was also as-
sumed that a displacement of the movable electrode
would not change angle a of its inclination.

If we neglect the specific features of distribution of
the electric field at the edges of the electrodes (edge ef-
fects), the dependence of the capacity of a two-elec-
trode capacitor with nonparallel electrodes on the ge-
ometrical dimensions at small values of a can be pre-
sented in the following way:

Cy = ‘C’Ozabln(A%’), (1)

where ¢ — relative dielectric permeability of the envi-
ronment between the electrodes, g, — electric constant.

Voltage control mode. When the interelectrode gap
changes while the set voltage V' between the electrodes
of the capacitor is preserved, with account of (1) the
expression for the electrostatic attractive force influ-
encing the site of a * dx at small values of a will be the
following:

gpea Vzdx
dF = (2)

1
2 (tg(w)x+d)*

where x — coordinate of the point of application of
force (x coordinate of site a * dx). Thus, in the capacitor
with nonparallel electrodes the electrostatic force
changes by the width of electrode b, which should be
taken into account during designing of the elastic sus-
pensions for the electrodes.

For analysis of the behavior of the mobile elements
of MEMS with nonparallel electrodes in the voltage
control mode it is possible to use the effective value of
the electrostatic force. Without account of the edge ef-




fects, using (2), the expression for the effective electro-
static force of attraction, having an effect on the non-
parallel electrodes, at a constant voltage and invariable
inclination angle of electrodes o will be the following:

Foo = 1 2b dx _
e,V iSoSGV J.—z
0(tg(a)x+d-y)
_ gqcabV’ _ Fyy(1-2) 3)
2P —7)(A+1-7) (1+A-7)

where & = A/d, 2= y/d, Fy = egeabV?/[2dg (1 — %] —
the electrostatic force of attraction acting in a similar
capacitor, but with parallel electrodes and interelec-
trode gap dy = d.

Thus, in a capacitor with nonparallel electrodes the ef-
fective electrostatic force will be in (1 — z)/(1 + A — 2)
times less, than in a capacitor with parallel electrodes.
With an increase of the inclination angle of the movable
electrode, and, hence, of the average distance between
the electrodes d,,, the electrostatic force decreases.

Nonparallelism of the electrodes affects estimations
of the capacity value of also the electrostatic force and
the range value of a controllable displacement of the
movable electrode and the critical voltage, an excess of
which makes the movable electrode start its uncontrol-
lable approach to the motionless one till their contact
(pull-in-effect).

Assuming, that at a very slow increase of the applied
voltage (quasistatic case) the electrodes are influenced
only by the returning force of the suspension elasticity,
proportional to the displacement of the movable elec-
trode, and the electric force of attraction (3), it is pos-
sible to present the equation of balance (balance of
forces) in the following way:

ggeab V2
—kdz + =0, 4)

2P(1-)(A+1-2)

where k — rigidity of the elastic suspension of the mov-
able electrode.

According to (4), the maximal value of the control-
lable displacement of the movable electrode in relation
to the motionless one (critical value) from the position,
corresponding to absence of voltage, is equal to

Yer,v = §’(2+5—m) -
= yero(2+ A 144422, 5)

where y,,. o = dy/3 — critical displacement in MEMS
with the parallel electrodes and interelectrode gap
do =d.

Taking into account (5) the expression for estima-
tion of the critical voltage in this case can be presented
as the following:

Voi = £J2ky o (d =y )+ A=y, )/ (ggeab) . (6)

In case of parallel electrodes, (6) will be transformed
to the already known form:

Vo = +.[8kda/(2Tzgzab).

Thus, in MEMS with two nonparallel electrodes in
the mode of operation with a controllable voltage the
values of the critical voltage and displacement increase
in comparison with the corresponding values at parallel
electrodes and interelectrode gap d, = d, which is
caused by an increase of the average distance between
the electrodes d,, and a decrease of the capacitor ca-
pacity and electrostatic force at a growing angle of in-
clination of the movable electrode.

Charge control mode. Besides the voltage control
mode, in MEMS the mode with a controllable charge
(charge control mode) is also used.

In case of variation of the interelectrode gap and
preservation of the set full charge of Q,,,, on the elec-
trodes of the capacitor with account of (1), the expres-
sion for efficient electrostatic force of attraction at
small values of a acquires the following form:

~2
4 (7)

(1+A-z)(1- z)lnz(lJlr—f;Z)

Fo0= 10,0

where Fy g = ngm /(2egeab) — electrostatic force of
attraction acting at an invariable charge in the capac-
itor with two parallel electrodes and interelectrode gap
dy = d. According to (7) at an increase of the inclina-
tion electrodes angle and invariable charge the electro-
static force increases.

Assuming, that in a quasistatic case the electrodes
are influenced only by the returning force of elasticity
of suspension ky and the electric force of attraction (7),
it is possible to demonstrate, that at nonparallel elec-
trodes in the mode with a controllable charge a pull-in-
effect appears, unlike in case with the parallel elec-
trodes, where the pull-in-effect does not appear.

Fig. 2 presents the dependence of variation of in-
terelectrode gap z on dimensionless charge of A:

L= Qom/ J2e9eabdk =

ln2(1;—§z_z) Jz(1- (1 +A-7), (8)

calculated with the use of (8) at several values of A.
According to (8) and fig. 2, with an increase of the
relative inclination of the electrodes the value of the
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critical charge, the excess of which causes a pull-in-ef-
fect, decreases, which is connected with an increase of
the electrostatic force. The range of the controllable
displacement of the movable electrode also decreases.

An analysis shows that at a very slow increase of the
full charge for estimation of the critical displacement of
the movable electrode from the balance position to the
motionless one it is possible to offer the following ex-
pression:

Ver,0 ~ d[1+0.0637A - J0.0637A(1 +0,0354) ),

which approximates the dependence of the critical dis-
placement on A = A/d for 0 < A <7 with a margin er-
ror, not exceeding 1 %. In its turn the expression for es-
timation of the critical charge, at the excess of which
the electrodes begin an uncontrollable approach till
their contact (pull-in-effect), becomes the following:

X [2eqeabdk, (1-5,)(1 +A-3,),
where y.,. = Y. o/d.

MEMS with a comb-shaped design
of the electrodes

For research of the influence of nonparallelism of
the electrodes on the electric capacities and forces in
MEMS with comb-shape or interdigital design of the
electrodes the model of MEMS capacitor was used
(fig. 3).

In such a capacitor the middle (movable) electrode
fixed on the elastic suspensions, can be displaced in re-
lation to the two motionless ones. In calculations it was
accepted that the electrodes had length a, hight b, min-
imal interelectrode gap d, maximal interelectrode gap
(d + 2A) and the interelectrode gap at parallel elec-
trodes d;; = d in the state, when the movable electrode
was equidistant from the motionless ones. It was also
assumed, that in case of displacement of the movable
electrode the inclination angle of o would not change.

If we neglect the specific features of distribution of
the electric field at the edges of the electrodes, the de-
pendence of the capacity of the capacitor with an
comb-shaped electrodes design and nonparallel elec-
trodes on the geometrical size at small values of o can
be presented in the following form [14]:

2 2
0w = sparfn L]
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At parallel electrodes formula (9) is reduced to the
well-known expression:

24,

Co(X) = aosab ) 5
dy—x

Voltage control mode. If the interelectrode gap varies
with preservation of the set voltage V between the elec-
trodes of the capacitor, with account of (9) the expres-
sion for the electrostatic force of attraction, effecting
the movable electrode at small values of a in this case
can be presented in the following way:

(1-2)(1+4)

o 1 +28)Y -2

where z = x/d — relative displacement of the movable
electrode from the initial position, £y = 2gpea X
x bV?z/ [dy(1 — 2))? — force of attraction in case of
parallel electrodes of the comb-shaped design.

According to (10), with an increase of A the corre-
lation of forces Fyy 1/ F ) will lessen.

Just like in case of the capacitor with two electrodes
and comb-shaped electrodes design the nonparallelism
of the electrodes affects also the value of the critical
voltage, at the excess of which the electrodes begin to
approach each other up to a contact (pull-in-effect).
Proceeding from the symmetry of the design at the volt-
age equal to the critical one, the movable electrode will
have only one point of unstable balance at z = 0.

Assuming, that in case of the comb-shaped elec-
trodes design at a very slow increase of the applied volt-
age the movable electrode is influenced only by the re-
turning force of the elastic suspension and the electric
force, we can present the expression for estimation of
the critical voltage, excess of which will cause contact
of the electrodes (static pull-in-effect) in the following
way:

Vyi=2Vyio(l + 2A)/N1+A, (11)

where V), o = +d; [kdy/(2eqeab) — critical voltage at

the parallel electrodes and the value of the interelec-
trode gap of dy = d.

Thus, in MEMS with a comb-shaped electrodes de-
sign and nonparallel electrodes in the voltage control
mode the value of the critical voltage increases in com-
parison with the corresponding value at parallel elec-
trodes. According to (11) with the growth of the incli-
nation electrodes angle the value of the critical voltage
increases.

Charge control mode. In a case, when in the course
of operation of MEMS a total charge is set on the ca-




pacitor electrodes, the equation of the balance of forces
becomes the following:

2 ~
2g0eab Q. (1 +A)

C2(z)

—kdz + = 0. (12)

(1+28)° - 2)(1 -2

An analysis shows, that in a quasistatic case at a cer-
tain (critical) value of the charge, the movable electrode
will also have only one point of unstable balance z = 0.
This allows us to determine the value of the critical
charge from the equation (12):

0, = +1 (1 + 2&)In(1 + 2A) /m- (13)
A 2(1+A)

In absence of an inclination the expression (13) will
be transformed into the following:

Fig. 4 presents the dependence of the dimension-
less charge .. = Q,;/ Q,; o on the value of A. Accord-
ing to (13) and (14), the dependence has its maximum
at A = 1,354, while the value of A in the maximum
equals to 1.17.

We should point out that despite the fact that the to-
tal charge is preserved, on the area of the electrodes it
is distributed nonuniformly. An increase of the angle of
inclination of the electrodes leads to an increase of the
gradient of the charge. We should also point out, that
the surface density of the charge will be directly pro-
portional to the voltage, up to which until the initial
moment the system was charged.

Conclusion

The influence of nonparallelism of the electrodes on
the electromechanical interactions for MEMS with a
two-electrode and comb-shaped design of the elec-
trodes in the voltage and charge control modes was in-
vestigated.

Expressions were obtained for calculation of the
electrostatic forces and the critical voltages at various
inclinations of the electrodes.

It was discovered, that in the voltage control mode
during an increase of the inclination electrodes angle,
the effective electrostatic force in MEMS of both de-
signs decreased, while the value of the critical voltage
increased.

It was demonstrated, that in the mode with a con-
trollable charge in the two-electrode MEMS during an
increase of the inclination electrodes angle the electro-
static force increased. It was discovered, that in the
charge control mode in the two-electrode MEMS with
nonparallel electrodes a pull-in-effect appeared. It was

established, that in this case with an increase of the in-
clination angle the critical charge value decreases.

It was demonstrated that in the charge control mode
in MEMS with a comb-shaped electrodes design at an
increase of the inclination electrodes angle the critical
charge value, at first, increased, and then decreased. It
was found, that the maximum value of the critical
charge in this case was achieved at A = 1,354, while the
value of &, in the maximum equaled to 1.17.
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COBPEMEHHOE COCTOAHME U NEPCITEKTUBbI PA3BUTUA
MUKPOCUCTEMHOM SAEKTPOMEXAHUKM

Ilocmynuna é pedaxyuio 30.12.2016

Paccmampusaemcs cospemennoe cocmosinue co8epuieHHo H08020 HANPABACHUS HAYKU — MUKDOCUCHEMHOU IAeKMPOMEXAHUK.
AHanusupyromes wiupokue cnekmpbi ee NPAKMu4ecK020 NPUMeHeHUs U nepcneKmuesl 0albHeluie2o pa3eumus.

Iloopobro obcyncoaromes 06a OCHOBHbIX NYMU CO30AHUS MUKPO- U HAHOINEKMPOMEXAHUYECKUX npeobpazosamenetli sHepeuu
KaK 6a306biX 31eMeHM08 MUKPOCUCMEMHOU 21eKmpomexanuku "ceepxy eHu3" u "cHu3y eéepx”.

Onucamnvl 0CHOBHbIE MEXHOA02UYeCKUe NPUemMbl KOHCIMPYUPOSAHUs 0a306biX (DYHKUUOHANHBIX INEMEHMOE MUKPOCUCMEMHOU
2NEKMPOMEXAHUKU, 0OXADAKMEPU308AHbL 00AACMU UX NPUMEHEHUS 8 MPAOUUUOHHOU U HOBOU MeXHUKe (8 UHMOPMAUUOHHBIX U KOM-
NbIOMEPHBIX MEXHON0USX, MeOUYUHE, AIPOKOCMUMECKUX U PAKeMHO-APMUAIEPUICKUX cucmemax u m. d.).

Karoueevie caosa: muxpocucmemnas snekmpomexarurxa, Harnoarekmpomexanuxka, MOMC u HOMC, monrexyrspHbiii MOH-

maosc, amomHas C60pl€(1, camoopeanusauus

BBenenune

CoBpeMeHHas HayKa, OTHOCSILASCS K 3JEKTpoMe-
XaHUKE, IPOrpecc KOTOPOii 6a3upyeTcsl Ha MaKCUMallb-
HOM MCIIOJIb30BAHMU HOBEMIMX JOCTHXKEHUI KJ1acCu-
YEeCKO MeXaHMKHN U SJIEKTPOIUHAMUKY, (DU3UKU TI0-
JIYITPOBOJHUKOB, aTOMHOM (DU3UKU, IHEPTETUKU, OIl-
TOBJIEKTPOHUKHU, KMOEPHETUKU W T. M., Pa3BUBaeTCs
MO JBYM MarucTpajbHbIM HaIlpaBJIeHUSIM.

1. B HacTos11Iee BpeMs Kak B 001aCTH TEOPUH dJIeK-
TPOMEXaHMYECKUX IpeodpasoBaTe-

sneit (OMII) sHepruu, Tak u B 00- Fr-— -

JIACTHM WX U3TOTOBJICHUS XKIIET CBOETO
pelleHusT MHOXECTBO 3aJay, CBSI-
3aHHBIX C TMOBBIIICHUEM 3HEPreTH-
YyeCKHMX IToKa3aTesieil, IpOeKTUpPOBa-
HUEM U co3JaHueM 0ojiee 3KOHO-

Tloceswaemcs namamu axademurxa A. I. Hocugvsaua

B COBPEMEHHOUW Hay4yHOM JIMTepaType TPaIULIMOHHO
TOJIKYETCSI KaK "MakpocucmemHas 31eKmpomexanuxa’”,
BTOpOE — KaK "MUKpOCUCMeMHAs 31eKmpomexaHuxa’,
KakK BaxKHeilass oTpacib COBPEMEHHONH MUKPOCHC-
TeMHO# TexHuku (puc. 1) [4—6].

bazoBbiMU 00BEKTaMU HCCIEAOBAaHUSI MaKpPOCHUC-
TEMHOM B3JieKTpoMexaHUKU sBiisitorcss OMIT sHeprumn
KJIACCUYECKOTO Ha3HAUYEHUS: DJAEKTPUYECKHE MalllU-
HBI 1 aIllIapaThl, OT MUKPO3JIEKTPOABUTATEIICH ¢ MOIII-
HOCTBIO He Bhille 1 KBT, SBAsTIONINXCSI OCHOBOI aBTO-

COBPEMEHHAS
SJIEKTPOMEXAHHUKA

MODERN ELECTRICAL
ENGINEERING

MUWYHBIX (MeHee METaUIOEMKUX U
bojiee TEXHOJOTUYHBIX) DJIEKTPU-

MHKPOCHCTEMHAS
SJIEKTPOMEXAHHKA

MAKPOCHCTEMHAA
SJEKTPOMEXAHHKA

YECKMX MaIllMH U UX GYHKIMOHAb-
HBIX 3JICMEHTOB.
2. Hapsiny ¢ MUKpO3JIEKTPOHH-

MICROSYSTEM
ELECTROMECHANICS

ELECTROMECHANICS

KOM, KOMITBIOTEPHOU TEXHUKOM, TeE-
JICKOMMYHUKAaIMEW U T. 1. B obsac-

/N

TU COBPEMEHHON 3JIeKTPOMEXaHUKU
HauOoJjiee SIpKO MPOSBISETCS KU3-

HAHOSJIEKTPOMEXAHHMKA

VRN

IMHKPOMWHHATIOPHAS IKPYTIHASL
PIEKTPOMEXAHHKA]

SNEKTPOMEXAHHKA

HeHHas1 He0OX0JUMOCTh MUHMATIO-
pusanu (M CBEPXMUHUATIOpHU3a-
LMK) PYHKLUIMOHAIBHBIX 3JIEMEHTOB

NANOELECTROMECHANICS

PIEKTPOMEXAHHKA

MAJOR
ELECTRICAL
ENGIEERING

MICRO

MICROMINIATURE | \pJ FCTROMECHANICS]
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OMII sHepruu u ux cucrem [1—3]. St

IlepBoe HampaBlieHUE Pa3BUTHS
HayK{ B 00JIaCTH 3JI€KTPOMEXaHUKU
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Puc. 1. Knaccudukamus DMII sHepruu no 3HepreTHIECKMM W MACCOradapuTHBIM MOKA3aTeleM
Fig. 1. Classification of EMC of energy by the energy and mass-dimension indicators




MaTu3allMy MHOXECTBA TEXHOJOTMYECKUX MTPOLIECCOB,
JIO CAMBIX MOILIHBIX 3JIEKTPUUECKMX MALLIMH (TUIPO- U
TypOOTE€HEPATOPOB [IJISI PHEPTOTe€HEPUPYIOLIUX CUC-
Tem) [7, 8].

IMosiBneHue cOBpeMEHHOM MUKPOCUCTEMHOM 2JIeK-
TPOMEXAaHUKU CBS3aHO C OUEPEAHONM CTaAui pa3BUTUS
TEXHUKU W TEXHOJIOTUM MHUKPOMEXaHUKU U MUKPO-
3JIEKTPOHUKHU, OJarogaps KOTOPbIM CTaJIO BO3MOXKHO
CO3/1aHVE MaJorabapUTHLIX MHTErPUPOBAHHBIX MHOIO-
(DYHKIIMOHATBHBIX MUKPO3JIEKTPOMEXaHUYECKUX CHUC-
TeM (MOMC) Kak COBOKYIMHOCTh MUKpPOMEXaHUYEC-
KHUX UM MHUKPOJIEKTPOHHBIX KOMIIOHEHTOB (MJIM MX
MOJACUCTEM), OOBEAMHEHHBIX B OOIIYI0 MHTErpayib-
HYIO CXeMy. DTO NMO3BOJUJIO MPU PELICHUU MOCTaB-
JIEHHBIX 33724 JOCTUYb HOBOTO KaYE€CTBEHHOTO YPOB-
HSI B MaccorabapUTHBIX MOKa3aTeJsiX, ObICTPOAEHCT-
BUU, QYHKIMOHATBHBIX BO3MOXHOCTSX, MPOWU3BOAM-
TEJIbHOCTH, CHUKEHUM CTOMMOCTU U T. 1. [Ipu aTtom
pa3zHooOpa3Hble MPUOOPHI, CXEMbI, YCTPOUCTBA U MO -
CHUCTEMBI, B KOTOPBIX TMHAMUUECKOE MPOLIECCHI SHEP-
rooOpa3oBaHUsl HOCAT BJIEKTPOMEXaHWYECKUM Xa-
pakTep, a CTPYKTYpHbIe (PYHKIIMOHATBbHBIE JIEMEHThI
UMEIOT pa3mep (10 MeHbllIeil Mepe B OHOM HaIpaB-
nenun) 0,1 mxm < /< 0,1 MM, MOTYT OBITb YaCTbIO WU
3aKOHUYEHHbIM uzneaunemM MOMC [9—11].

B HacTosi11iee Bpemsi KaueCTBEHHO HOBBIM YPOBEHb
pa3BUTHSI COBPEMEHHOM 3JIEKTPOMEXaHUKMU TMpe.-
OTIPEAEIISIET BHEAPEHUE HOBEUILMUX HOCTUXKEHUIM Ha-
HOHayKW W HAHOTEXHOJIOTUM B TEX OTPACJISIX €CTEeCT-
BO3HAHUSI, UHXEHEPHbIX HAayK W TEXHOJOTHUU, KOTO-
pble UMEIOT 0a30BOe 3HAUYEHME AJISI HAyKU B 00j1lacTh
3JIEKTPOMEXaHUKU U MPOMBILIJIEHHOCTU B LIEJOM.

151 COBpeMEeHHOU 3J1eKTpOMEXaHUKM BO BCEM ha-
Ma30He 3HEPreTUYECKOro CIeKTpa IMepBOCTENeHHOM
3a7ayeil SBJSIETCS Pa3BUTUE DIIEKTPOTEXHUUECKOTO
MaTepuagoBeJeHus. B HacTosiee BpeMsi IpOBOASTCS
aKTUBHbBIE UCCIEIOBAHUS MO MPAKTUUECKOMY MTpUMeE-
HEHMIO BJIEKTPUUECKUX MaTepuaaoB pPa3jMYHOrO Ha-
3HAUEHUS, U3TOTOBJIEHHBIX 110 HAHOTEXHOJIOTUSIM.

Cpenu HaHOMAaTepuasaoB, MEPCIEKTUBHBIX B IPH-
MEHEHUU K 3JIEKTPOMALLIMHOCTPOEHUIO, CIEAYET BbI-
JIeJINTh: aMOp(HBIE CIUIaBhI, TpadeH, MarHUTHYIO (ep-
poOymMmary, yrjiepoaHble HAHOTPYOKU, METaJLIMYECKUe
MOPOLIKHU B 3JIEKTPOINPOBOISIIMX CJ0SIX, HOBbIE (DPUK-
LIMOHHBIE W JIEKTPOU3OJSILIMOHHBIE MaTEPUAJIBI U .
VienbHble MarHUTHBIE MOTEPU MArHUTONPOBOAOB U3
aMOPGHBIX U HAHOKPUCTAIMYECKUX CIUIABOB MMEIOT
3HAYUTEJIbHO MEHBIIIEE 3HAYEHUE IO CPABHEHMIO C
BJIEKTpUUECKO cTanbio U (pepputamu (meHee 0,1 Br/kr
npu f = 60 I'm). OHm 00Jagal0T BBICOKON OTHOCH-
TEJIbHOW HAYaJIbHOM MAarHUTHOM NMPOHULIAEMOCTHIO, a
TAaKK€ WHAYKIMENW HACBIIIEHUS HA MPOMBIIIJIEHHBIX W
BBICOKMX yacToTax (B¢ = 1,2...1,3 Tn). Hanpumep, rpa-
¢deH — HoBelMii HaHOCTPYKTYPHBIM MaTepuai, 00-
JIAJAIOIINIA YHUKAIbHBIMA TOKOTIPOBOASIIIUMU CBOMCT-

BaMU, KOTOpPhIE IO3BOJISIOT €My CIYXXUTb HE TOJIbKO
OYEHb XOPOIIUM IIPOBOAHMUKOM, HO U MOJYIIPOBOIHU-
koM. Kpome Toro, rpadeH upe3BbIYaliHO MHpOYEH U
BBbIIEPXKMBAaeT OTPOMHbBIE HArpy3kud KaK Ha pa3phlB,
TaK 1 Ha Iporud. YKazaHHbIE CBOICTBA aKTyaIbHbI IS
MPOBOAHUKOBLIX MaTepuaaoB DMII sHepruu, padoTa-
IOLIKMX B YCJIOBUSIX MHTEHCUBHBIX AUHAMMUYECKMX Ha-
IPY30K.

Eie onHUM nmpuMepoM NMPUMEHEHUSI HAHOTEXHO-
JIOTUU SIBJISIETCSI U3TOTOBJIEHE OOMOTOYHOIO MPOBOIA
C MCIOJIb30BAaHUEM TOHKOIMCIEPCHOIO ITOPOIIKa OK-
cuaa KpeMHsI, BBEAEHHOIO XMMMYECKMM CIIOCOOOM B
MOJIMAMUIHYIO U3OJISILUI0. DTOT METO/ MTO3BOJIWII YBE-
JIMYUTh KaYe€CTBO TOTOBOIO IIPOBOJAA U IIOBBICUTH €IO
TeMmIepatypHbiii uHaekc go 280 °C.

M3 BBIIIENU3TOKEHHOTO MOXHO CIeJIaTh BBIBOM, YTO
BHEJIPEHNUE HAHOCTPYKTYPHBIX BJEKTPOTEXHUYECKUX
MarepuajaoB B mnpousBoacTBe DMII sHeprum MoxeT
CIOCOOCTBOBATh KOMIUIEKCHOMY MOBBIIIEHUIO YPOBHS
COBPEMEHHOT0 3JIEKTPOMAILIMHOCTPOeHUsI (OCOOEHHO
KpynHomy). OIHaKO 3TOT MpOoILecc MoKa orpaHUYKMBa-
€TCSl TEXHUKO-TeXHOJOTMYECKUMU TPYAHOCTSIMU W3-
TOTOBJICHUSI U BBICOKOI CTOMMOCTBIO YKa3aHHBIX Ma-
TepuasnoB [12—14].

B ciyyae ucnonb3oBaHUsI HAHOTEXHOJIOTUIM U Ha-
HOMaTepualioB B MUKPOCUCTEMHOM 3JIEKTpOMEXaHUKe
cJieyeT MCIOJIb30BaTh TEPMUH "HAHOCUCTEMHAs! 3JIeK-
TpoMeXaHMKa". DTO KacaeTcs TeX clydaeB, KOTma pas-
Mepbl 1 MottHOCTA DMIT sHepruu copa3mMepHEI C pa3-
MepaMU U MOILIHOCTbIO OMOJIOTUUECKUX peodpa3oBa-
Teel SHepruu (MpU 3TOM HaMMEHBILINE U3 CAeTaHHbIX
YeJIOBEKOM YCTPOMCTB COM3MEPUMBI C HAMOOIBIINMU
MOJIeKyJlaMU KUBbIX OpraHu3mMoB). Ha 3ToM ypoBHe
MOILIHOCTE!l TOCIOACTBYET OJHO M3 CTPATeTMYECKUX
HaIpaBJICHUI COBPEMEHHON HAHOHAYKM — HAHOXJIEK-
TpOMeXaHMKa, KOTopas pacCMaTpPUBAET BJIEKTPOME-
xaHuueckue cuctembl (HOMC) co cTpyKTypHBIMU
(YHKIIMOHAIBHBIMU 3JIEMEHTaMM Pa3MepoM (XOTsI Obl
B ogHoM HampasieHun) 10 am < /< 100 um [15, 16].

PellieHue mepBOCTEIIEHHBIX 3aday COBPEMEHHOM
MUKPOCUCTEMHOM 3JIEKTPOMEXaHUKM TPEOYeT JaabHel -
1LIEr0 MIYOOKOIro M3Y4YeHHUsI CTPOCHMS BEILEeCTBa, CUH-
Te3a MpPOLIECCOB B BEIECTBE, a TAKXKE YCTAHOBJICHUS
METOJ0B MOJYYeHMST KPUCTA/UIMYECKON pelleTKU MpPo-
BOJHUKOB, AMAJIEKTPUKOB, ITOJTYIIPOBOIHUKOB, AMaMar-
HETUKOB, (DEPPOMArHETUKOB C 3aKOHOMEPHBIM pacIIpe-
JeJIeHMEM aTOMOB 1 MOJIEKYJI B 3aBUCUMOCTH OT Mped-
JlaraeMbIX CBOMCTB M Ha3HAYE€HMSI ITUX MaTepUAIOB,
CO3IaHUs IIPOBOAHUKOB M MOJYIIPOBOJHMKOB Ha 0ase
MOJMMEPHON U IPYIUX XMUMUYECKUX coeanHeHuii. He-
00XOIMMO pPe3KOe MOBBIIIEHNE KayecTBa aTOMHO-MO-
JIEKYJIIPHBIX KOMITO3UIIUI YU KOMITO3UIIMOHHBIX MaTe-
pMajoB IS YCTAaHOBOK HEMOCPEACTBEHHOTO Ipeodpa-
30BaHUS TEIUIOBOM, COJIHEYHOM, aTOMHOM, XUMUYEC-
KOW 3HEpruu B BJIEKTpUYecKyto ¢ BICOKMM KIIJI.
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Knaccupukamua DMII sneprum 1 uX cUCTEM
10 MPHHIMIY JAeACTBHS

B okpyxaromeM Hac mupe (OT BCEJIEHCKMX MaKpoO-
00BEKTOB, TAKMX KaK TaJaKTUKU W 3BE3IbI, 10 MUK-
pOOOBEKTOB — OMOABUTaTE/ e, aTOMOB U BCEr0 MHO-
roobpasusi 3J€MEeHTapHbIX YaCTHIl) MPOLIECC IEKT-
pPOMeXaHUYeCcKOro Ipeodpa3oBaHUSI dHEPTUu, o0yC-
JIOBJICHHBIN HETOCPEICTBEHHBIM B3aMMOICUCTBIEM
IPaBUTAMOHHO-UHEPLMOHHbBIX U 3JIEKTPOMATHUTHBIX
cuil, — BceoOllee U PyHIaMeHTaIbHOE SIBJIEHUE.

B npupoaHbIX mpoiieccax 3Heproodopa3oBaHUs O -
HOBPEMEHHO YYaCTBYIOT U MAarHUTHbIC, U 3JeKTpUYeC-
kue 1oJjs1. Ecaiv B TOM Wi ”HOM TIPUPOTHOM TTIPOIIEC-
ce MPEBOCXOAAT MAarHUTHBIE CUJIBI, a AEUCTBUEM BJIEK-
TPUUYECKUX CUJI MOXHO TIpeHeOpedyhb, TO MOXHO CKa-
3aTh, YTO "NEUCTBYIOT' MHAYKTUBHBIE DMII sHeprum.
Ecnu nmpeBocxXoasT 2/1eKTpUYEeCKHe CUIbI, a TeCTBU-
€M MarHUTHBIX CUJI MOXHO IIpeHeOpedb, TO MOXKHO YT-
BepXKaaTh, YTO "mEeiCTBYIOT eMKOCTHbie DMII sHep-
run. Eciu MOITHOCTM MAarHUTHBIX U DJIEKTPUUYECKUX
CWuJ, ACUCTBYIOLIMX B 0OlleM O0beMe, COM3MEPUMBbI
IIPYT C IPYTOM, TO MOXHO TOBOPUTH O IEHCTBUI COB-
MEIIEHHBIX UHAYKTUBHO-eMKOCTHBIX DMII sHeprum.

ITo cytu m1000# MPUPOIHEBIN Mpoliecc Mpeodopas3o-
BaHUSI DJIEKTPOMATHUTHOTO IOJISI MOXHO MOJEIUPO-
BaTb KakK JIefCTBUE HEKOEro COBMEIIEHHOT0 MHIYK-
TUBHO-eMKOCTHOro OMII sHeprum, moacucreMaMu
KOTOPOTO SIBJISIETCS] HETMHEIHO B3aMMOJCHCTBYIOIINE
WHAYKTUBHbIE U eMKOCTHble DOMII sHepruu. YHu-
KaJIbHbIM MPUMEPOM COBMEILICHHONM CUCTEMbl MHIYK-
TUBHBIX U €eMKOCTHbIX DMII sHeprum (MarHUTOTUI-
poauHamudeckux — MIJ] u 371eKTpOruapoaHaMu-
yeckux — OI'J] reHepaTOpOB U ABUTaTeNeil) sIBIsIeTCS
IUTaHeTa 3eMJIs KaK CaMOOPraHM3YIOLIasicsi MHOTIO-
KOMIIOHEHTHAs1 CUCTeMa, B3aMMO/IEICTBYIOIIAS C OKPY-
>KaloIIMM KOCMUUYECKHUM TTPOCTPAHCTBOM uYepe3 JIeKT-
POMAarHUTHBIE U TPABUTALIMOHHO-UHEPLUMOHHEBIE MOJISI
[17—19].

20

Puc. 2. IlpeanournreibHbie 00J1aCTH pacnpeiejieHds JIeKTpoMexa-
HHYECKHX Npeodpa3oBaTelieil SHEPruu

Fig. 2. Preferable areas for distribution of the electromechanical
converters of energy
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Ecau mpenctaBUTh IIKay MOITHOCTEN IJIST TIPU-
ponHbix DMII sHepruu, IeUCTBYIOIIUX OT MUKPOMUpA
JI0 KOCMUYECKMX MaclTaboB (puC. 2), U Ha HEil Bbl-
JETUTD TPEIITOYTUTENIEHBIE 00JIACTH, B KOTOPBIX Hcii-
CTBYIOT MHAYKTUBHbIE U eMKOCTHble OMII sHepruu,
TO MOXHO YTBEpXIATh CJIEayIOIIee.

e B npupoaHbIXx MUKPOCTPYKTYpax, 0COOEHHO B OMO-
JIOTMYECKMX U (DU3NOJOTMYECKUX SIBJIEHUSIX B MUPE
KJIETOYHBIX ¥ CYOKJICTOUHBIX CTPYKTYP XKUBOM TIPU-
ponbl, B Mpolieccax Npeodpa3oBaHuUs 3MEKTpoOMar-
HUTHOI SHEPTUM OCHOBHAS POJb TIPUHAIIEKUT
9JIEKTPUYECKOMY TIOJIIO0 (IEHCTBYIOT €MKOCTHBIE
OMII sHeprum, KOTOpble 3aHMMAIOT 00JAcTh OT
TOYKH MUHUMYMa J0 TPUMEPHO HECKOJIEKUX BatT).

e UWnpayktusHble DMII 3HEprum UrparmT pelIaIONIyIO
poJib B TIPUPOAHBIX MaKpocucTeMax (HauumHas ¢
MaKpOCHCTEM KUBBIX OPTaHU3MOB O KOCMMUYECKUX
00BEKTOB) U TOCIMOJCTBYIOT B 00JIACTU OOJBILIUX
MOIIHOCTEM (HauMHas OT JOJIEM BaTTa IO 1026 Br
U BBIIIIE).

Oyukuuu pacnpenenenus f;(P) n f(P) onpenens-
I0TCSI BBIPaKEHUSIMU

N, (P)
py = L.

f1(P) NP "

fopy = P

¢ N(P)’

rae P — mowHocte; Ny (P) u N P) — cpeaHecTaTuc-
TUYECKOE YHUCJIO MHIYKTUBHBIX U €MKOCTHbIX OMII
sHepruu; N(P) — obuuee yncio DMII sHeprum.

ITpu sToM dynkumu f;(P) u f(P) yaoBIETBOPAIOT
CJIEAYIOIIUM YCJIOBUSIM:

Jim APy =1 lim (P = 0; o
pnfePy =0, i JeF) =1

Ha mkane mourHocreit nis npupomHbix DMII
SHEPTUH, AEVCTBYIOINX B 3eMHBIX MaciuTabax, uMe-
I0TCSl Be "Maruuyeckue" TOUKM: TOYKa MUHUMyMa —
P;’m ~ 107" BT — MOLIHOCTb CAMOro MaleHbKOrO
OMOJIOrMYEeCKOTO ABUTraTeIsl BOPCUMHKM OakTepuu (ca-
MOT0 MaJIOMOILIHOTO eMKocTHoro OMII sHepruu,
CO3JaHHOTO TMPUPOAOH) M TOouka MakCUMymMa —
Pg]ax ~ 6,5 102 Br MOIITHOCTh YHUTIOJISIPHOU
"BJIEKTPUUECKOl AWHAMOMAIIUHBI" TUIAHETHl 3eMJIs
[18, 19].

B HacTosiiee BpeMs1 yeJ0Be4eCTBO OCBOMJIO HEKO-
TOpbIE YYaCTKM Y3KOTO MHTEpBajia IIKajdbl MOIIHOC-
Tel. DKCTpeMaTbHBIMUA TOYKAMHI 3TOTO MHTEepBasIa siB-
JAI0TCA: TOYKa MuHuMyma P, =~ 0,6+ 1078 Br —
MOIIIHOCTb CaMOTO MAaJIOMOIIHOTO €MKOCTHOIO Ha-

T
HOIBMTaTesIs U TOYKa Makcumyma P~ 10° Br —




MOIIIHOCTh TypOoreHepaTopa (caMOil MOILIHOM 3JI€KT-

pUYECKON MalllMHbI, CO3IaHHON YEJOBEKOM).

Kax 1 B npupoaHBIX SIBAEHUSIX, B 3aBUCUMOCTH OT
MPUHLIMIIA OCYIIECTBIEHMS (peajn3aliii) B3aMMHOTO
MpeoOpa3oBaHUsl 3JEKTPOMArHUTHOM M MeXaHuYec-
KO sHepruu TexHudyeckue DMII sHeprum u ux cuc-
TeMbl BO BCEM JMara3oHe dHEPreTUYECKOro CrekTpa
MTOAPA3AEIIIIOTCS Ha TPU OOJBIINX Kiacca:

e UHIYKTUBHBIE (2MIEKTPOMHAYKLMOHHbIE) DOMII
9HEPruuv, B KOTOPBIX PabO4YMM I10JIeM SIBJISIETCS
MarHMTHOE TOJIE;

e CEMKOCTHBbIE (MarHUTHO-UHAYKUMOHHBIE) BOMII
SHEPTUM, B KOTOPBIX PAbOYMM ITOJIEM SIBIISIETCS
9JIeKTpUYECKOoe ToJIe;

e UHIYKTUBHO-EMKOCTHbIE€ (MarHMTHO-3JIEKTPOMH-
IyKIuoHHbIe) DMII sHepruu, B KOTOPHIX 3JIEKTPO-
MeXaHu4yeckoe IMpeoOpa3oBaHUE OCYIIECTBISIETCS
MarHUTHBIM M 3JIEKTPUYECKUM TTOJISIMMU.
IMpunuunuaababeie cxembl OMIIT sHepruu mokasa-

Hbl Ha puc. 3.

IIpu uccnenoBaHuM BONpPOCOB (PU3UKO-MaTeMaTu-
YeCKOro MOJEIMPOBAHMUSI U MPAKTUUECKOTO U3TOTOB-
JIEHUSI COBMEILEHHBIX MHAYKTUBHO-€MKOCTHBIX DMII
SHEPTUM CleayeT UMETh B BUAY OMHO BaXKHOE 00CTO-
SITEJILCTBO.

CoBMecTHOE NTPUMMEHEHUE UHIAYKTUBHBIX U eMKOCT-
HbeiXx ODMII sHepruu B o011eM 00BbeEMe OTHOTO arperara
B MaKpOCHUCTEMHOM 3JIeKTpoMexaHuKe He 3(POeKTUB-
HO, TaK KaK MHAYKTUBHble DMII sHepruu sIBAsIIOTCS
ncrounnkamMm DJIC, a eMKOCTHbIe — HMCTOYHUKAMU
ToKa. Takast coBMEIlEHHAas CUCTeMa MPEICTaBIIsIa Obl
rMOpUJ UCTOUHMKOB HU3KOTO M CBEPXBBICOKOIO Ha-
npsckeHus 1 uMmelia 06l HU3kuii KIT.

B MakpocucTteMHOI 3JIeKTpOMeXaHUKe ONpeaesIeH-
HBIM MHTEPEC MPEACTABIISIOT COBMEILIEHHBIE CUCTEMBI,
COCTOSILIIME M3 MOCJIEeI0BaTEIbHOIO U IMapasliebHOro
COEIMHEHUSI MHAYKTUBHBIX 1 eMKOCTHBIX DMII sHep-
rud. I1py BOBHUKHOBEHUU PE3OHAHCHBIX PEXMMOB B
TaKUX CHCTeMaX MX SHEePreTUYeCKHe XapaKTePUCTUKU
HaWIydlliMe, TaK KakK MPOUCXOIUT OOMEH peaKTUBHOM
MOIIIHOCTbIO MEXIY UHAYKTUBHOU M €MKOCTHOM MO/~
CHCTeMaMU, U IS CO3MaHUS MarHUTHOTO M DJIEKTPU-
YyecKoro moJjieii copMmelieHHbIt OMII aHepruu nepe-
CTaeT IMOTPeOJIATh PEaKTMBHYIO MOIIHOCTb OT BHE-
LITHUX UCTOYHUKOB 3Hepruu [20, 21].

CoBepllleHHO MHasl CUTyalusl B COBPEMEHHOI MUK-
POCUCTEMHOM 3JIEKTPOTEXHUKE.

B Hacrosiiee Bpemst BeayTcsi UHTEHCHUBHbBIE UCCIe-
JIOBAHUS T10 CO3TaHUIO HAHOCTPYKTYPHBIX MaTepPUAIOB
3JIEKTPOTEXHUYECKOTO Ha3HAYEHMSI, B KOTOPBIX OHO-
BPEMEHHO CYIIECTBYIOT 1 MATHUTHOE, M CETHETORJICK-
TpUYECKOe (MJIM aHTUMCETHETORJIEKTPUUECKOe) YIopsi-
noyeHue [22].

Ecnu B mpolyioM Beke yCIelHoe pa3BUuTre (pusu-
KU TBEPIOro Teja B 0O0JACTU BJEKTPOTEXHUYECKOIO
MarepuagoBeicHUs, OOYCIOBJIEHHOE WHTCHCHBHBIM
pa3BUTHEM (PU3MKM MArHUTHBIX SIBIEHUN U CErHEeTO-

Puc. 3. Knaccudukanusa DIIM sHepruu no npuHummy AeicTBUS
Fig. 3. Classification of EMC of energy by the operating principle

3JIEKTPUUECKOTO B OTIEIBLHOCTH, OTPaXkajaoCh B MaK-
POCUCTEMHOI 32JIEKTpOMEXaHUKE OCYILECTBICHUEM
HOBOTO Ka4eCTBEHHOTO CKauykKa WHAIYKTMBHBIX M €M-
KOCTHBIX MakKpoOMII sHepruu B OTAEIbHOCTH, TO Ha-
HOCTPYKTYPHBIE SJIEKTPOTEXHUIECKUE MaTepHaIbl Iy-
aJbHOIO Ha3HAYeHUsI MOTYT ObITb C YCIIEXOM IMpUME-
HEHbI B pa3paboTKe U CO3MaHUM HOBBIX CXEM U KOM-
TMOHEHTOB MMKPOCHUCTEMHOTIO 3JIEKTPOOOOPYIO0BaAHMS,
B KOTOPBIX 0a30BbIMU BJIEMEHTAMU SIBJISIFOTCSI COBMeE-
IIEHHBIE MHAYKTMBHO-EMKOCTHBIE MMKpPO- U HaHO-
OMII sHepruu u Ux CUCTEMBI.

Hanpumep, Kak ycTaHOB/I€HO B pabote [23], u3-
rotaBiauBaembie Mo TexHosorun MCT MUKpPOMUHU-
aTIOPHbIE UHIYKTUBHO-EMKOCTHbBIE 2JIEKTPOABUTATEN
MOTYT UMETh BaKHOE 3HaUEHUE JIJIs COBEPILIEHCTBOBA-
HUSI, MUHUATIOPU3ALIUMK U YIEIIEeBIEHUS COBPEMEH-
HBIX a3POKOCMUUYECKUX M PaKETHO-apTUILIEPUACKUX
CHUCTEM.

B CIIIA sTuMu BoIpocaMu 3aHUMAIOTCS TaK1E 13-
BECTHbIE HAy4YHO-MCCJIeIOBaTeNbCKUE (UPMBI, Kak
Intel, MEMS, Inolustry Group, Sandia National Labs.
M3BecTeH amMmepuKaHCKMI MUKPOMUHUATIOPHBIH JieTa-
TeJIbHBIN anrapar ¢ napameTpamu: macca — 80 1, pas-
Mep KpbLIbeB 15 cM, BeicoTa nonera ~230 M, CKOPOCTb
noJiera ~70 km/4, KITJI pabouero aBurarensi (M3ro-
TOBJIeHHOro o TexHoiaoruu MCT MUKpPOMUHUATIOP-
HOTO HHIYKTUBHO-EMKOCTHOIO 3JIEKTPOABUIATES)
~82 %.

Knaccunpukamua MOMC u HOMC
1m0 (yHKUMOHAJIBHBIM XaPaAKTEPUCTHKAM

B pabotax aBTOpOB [24, 25] OCylIEeCTB/IEH CpaBHU-
TeJIbHBIA aHAIN3 OUHAMUYECKUX M CTPYKTYPHBIX Xa-
PaKTePUCTUK W KITaCCU(PUKALINS 10 IPUHIIUITY JeHCT-
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Puc. 4. Oomas crpykrypa HOMC
Fig. 4. General structure of NEMS

BUsI 0a30BBIX (PYHKUIMOHAIBbHBIX 3JleMeHTOB MOMC u
HOMC — mukpo- u HaHoOMII sHepruu ¢ TOYKU 3pe-
HUSI MUKPO- U HAHOMMHUATIOPHBIX TPAKTOBOK OCHOB-
HbIX TIPUHLIMIIOB U TEOPETUYECKUX MOJIOKEHUI COB-
pPEMEHHOM 3JIeKTPO(PU3UKU.

bruto YCTaHOBJICHO, YTO HECMOTPA HAa UMCIOIIUC-

cs1 Mmexny MOMC nu HOMC cxomgHble XapaKTepUCTH -
K4 110 (pyHKUMOHAIbHBIM npuHUMIIaM B MCT, mexny
HUMU MMEETCSl KapaIMHaJIbHOE OTAWYME IO Y3JIOBBIM
MpUu3HaKaM JUHAMUYECKOIO0 M SHEePreTHuYeckoro co-
CTOSTHUSI.

OcHoBHBIe ocobeHHocTH MOMC n1 HOMC moryr

OBITH BKpaTLe CHOpMYIMPOBAHBI CIEAYIOLIUM 00Pa30M.
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B HaHOCHCTEMHOI TeXHMKE MCMOJb3YITCS Tpe-
JeJTbHbIE BO3MOXKHOCTH CBEPXMHHUATIOPU3AIINU
9JIEKTPUYECKUX, MATHUTHBIX, MEXaHUYECKUX U OUO-
JIOTMYECKHNX CHCTEM.

Eciu gns MOBMC mpouecc MUHUATIOPU3ALIMU
(YHKIIMOHATBHBIX 3JIEMEHTOB, IOMYMHSISICH 00-
IIUM 3aKOHOMEPHOCTSIM DPa3BUTUSI COBPEMEHHOI
MUKPOCHUCTEMHON TEXHUKHU, MOXHO OCYLIECTBUTD C
IMOMOLIBIO MOJEJIeil U TEeXHOJIOTMU TUIA "CBEPXY
BHM3" (HUCXOISIEe IMPOU3BOACTBO), KOTOpbIE B
HesIBHOI (hopMe IpeAronaraior, YTo yMeHbIIeHe
pa3MepoB CTPYKTYp He BIUSIET Ha MX (DYHKIMO-
HaJibHbIe CBOMCTBA (M MPUHLMIT (PYHKIIMOHUPOBA-
HUSI), TO IPU MPOU3BOICTBE HAHOCUCTEMHON TeX-
Hukn (B ToM umciie 1 HOMC) rmaBeHcTByOlIEE
3HaUeHHUE TPUHUMAIOT TEXHOJOTUM THUIIA "CHUZY
BBepX' (BOCXOHSIIee TTPOM3BOACTBO), OCHOBOI KO-
TOPBIX CIY>KMT aTOMHBIM U MOJIEKYJISIDHBIA CUHTE3
(Tak Ha3bIBaeMbIil "MOJEKYISAPHbIA MOHTAX' WU
"aToMHas coopka").

Tak kak B MOMC agnHaMudeckue IIpoIecChl Ipe-
o0pa3oBaHUs 3JIEKTPOMArHUTHOTO T0Js1 00YCI0B-
JIEHbI CUJION TSKECTU (MHEPTHOCThIO) MUKpOMeEXa-
HUYECKMX BJIEMEHTOB, TO HUX (DU3MKO-MaTeMaTu-
YecKoe MOACIMPOBAHNE MOXHO OCYIIECTBUTh C MO-
MOIIIBIO KJIACCUYECKUX 3aKOHOB 3JEKTPOPU3UKU
®apanest — MakcBesia (M COOTBETCTBEHHO, Kjac-
CUYECKOI TEOPUHU DJIEKTPUUECKUX LIeTIeil).

Tak KaK B HAHOCUCTEMHOM TeXHMKe (1 COOTBETCT-
BeHHO B HOMC) cuibl TSXKECTH He3HAYUTEJbHBI
10 CPaBHEHUIO C CHJIAMU XUMUUYECKUX CBSI3eil MeX-
aTOMHOTO M MEXMOJIEKYJISIPHOTO BO3AEUCTBUSI, TO

B 3a7a4ax (pU3MKO-MaTeMaTU4eCKOro MoaeJInpoBa-
Hust HOMC 3aK0HBI KJIacCUYECKOI 371eKTpodU3n-
KU (MU COOTBETCTBYIOLLASI TEOPUST DJICKTPUUECKIX 1Ie-
Tei) TOJKHBI ObITh CKOPPEKTUPOBAHbBI B COOTBETCT-
BUM C KBAHTOBBIMU 3aKOHAMU 3JIEKTPODUIUKU.
Ecnu uzngennst MUKpOCUCTEMHOM TEXHUKM B 00JIac-
™ MBOMC 1o cTpyKType YMCTO TEXHUUYECKUE, TO B
00J1aCTU HAHOCHUCTEMHOU TEXHUKM HEOOXOIUMBbI
(byHmameHTaqbHbIE MCCIEI0BaHUS, BO3MOXHOCTU
co3manusg usngennii HOMC ¢ coBMmeleHueM rap-
MOHUYHO NEHWCTBYIOIIUX TEXHUYECKUX W MPUPOI-
HBIX (DYHKIIMOHAIBHBIX 3JIEMEHTOB.

B Hacrosiiiee BpeMsi Ha OCHOBE NOApakaHUsT TIPH-
POAHBIM aHajioraM (HampuMep, ¢ UCIOJb30BaHUEM
BO3MOXKHOCTE! 1 (PyHKIIMOHAIbHBIX CBOMCTB OMO-
JIOTUYECKUX HAHOCTPYKTYP) BeAyTCsl padOThI 110 CO-
3nanuio HOMC, B KOTOpBIX 4acTb (DYHKILIMI BbI-
TOJTHSIIOT 2JIEMEHThI XKUBbIX OPraHU3MOB (OMOMO-
JIEKYJIbl, OaKTepuu U T. A.). Tak Kak co3gaHHbIE Yye-
noBekoM HBOMC MoryT (GyHKUMOHUpPOBATH B
LIMPOKOM JIMara3oHe TemiepaTyp (0T HU3KUX TeM-
repatyp BIUIOTb 10 HECKOJIbKMX COTEH rpaayCcoB) U
B Pa3UUYHBIX arpecCUBHBIX cpeAax, TO €CTECTBEH-
HO, 4TO B HACTOsIIIEe BpeMsI OOUH M3 IJIABHBIX MO-
TUBOB, MOOYXAAIOIIUX HAC K U3YYEHMIO XKUBOTO BE-
IIeCTBa B HaHOMacIITabe, — 3TO MOTHUB TEXHOJIO-
ruyeckuii. MoXHO yTBEpXIaTh, UTO CETOMHSIIIHEE
pa3BUTHE HAHOCUCTEMHOM 3JIEKTPOMEXaHUKH TIPEI-
ornpenessieT MyTh K CO3MaHUIO TPUPOAOIIOA00HOM
TexXHUKM [26, 27].

PazButnio HOMC cnocoGcTBOBaIM  ClieAylolue

OTKPBITHUA MOCICIHETO ABAAATUIICTHA:
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CO37aHNE YIIEPOAHBIX HAHOTPYOOK M IpUMEHEHNE
30HJI0OB MUKPOCKOIIOB U JUTOTpa(hMueCKUX METO-
JIOB 1711 COOPKU ITOJTy4aeMbIX TPYOOK B OTIEIbHBIC
YCTPOMCTBA;

BO3MOXHOCTh pa3MEILIeHNsI CKOHCTPYMPOBaHHBIX
OTIEJIbHBIX MOJIEKYJ B 3a30p€ MEXIY IEKTPOIAMU 1
W3MEpeHMs MepeHoca 3apsiga yepe3 3TU MOJIEKYJIbI;
pa3BUTHE 30HAOBBIX METOIOB IJIsI MAHUITYJIAPOBa-
HUS OTIOEJBHBIMKA aTOMaMM BeEllECTBA U CO3JaHUSI
HAHOCTPYKTYD;

pa3paboTKa XMMHWYECKMX METOJOB CHHTE3a HaHO-
KPUCTAJIJIOB U METOJOB UX O0beAuHEeHUsI B Ooliee
KPYITHBIE YITOPSIIOUYEHHBIE CTPYKTYPHI;




e BBIICICHNE OMOXUMHUYECKUX "MOJIEKYISIPHBIX TBU-
rarejeil” M MX BKIIOYEHUE B HEOMOJOTMYECKYIO
cpeny [28, 29].

DOnemeHTHOU 6a3oit HOMC u HaHOPOOOTOTEXHU -
KU SIBJISIFOTCS YIVIEpOJHbIE HAHOTPYOKHU (00Js1agaroliye
HUCKJIIOUUTEbHBIMU (DU3NYECKUMU U BJIEKTPUUECKU-
MM CBOICTBAMM), YIJIEPOIHbIC KapKACHbBIE CTPYKTYPHI
(nanpumep, ¢ymiepeH Cgg), MONEKYJIAPHbIE MOTO-
pbI, MOJIEKYJISIPHBIE TIepekiouarean, Komiiekeol JJHK
U T. 1. WIM WX TOACUCTEMbI, KOTOPble MOIYT OBbITh
YacTblOo WM 3aKOHYeHHbIM usnearueM HOMC. O6uas
ctpyktypa HOMC BkiI04aeT B ce0sl UyBCTBUTEIbHbIC
BJIEMEHTHI (IaTYMKW WHGOPMAIIMM WIM HAaHOCEHCO-
pbl), KaHaIW Iepeaadyu 3Hepruu U MHGopMauuu, yIi-
paBIsSIOLII€ YCTPOMCTBA W UCIIOJHUTEIbHbIE MeXa-
HU3MBI (HanpuMep, HaHoakTioaTtopsl) (puc. 4) [30].

3akmoueHue

IIporpecc B 061aCTU COBpEMEHHOM 3JIEKTpoMeXa-
HUYECKOW HayKu MO BCeM MHTEpBajlaM 3HepreTuyec-
KMX ¥ MaccorabapuTHbIX MokKa3atenaeil OMII sHeprumn
U UX CUCTEM BO MHOTOM 3aBHUCUT OT Pa3BUTHSI JIEKT-
POTEXHUUYECKOTO MaTepraloBeIeHNS.

B HacTtosiiiee BpeMsi MmatepuasioBeauecKue U Tex-
HOJIOTUYECKHE Pa3pabOTKHU, MO3BOJISIIOIIME 32 CYET CO-
3MaHUSI HAHOCTPYKTYP BapbUpOBaTh (Pr3UKO-MEXaHU-
YyecKue ¥ PU3NKO-XMMUYECKHEe CBOMCTBA MaTepUAJIOB
U U3JEIUI, UTPatoT OOJIbIIYIO POJIb B CO3MIaHUU U MaK-
POBJIEKTPOMEXaHWYECKUX U  MHUKPOS3JIEKTPOMEXaH!-
yeckux (B TOM YMKCJIE€ HAHOBJEKTPOMEXaHUYECKHUX)
CHCTEM.

Bonpocsl ¢huznko-mareMaTuyeckoro MoaeJmpoBa-
HUSI MMKPOCHCTEMHOMN 3JEKTPOMEXaHUKM OydyT 3a-
TPOHYTHI B JaJIbHEUIIUX pabOTax aBTOPOB HACTOSILEH
paboTHI.
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Introduction

The science of electromechanics, the progress of
which is based on the use of achievements of the classical
mechanics and electrodynamics, physics of semiconduc-
tors, nuclear physics, power engineering, optoelectron-
ics, cybernetics, etc., develops in two main directions.

1. In the field of the theory of the electromechanical
converters (EMC) of energy and their manufacturing
there are many problems connected with an increase of
the energy indicators, designing and development of
more economic (less metal-consuming and more tech-
nological) electric cars and their elements.

2. Just like in microelectronics, computer technol-
ogies, telecommunication, etc. in the electromechanics
there is a vital necessity for miniaturization (and super-
miniaturization) of the functional elements of EMC of
energy and the related systems [1—3].

The first direction in the development of science in
the field of electromechanics in the scientific literature
is traditionally interpreted as "the macrosystem electro-
mechanics”, the second — as the microsystem electro-
mechanics” — a major branch of the modern microsys-
tem technologies (fig. 1) [4—6].

The basic objects of research in the macrosystem
electromechanics are the classical-purpose EMC of en-
ergy: electric machines and devices from the microe-
lectric motors with a power below 1kW, which make
the basis of automation of the technological processes,
up to the most powerful electric machines (hydro- and
turbogenerators for the energy-generating systems) [7, 8].

Appearance of the microsystem electromechanics is
connected with a new stage of development of the mi-
cromechanical and microelectronic technologies, which
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made possible creation of the small-sized integrated mul-
tipurpose microelectro-mechanical systems (MEMS) as
a set of the micromechanical and microelectronic com-
ponents (or their subsystems), incorporated into a single
integrated circuit. This allowed us to reach a new level in
solving the problems of the weight-dimensions, speed,
functionality, productivity, saving in costs, etc. At that,
various instruments, circuits, devices and subsystems, in
which the dynamic processes of the energy production
have an electromechanical character and the structural
functional elements have the size (at least in one direc-
tion) of 0.1 um < /< 0.1 mm, can be a part of a finished
product or a finished product of MEMS [9—11].

A qualitatively new level of development of the elec-
tromechanics predetermines introduction of the achieve-
ments of nanoscience and nanotechnology in those
branches of the natural sciences, engineering sciences
and technologies, which have a basic value for the science
in the field of electromechanics and industry as a whole.

A paramount problem for the electromechanics in
all the range of the energy spectrum is development of
the electrotechnical material science. An active research
is going on for a practical application of different-pur-
pose electric materials made by nanotechnologies.

Among the nanomaterials, promising for application
in electromechanical engineering, it is necessary to
name the following: amorphous alloys, graphene, mag-
netic ferropaper, carbon nanotubes, metal powders in
the electroconducting layers, new frictional and elec-
tro-insulation materials, etc. The specific magnetic
losses of the magnetic conductors made of the amor-
phous and nanocrystal alloys have smaller values in
comparison with the electric steel and ferrites (less than




0.1 W/kg at f = 60 Hz). They possess high relative initial
magnetic permeability, and also a saturation induction
on the industrial and high frequencies (Bg=1.2...1.3 T).
For example, graphene is a nanostructured material
with unique current — conducting properties, which al-
low it to be both a very good conductor, and a semi-
conductor. Besides, graphene is extremely strong and it
withstands huge loads both on rupture and on deflec-
tion. The specified properties are important for the
conducting materials of EMC of energy working in the
conditions of intensive dynamic loads.

Another example of application of the nanotechnol-
ogy is manufacturing of a winding wire with the use of
a fine-dispersed powder of the silicon oxide chemically
included into a polyamide insulation. This method al-
lowed to increase the quality of a ready wire and to raise
its temperature index up 280 °C.

From the above-stated it is possible to draw a con-
clusion, that introduction of the nanostructured elec-
trotechnical materials in production of EMC of energy
can promote a comprehensive increase of the level of
the electromechanical engineering (especially large
one). However, so far, this process is limited by the
technical-technological difficulties of manufacturing
and high costs of the specified materials [12—14].

In case the nanotechnologies and nanomaterials are
used in the microsystem electromechanics, it is neces-
sary to apply the term of nanosystem electromechanics.
It concerns those cases, when the sizes and powers of
EMC of energy are proportional to the sizes and powers
of the biological converters of energy (at that, the small-
est of the devices made by people are commensurable
with the greatest molecules of the live organisms). At this
level of powers one of the strategic directions in the na-
noscience — nanoelectromechanics dominates, it deals
with the electromechanical systems (NEMS) having
the structural functional elements with dimensions (at
least in one direction) of 10 nm < /< 100 nm [15, 16].

Solution of the paramount problems of the microsys-
tem electromechanics demands a deep studying of the
structure of a substance, synthesis of the processes in the
substance, and also determination of the methods for ob-
taining of a crystal lattice of the conductors, dielectrics,
semiconductors, diamagnetics, ferrimagnetics with a reg-
ular distribution of atoms and molecules depending on
the proposed properties and purposes of these materials,
development of the conductors and semiconductors on
the basis of the polymeric and other chemical com-
pounds. A sharp improvement is necessary of the quality
of the atom-molecule compositions and composite ma-
terials for the installations of a direct and highly efficient
transformation of the thermal, solar, nuclear and chem-
ical energies into the electric energy.

Classification of EMC of energy
and their systems by the operating principle

In the world around us (from the universal macro-
objects, such as galaxies and stars, down to the micro-

objects — bioengines, atoms and variety of the elemen-

tary particles) the process of the electromechanical

transformation of energy, determined by a direct inter-
action of the gravitation-inertial and electromagnetic
forces, is a universal and fundamental phenomenon.

In the natural energy-formation processes the mag-
netic and electric fields participate simultaneously. If in
the natural process the magnetic forces dominate, while
the action of the electric forces can be neglected, then
it is possible to say that the inductive EMC of energy
"operate". If the electric forces dominate, while the ac-
tion of the magnetic forces can be neglected, it is pos-
sible to assert, that the capacitive EMC of energy "op-
erate". If the powers of the magnetic and electric forces
in the total amount are commensurable with each oth-
er, it is possible to talk about the actions of the com-
bined inductive-capacitive EMC of energy.

As a matter of fact, any natural process of transfor-
mation of an electromagnetic field can be modeled as an
action of the combined inductive-capacitive EMC of en-
ergy, the subsystems of which are non-linearly interact-
ing inductive and capacitive EMC of energy. An example
of a combined system of the inductive and capacitive
EMC of energy (magnetohydrodynamic — MHD and
electrohydrodynamic — EHD generators and engines) is
the Earth as a self-organizing multicomponent system in-
teracting with the surrounding space through the electro-
magnetic and gravitation-inertial fields [17—19].

If we present a scale of powers for the natural EMC
of energy, operating from a microcosm up to the space
scales (fig. 2), and single out the preferable areas on it,
in which the inductive and capacitive EMC of energy
operate, it is possible to assert the following.
¢ In the natural microstructures, especially in the bi-

ological and physiological phenomena in the world
of the cellular and subcellular structures of the wild-
life, in the processes of transformation of the elec-
tromagnetic energy the main role belongs to the
electric field (capacitive EMC of energy operate,
which occupy the area from a point of a minimum
up to approximately several watts).

o Inductive EMC of energy play the decisive role in
the natural macrosystems (beginning from the mac-
rosystems of the live organisms up to the space ob-
jects) and dominate in the field of the big powers (be-
ginning from shares of a watt up to 102 W and over).
The distribution functions of f; (P) and f-(P) are de-

termined by the following expressions:

_ NP,
fepy = 2D
¢ N(P)’

where P — power; N;(P) and N(P) — average number
of the inductive and capacitive EMC of energy; N(P) —
total quantity of EMC of energy.
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At that f;(P) and f(P) meet the following condi-
tions:

LR, B

}gnwa(P) 0, » hrlr’}mmfc(P) 1.

On the scale of the powers for the natural EMC of en-
ergy, operating in the Earth scales, there are two "magic"
points: the point of minimum — gﬁn ~107Y Br — the
power of the smallest biological engine of a bacterium
fiber (the most low-power capacitive EMC of energy
created by the nature) and the point of maximum —
Pr'r’laX ~6,5+10% Br — the power of the unipolar "elec-
tric dynamo" — planet of Earth [18, 19].

The mankind has mastered certain sites of a narrow in-
terval of the scale of powers. The extreme points of this in-
terval are: the point of minimum P . ~0,6- 1078 Br —
the power of the most low-power capacitive nano-en-
gine, and the point of maximum P, =~ 10° Br — the
power of a turbogenerator (the most powerful electric
machine created by mankind).

Just like in the natural phenomena, depending on the
principle of realization of a mutual transformation of the
electromagnetic and mechanical energy the technical
EMC of energy and their systems in all the range of the
power spectrum are subdivided into three big classes:

e Inductive (electro-inductive) EMC of energy, in
which the working field is the magnetic field;

e Capacitive (magnetic-inductive) EMC of energy, in
which the working field is the electric field;

o Inductive-capacitive (magnetic-electroinductive)
EMC of energy, in which the electromechanical
transformation is carried out by the magnetic and
electric fields.

The basic circuits of EMC of energy are presented
in fig. 3.

During the research of the questions of the physical
and mathematical modeling and practical manufactur-
ing of the combined inductive-capacitive EMC of en-
ergy one important circumstance should be taken into
account.

A joint application of the inductive and capacitive
EMC of energy in the total amount of one unit in the
macrosystem electromechanics is not effective, because
the inductive EMC of energy are the sources of the
electromotive force, and the capacitive ones are the
sources of the current. Such a combined system would
represent a hybrid of the sources of the low and ultra-
high voltage and would have low efficiency.

In the macrosystem electromechanics of certain in-
terest are the combined systems consisting of the con-
secutive and parallel connections of the inductive and
capacitive EMC of energy. When resonant modes oc-
cur in such systems, their power characteristics are the
best, because of the exchange of the jet power between
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the inductive and capacitive subsystems, and the com-
bined EMC of energy cease to consume the jet power
from the external energy sources for creation of the
magnetic and electric fields [20, 21].

In the modern microsystem electromechanics the
situation is absolutely different. Intensive research is
going on for development of the nanostructured mate-
rials for the electrotechnical purposes, in which both
the magnetic and the ferroelectric (or anti-ferroelec-
tric) ordering systems exist simultaneously [22].

If in the previous century the successful develop-
ment of the physics of a solid body in the field of the
electrotechnical materials science, caused by an inten-
sive development of the physics of the magnetic and
ferroelectric phenomena separately, was reflected in the
macrosystem electromechanics by realization of a new
quantum leap of the inductive and capacitive macro-
EMC of energy separately, then the nanostructured du-
al-purpose electrotechnical materials can be applied
successfully in development of the circuits and compo-
nents for a microsystem electric equipment, in which the
basic elements are the combined inductive-capacitive
micro- and nano-EMC of energy and their systems.

For example, as it is established in [23], the micro-
miniature inductive-capacitive electric motors made by
MST technology can be important for improvement,
miniaturization and reduction of costs of the space and
missile-artillery systems.

In the USA the following well-known companies are
engaged in these activities: Intel, MEMS, Inolustry
Group and Sandia National Labs. The American micro-
miniature aircraft with the following parameters is
known: weight — 80 g, wing spread — 15 cm, flight
height ~ 230 m, speed of flight ~ 70 km/h, efficiency
of the working engine (made by MST technology of
the microminiature inductive-capacitive electric mo-
tor) ~ 82 %.

Classification of MEMS and NEMS
by the functional characteristics

In [24, 25] an analysis was carried out of the dy-
namic and structural characteristics and classification
by the operating principle of the basic functional ele-
ments of MEMS and NEMS — micro- and nano-EMC
of energy from the point of view of the micro- and na-
no-miniature versions — of the main theoretical posi-
tions of the electrophysics.

It was established, that notwithstanding the similar
characteristics of MEMS and NEMS by the functional
principles in MST, there was a cardinal difference be-
tween them concerning the central signs of the dynamic
and energy states.

The basic specific features of MEMS and NEMS
can be formulated as the following.

e The nanosystem technologies use the limiting con-
ditions of superminiaturization of the electric, mag-
netic, mechanical and biological systems.




o If for MEMS the process of miniaturization of the
functional elements, submitting to the general laws
of development of the microsystem technologies, is
possible to carry out by means of the models and
technology of "from top to bottom" type (descend-
ing manufacture), which in an implicit form assume,
that reduction of the sizes of the structures does not
influence their properties (and the functioning prin-
ciple), then during production of the nanotechnol-
ogies (including NEMS), the dominating role be-
longs to "from bottom to top" technologies (ascend-
ing manufacture), the basis of which is atomic and
molecular synthesis ("molecular assemblage” or
"atomic assemblage").

e Since in MEMS the dynamic processes of transfor-
mation of the electromagnetic field are determined
by the force of gravity (inertness) of the microme-
chanical elements, their physical and mathematical
modeling can be carried out by means of the Fara-
day — Maxwell classical laws of electrophysics (the
classical theory of electric circuits).

¢ Since in the nanosystem technology (in NEMS, ac-
cordingly) the gravity force is insignificant in com-
parison with the forces of the chemical bonds of the
interatomic and intermolecular influence, in the
tasks of the physical and mathematical modeling the
NEMS laws of the classical electrophysics (the cor-
responding theory of the electric circuits) should be
corrected in accordance with the quantum laws of
the electrophysics.

e If the products of the microsystem technologies in
the field of MEMS are purely technical by their
structure, then the area of the nanosystem technol-
ogies requires fundamental research works and op-
portunities for development of NEMS products with
a combination of the harmoniously operating tech-
nical and natural functional elements.

e On the basis of imitation of the natural analogues
(for example, with the use of the possibilities and
functional properties of the biological nanostruc-
tures) the work is going on for development of
NEMS, in which some of the functions are carried
out by the elements of the live organisms (biomol-
ecules, bacteria, etc.).

e Since NEMS created by people can function in a
wide range of temperatures (from low temperatures
up to several hundreds of degrees) and in various ag-
gressive environments, it is only natural, that one of
the main motives for studying of the live substance
in the nano-scale is a technological motive. It is pos-
sible to assert, that development of the nanosystem
electromechanics predetermines the way to creation
of the nature-like technologies [26, 27].
Development of NEMS was promoted by the fol-

lowing discoveries of the twentieth century:

e Development of the carbon nanotubes and applica-
tion of the probe microscopes and lithographic

methods for assemblage of received tubes into sep-

arate devices;

o Possibility of placing of the designed separate mol-
ecules in a backlash between the electrodes and
measurement of a charge transfer through those
molecules;

e Development of the probe methods for manipula-
tion of the separate atoms of the substance and cre-
ation of nanostructures;

o Development of the chemical methods for synthesis
of the nanocrystals and methods of their integration
into larger ordered structures;

o Release of the biochemical "molecular engines"
and their inclusion in a nonbiological environment
[28, 29].

The element base of NEMS and nanorobotics is
made of the carbon nanotubes (possessing exclusive
physical and electric properties), carbon frame struc-
tures (for example, fullerene Cg;), molecular motors,
molecular switches, DNA complexes, etc., and/or their
subsystems, which can be a part of a finished product
or a finished product of NEMS. The general structure
of NEMS includes sensitive elements (information sen-
sors or nanosensors), channels for energy and informa-
tion transfer, control devices and actuators (for exam-
ple, nano-actuators) (fig. 4) [30].

Conclusion

Progress in the field of the electromechanical sci-
ence in all the intervals of the energy and mass-dimen-
sional indicators of EMC of energy and their systems in
many respects depends on the development of the elec-
tro-technical materials science.

The materials science and technological develop-
ments, allowing due to the nanostructures to vary the
physical-mechanical and physical-chemical properties
of the materials and products, play a big role in creation
of the macroelectromechanical and microelectrome-
chanical (including nanoelectromechanical) systems.

The questions of the physical and mathematical
modeling of the microsystem electromechanics will be
discussed in the further works of the authors.
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PACHET COMNMPOTUBAEHUNA NMAEHOYHOIO DAEMEHTA

NMPOU3BOALHOM ®OPMbI

Ilocmynuna ¢ pedaxyuio 11.01.2017

Ilpednodcena yHueepcatvHas memoouxKa pactema cOnpomueaeHust NAeHOUHbIX INeMeHM08 NPOU3B0AbHOU (OPMbL C NPOU3BONb-
HbIM PACHOAOICEHUEM KOHMAKMO8, KOCBEHHO YHUMbIGAIOW,as 08YMEPHOCHb NOAS NOMEHUUAN08 8 UCCAeOYeMOM dNeMeHme U 3a-
KAIOUAIOWasncs 6 eco pasbuenuy Ha 6a308ble INeMeHMbl NPAMOY20AbHOU U 0Y2060U (hopmbl, pacuem KOmopuix nPo0OUmMcs no no-
JAyueHHbIM hopmyaam. Pesyrsmupyroujee conpomuegnenue onpedensiemcs KaKk CyMmMa CONPOMuUBAeHuti 6a308bix 31eMeHmMO8.

Karouesnie caoea: nieHouHblil 31emMeHm, pe3Ucmop NPOU3BoAbHOU opMbl, pacuem, cOnPOMUBAeHUs

BBenenune

Crneunguueckoil IJIsi MUKPOIJIEKTPOHUKU SIBJISI-
€TCS TIPOM3BOJIBHOCTL KOHQUTYpaUMi IIJICHOUYHBIX
BJIEMEHTOB, JJII KOTOPHIX BEIYUCISIETCS COMPOTUBIIE-
Hue [1].
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TpanuLOHHBINM NOAXOMA, CBI3aHHBIN C MOJIYYEeHU-
€M aHaJIUMTUYECKOTO pEeIIeHUs] MOCTAaBJICHHON 3aaayu
MEeTOlaMi TOYHOTO WJIM MPUOJMXKEHHOTO KOH(GOPM-
HBIX OTOOpaKEeHUI, PUBOIUT (AaXKe MPU MPOU3BOJIb-
HOI KOHdUrypaluuyu OAHON M3 CTOPOH M3HAYaJIbHO




MPSIMOYTOJILHOTO TUIEHOYHOTO 3JIEMEHTA) K aJITOpPUT-
MUWYECKUM U BBIYUCIUTEIbHBIM TPYIHOCTSIM JISI KaxK-
JIoii HOBOW KOHuUrypauuu sneMmeHTa [2, 3]. YuciaeH-
HbIe METOABI PellIeHUs IBYMEPHBIX 3a7a4 TpeOyIoT Ooc-
BOCHUS WM WCITOb30BAHUS CEPHhE3HBIX MPOTPAMMHBIX
MMPOJYKTOB.

B pabGote mpemmaraercst mpocrtasi YHUBEpCaIbHask
METOJIMKA, KOCBEHHO YYMTHIBAIOILIAS IBYMEPHOCTD IT0-
JIsI TIOTEHIIMAJIOB B TUICHOYHOM 3JIEMEeHTe M 3aKJTIova-
IOIIAsICSI B €r0 pa30MeHUM Ha TIPSIMOYTOJIbHBIE U IyTO-
Bble 0azoBbie ayieMeHThl (B3D), pacueT KOTOpBIX Tpo-
BOIMTCS TI0 TIOJIy4eHHBIM (DOpMYJIaM.

MeToauka pacuera

Konpurypalus mieHoYHOro sjeMeHTa IPOU3BOJIb-
HOI (popMBI TIpMBeIecHa Ha puC. 1 1 MOXET BKIIIOYATh
B ce0sI KaK TUIaBHBIE, TaK M CTyIICHYAThIe YIACTKH Tpa-
HULIBI.

ITpu napanneabHOCTH KOHTAKTOB [ 1 2 TJIEHOUYHBII
9JIEMEHT pa30uBaeTCs Ha MPSIMOYToJibHbIe bD ¢ 0THO-
LIEHUEM JUIMHBI @; K LIUPUHE A;, YAOBJIETBOPAIOLIMM
ycnoBuio a;/A; > 10.

ITpu oTcyTcTBMM NapajieibHOCTU KOHTAKTOB [ 1 2
pasbueHue Ha MpSIMOyToibHble BD npogomkaeTcs a0
TeX Mop, TToKa BOIM3M ToUKM () TIepecedeHnsT eprieH-
IUKYJSIPOB K cepeIHaM KOHTAKTOB HE BBIICIUTCS ITy-
roo0Opa3HbIil yyacToK. DTOT yyacTOK pa3OMBaeTCsl Ha
nyroBele BD ¢ TakMM OTHOIIEHWEM MaKCHMAaJIbHOTO
paauyca ry; K MMHUMaJIbHOMY 7y;, YTOOBI BBIIOJIHS-
JIOCh YCIIOBUE Fy;/ry; = €Xp(Sa,;), e o; — YroJl MeXIy
cropoHamu ayrosoro b3.

Pazmep 351eKTpOmOB MPSIMOYTOJNBHBIX M TYTOBBIX
bD omnpenensercs mimHONM 00JIACTA COIPUKOCHOBE-
HUS gaHHoro B ¢ TpemlrecTByIOIINM M TTOCIEIYIO-
mwuM bD.

CornpoTtuBieHue npsiMoyroibHoro b (puc. 2) BbI-
YUCIIsgeM, 0ToOpaxKasl MpSIMOYTOJIbHUK B TINIOCKOCTH Z

Puc. 1. Kondurypanus njieHoYHOro 31€MeHTa NPON3BOJIbHOM (POPMBI
¢ B3aMMHO MEPNEeHIUKY/ISPHO PACTOJIOKEHHBIMI KOHTaKTamu 1 u 2
Fig. 1. Configuration of a film element of an arbitrary form with the
mutually perpendicularly located contacts 1 and 2
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Puc. 2. OtodpaxeHnue npsMOYroJibHOro 0a30BOro djeMeHTa (a) Ha
BEPXHIOI0 MOJYIJIOCKOCTh (b)

Fig. 2. Visualization of a rectangular base element (a) on the top
semiplane (b)

(puc. 2, a) Ha BEpXHIOIO MOJIYIUIOCKOCTL Z; (puc. 2, b)

C MOMOILbIO (PYHKLIUU

K’ a

z =Sk, K= _a 1

1 A2 K A)2 0

rae sn(u, k) — sanunTudeckuii cuHyc Sxkobu apry-

MeHTa ¥ U MonyJs k; Ku K'— moJyiHble 3JUTUIITHYEC-

KWe UHTerpajbl 1-ro poma Moayas k U JOTOJHUTENb-

Horo moaynst k'= (1 — kz)l/ 2 COOTBETCTBEHHO [3].
MNpu a/(A/2) 210k -0, K> n/2,k'> 1, K'— oo.
Hns conportupnenust B3O (puc. 2) nomyuaem [3]:

=p K(d) P2 = B+B)(aty) )
K'(d)’ (a+8)(y+B)’

rIe p — yAeJbHOE MOBEPXHOCTHOE CONPOTUBJIEHUE pe-
3UCTUBHOMU TIICHKH;
o = ch(nn/A), B = ch(mm/A),
& = ch(ng/A).
IMocne mpeobpasosanuii (mpu x > 1 chx =~ €¥/2,
npu d — 0 K(d)/K(d) = (n/2)/In(4/d)) nonyuyaem npu
m>qun>p:

v = ch(np/A),

R= 2--_9-_-_ (3)
Zln4+ 4"
T A

B yactHOM caydae ipu p =0, ¢ = a

R= —FP—:; @)
21,4 m=n
b A

npu p=0,g=a,n=0

R: l
Zina+
T

; ®)

>
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npup =0, m=a

R=—2P (6)
214+ 40
b A

BunHo, uTto compoTuBieHUe MPSIMOYTOJIbHOTO BD
Ipu a/A > 5 omipenesieTcsT OTHOIIeHeM HauMeHBIIIeH
JJIMHBI KOHTAKTa K ero mupuHe A. IIpu aTOM 3HamMe-
Hatenb Gopmyn (3)—(6) yBemumumuBaeTcs 3a CUeT pac-
CesTHMS TOKa C KOHIIOB 3JIeKTpoaoB Ha s(2/7)In2 = 0,5s,
rme s = 1 pu paccessTHMHM TOJIBKO ¢ OJHOTO KOHIIA U
§ = 2 — ¢ IBYX KOHIIOB.

Pacuet nyroseix BB (puc. 3) cBoIMM K paccMOT-
peHHOMY NpsiMoyTojibHOMY BB, oroOpaxas o6nacTh B
wiockoctu Z (puc. 3, a) Ha NPsSIMOYTOJbHUK B ILJIOC-
KocTh Z; (puc. 3, b) ¢ moMolbI0 QyHKINUU

In—=£ (7)

ZI=E .
o m

an/I 3TOM KOOPAMWHATBHI TOYCK IMPAMOYTOJbHHMKA B
TIJIOCKOCTU Z] OITPCACIAIOTCA BbIPpAXKCHUAMU

Puc. 3. OToOpakenue ayrosoro 6a3oBoro djeMeHTa (@) Ha MpsAMO-
yroabubii (b)

Fig. 3. Visualization of an arc base element (a) on a rectangular one (b)
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[0 r (04 /rlrz

Macitabupys aaeMeHT puc. 3, b (nen1um Bce pas-
Mepbl Ha ©/c) M YCTaHABJIMBasi €r0 BEPTUKAJIbHO (KakK
Ha puc. 2, a), rmojyyaem

a = In(ry/r), A=o, n=In(r,/r), m=In(r,/r),

p= ln(rp/rl), qg= ln(rq/rl).

Hcrionb3ys pe3yabTaThl pacdyeTa MpSIMOYTOJBHOTO
b3, nonyyaem mist nyroBoro b9 (puc. 3, a) (Hanpu-
Mep, IpU m > q U 1 > p):

R= — P

;

Zing+1ne

n o r,
Pe3ynbTupylollee  CONMPOTUBIEHUE  IIEHOYHOTO

3JIEMEHTA OIpeAeNsIeTCs KaK CyMMa CONPOTHBIIEHUIA
Bcex bO.

3akmoyeHue

ITpemnoxeHa npocTasi ¥ YHUBEpCcaJbHAs METOIMKA,
KOCBEHHO YYMTBIBAIOILASl ABYMEPHOCTb MOJSI MOTEH-
1IMAJIOB B MCCJIEIyeMOM TUIEHOUYHOM 3JIEMEHTE TTPOu3-
BOJIbHOM (hOPMBI 1 3aKJII0YAIOLIASICS B €T0 pa30veHuU
Ha NPSIMOYTOJIbHBIE W IyTOBble 0A30BbIE JIEMEHTHI.

Pacuyer 6a30BbIX 2J€MEHTOB MPOBOIUJICS CTPOTUM
METOA0M KOH(POPMHBIX OTOOpaKeHUIA 1 TTO3BOJIII IT0-
JIYYUTh ST YCJIOBUM MPEMIOXKEHHOU METOIMKM IPO-
cTbie (POpMYJIBI IJI1 UX pacyeTa.

PesynbTupytoniee conpoTrUBAEHUE IEHOYHOTO 3Jie-
MEHTa OMpeaesieTcss Kak cCyMMa CONMPOTUBICHUN Oa-
30BbIX DJIEMEHHTOB.

ITpemwnoxeHHass MeTOIMKA ITPOBEPEHA CPABHEHUEM
C pe3yJbTaTaMyd MOJEJIUPOBAHUS B IPOrPaMMHOM
komiuiekce Elcut [4], peanm3oBaHa mporpaMMHO U
BitoueHa B CAIIP pesuctuBHbix ctpykryp HITO
"9PKOH", r. Huxunuit HoBropon.
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The authors propose a universal method for calculation of the resistance of the film elements of an arbitrary form and an arbitrary
arrangement of the contacts, which indirectly takes into account the two-dimensionality of the field of potentials in the investigated
element and consists in its splitting into the base elements of the rectangular and arc forms, the calculation of which is done in ac-
cordance with the received formulas. The resulting resistance is determined as the sum of the resistances of the base elements.
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Introduction

A specific feature of the microelectronics is arbitrar-
iness of configurations of the film elements for which
resistance [1] is calculated.

The traditional approach connected with obtaining
of an analytical solution for the problem by the methods
of exact or approached conformal visualizations, results
(even at an arbitrary configuration of one of the sides
of the initially rectangular film element) in the algo-
rithmic and computing difficulties for each new con-
figuration of an element [2, 3]. The numerical methods
for solving of the two-dimensional problems demand
development and use of serious software products.

The work presents a simple method indirectly taking
into account the two-dimensionality of the field of po-
tentials in a film element and consisting in its splitting
into the rectangular and arc base elements (BE), the
calculation of which is done by the received formulas.

Calculation method

The configuration of a film element of an arbitrary
form is presented in fig.1 and may include smooth and
step boundary sites.

If contacts 7 and 2 are parallel, the film element is di-
vided into rectangular BE with the correlation of length
a; to the width A;, meeting condition of a;/A; > 10.

If contacts 7/ and 2 are not parallel, splitting into rec-
tangular BE will proceed till a bow-shaped site appears
near point 0 of crossings of the perpendiculars to the
middles of the contacts. This site is broken into the arc
BE with such a correlation of the maximal radius r,; to
the minimal ry;, which meets condition r,;/r|; > exp(5a;),
where o is the angle between the sides of the ark BE.

The size of the electrodes of the rectangular and arc
BE is determined by the length of the contact area of
the given BE with the previous and subsequent BE.

Resistance of a rectangular BE (fig. 2) is calculated
by visualization of a rectangle in plane Z (fig. 2, a) on the
top semiplane Z; (fig. 2, b) by means of the function:

_ Z K _ a
Zl = SH(A—/zK k) , T( = A_/z , (l)
where sn(u, k) — elliptic sine of Jacoby of argument u
and modulus k; K and K' — full elliptic integrals
of the 1Ist kind of modulus £ and additional modulus
k'= (1 — k»'/? accordingly [3].

Ata/(A2)210k >0, K> /2, k'> 1, K'— .

For resistance of BE (fig. 2) we get [3]:

- K@ p_ @B+P)aty) 7
p !, b b ( )
K'(d) (a+3)(y+PB)
where p — specific surface resistance of the resistive film;
a = ch(nn/A), B = ch(nm/A), y = ch(np/A),
& = ch(ng/A).

After transformations (at x > 1 chx~¢e*/2, at d - 0
K(d)/K(d) ~ (n/2)/In(4/d)) at m > g and n > p we get:

R=—2FP2 (3)

214+ 40
T A

In a particular case at p =0, g = a

R= smdie— “
Zng+m_n
T A
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atp=0,g=a,n=0

R=2—p—; (5)
Zn2+ 2
i A
atp=0,m=a
R=2—p—. (6)
Zln4+ 411"
b A

As one can see, the resistance of a rectangular BE at
a/A > 5 is determined by the correlation of the least
length of contact to its width A. At that, the denomi-
nator of the formulas (3)—(6) increases due to scatter-
ing of current from the ends of the electrodes by
s(2/n)In2 ~ 0.5s, where s = 1 at scattering only from one
end and s = 2 — from two ends.

Calculation of the arc BE (fig. 3) we reduce to the
considered rectangular BE, by visualization of the area
in plane Z (fig. 3, a) on the rectangle in plane Z;
(fig. 3, b) by means of the following function

Z = TIn2—. (7)
&Jnn

At that, the co-ordinates of the points of the rec-
tangle in plane Z; are determined by the following ex-
pressions

r r
Zg=1T2In |2, Zpy=-CIn |2
‘Al Bl o "1’

]
—

By scaling the element in fig. 3, b (we divide its di-
mensions by n/a) and setting it vertically (fig. 2, a) we get

a=In(ry/r)), A=a, n=In(r,/r), m=In(r,/r),

p =In(r,/r), q=In(r,/r).

Using the results of calculation of the rectangular
BE, we receive for arc BE (fig. 3, a) (for example, at
m > q and n > p):

R= —9P
2in4+ Lin’e
n o,

The resulting resistance of the film element is de-
termined as the sum total of the resistances of all BE.

Conclusion

The authors offer a simple and universal technique,
indirectly taking into account two-dimensionality of the
field of potentials in a film element of an arbitrary form
and consisting in its splitting into rectangular and arc BE.

Calculation of BE was done by the strict method of
conformal visualizations, and it allowed to receive sim-
ple formulas for the conditions of the offered technique
and for their calculation.

The resulting resistance of the film element is de-
termined as the sum total of the resistances of the base
elements.

The proposed technique was verified by a compar-
ison with the results of modeling in Elcut program
complex [4], it was also programmatically realized and
included in the CAD resistive structures of NPO
ERKON, Nizhny Novgorod.
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Pucynox k cratbe A. JI. leciorymm, A. B. AHzipeeBoit
«PASMEPHBIE ®AKTOPDI M1 HEJJMHEMHDIE IMTPOLIECCHI
B CTPYKTYPHO-JUHAMNYECKOM INOAXOAE HAHOMOHUKIN»
A. L. Despotuli, A. V. Andreeva

«DIMENSIONAL FACTORS AND NON-LINEAR PROCESSES
IN STRUCTURE-DYNAMIC APPROACH OF NANOIONICS»

Puc. 1. CiioeBast aromapHasi MojIeJIb HAHOCTPYKTYPbI B
C/II:

a, b — crpykrypa o-Agl IICHUIT (mpoekmua (001)) ¢
JKECTKOI MoJpeneTKol iHoaa (0osIbIme cephie Maph)
H TETPa’IpHICCKAMH TO3MMAAMHA (KEJITHIC TMApPAKH )
Ha IUI0CKoCTaxX X/, obpasyromumu Tynaes BT na
MOJIBIDKHBIX  KaTHOHOB Ag+(kpacHbli mapuk). OmnuH
13 BO3MOKHBIX IyTel MBIKCHAA Ag1 BIOJIb HalpaB-
JICHAS BHEIIHETO BOIICHCTBAA (COBHATAcT C HAIpaB-
JICHAEM OCH X) MOKa3aH CTPEJIKAMH; ¢ — 00IMad cxemMa
Mojerm ¢ TyaaeasMa BT, coBnagatommmu ¢ Hampas-
JICHAEM BHEITIHETO BO3ICHCTBAA (MOTEHITHAIFHBIA pe-
Jgbed BayTpH TyHHETT BUT B 00ImeM citydae HeoaHO-
POTHBIIT)

Fig 1. Layered atomic model of the nanostructure in SDA: a, b — structure of the o-Agl AdSIC ((001)
projection) with the rigid iodine sub-lattice (lavge gray spheres) and tetrahedral positions (small yellow
spheres) on the planes X, forming FIT- tunnels for mobile Ag+ cations (ved sphere). One of possible ways of
Ag+ movement along a direction of external influence (coincides with the x-axis direction) is shown by arrows,
¢ — the general scheme of the model with FIT- tunnels coinciding with the direction of external influence
(a potential relief in the FIT- tunnel is generally non-uniform)




Hzaareascrso < HOBBIE TEXHOJOTI'HH»

BbINNYCRACT HAYUYHO-MEXHUUCCKUEC IHCYPHAAbL

VH®OPMAILIMOHHLIE
TEXHOJIOT'UA

MoanucHble MHAeKChI
no Karanoram:
«Pocnevatb» — 72656;
«Mpecca Poccun» - 94033

MEXATPOHVKA,
ABTOMATVIZALS,

MopnncHble MHREKCHI
no Karanoram:
«Pocnevarb» - 79492;
«Mpecca Poccuu» -
27848

MoanucHble NHAEKCHI
no Karanoram:
«Pocneyarb» —:79963;
«lMpecca Poccuu» -
94032

ExxemecsuHbIi TeopeTHUeCcKkHi
M MPUKAAAHOW Hay4HO-
TEXHHUYECKHI XKypPHaA

NHOOPMALMOHHDBIE
TEXHOJOI'MU

B XypHane ocBelatoTcs CoBPEMEH-
HOE COCTOSHWE, TEHAEHUMM W nep-
CMEKTUBLI Pa3BUTUS OCHOBHBIX Ha-
MpaBneHnii B obnactu paspaboTku,
MPOW3BOACTBA W MPUMEHEHUS WH-
hOPMALIMOHHBIX TEXHOMOTWIA.

ExxemecsuHbIi TeopeTHUeckui
M NPUKAAAHOW
Hay4YHO-TEXHUUYECKUIN JKYPHAA

MEXATPOHUKA,
ABTOMATU3ALNS,
YNPABJIEHUE

B >kypHane ocselyaloTcs HOCTUXE-
HMS B 0Bnactu MeXaTpoHWKW, WH-
Terpupyloleli MexaHuKy, 3neKTpo-
HUKY, aBTOMaTUKy M MHGOPMAaTIKY
B LENAX COBEPLEHCTBOBAHUS TeEX-
HOMoruii MPOM3BOACTBA W CO3[AHMS
TEXHWKM HOBBIX MokoneHwii. Pac-
CMaTpuBatoTCH aKTyanbHble npobne-
Mbl TEOPWUM M MPaKTUKM aBToMaT
UEeCcKoro W aBTOMAaTW3MPOBAHHOTO
YNpaBneHns TeXHNYECKUMN OBbek-
TaM1 1 TEXHOMOTMYECKUMU MpoLiec-
caMu B MPOMBILNEHHOCTH, SHEpre-
TUKE U Ha TpaHCrnopTe.

HayuHo-npakTnueckmi
M y4e6HO-METOAMUECKUH XKyPHaA

BESONACHOCTD
MHSHEIEATEALHOCTH

B ypHane ocBewatoTcs ROCTU-
KEHWS 1 MepcrekTMBbl B obnactu
“ccnenoBaHui, obecneyeHns U co-
BEPWEHCTBOBAHNA  3aluTbl  YeEno-
BEKA OT BCEX BWAOB OMACHOCTEN
MPOV3BOACTBEHHON W MPUPOAHON
CPERbl, MX KOHTPOMS, MOHWUTOPUH-
ra, NPEROTBPALIEHMS, NUKBURALMN
MOCNEACTBMIA aBapui W KatacTpod,
obpasoBaHNs B cgepe GesonacHo-
CTU KUSHEREATENBHOCTH.

ExxemecsuHbIH
MEXANCLIMMAMHAPHBIN
TEOPETHYECKUN U MPUKAAAHON
Hay4HO-TEXHUYECKUH JXKYPHaAA

HAHO- u
MUKPOCUCTEMHAA
TEXHUKA

B XypHane ocBelaloTcs COBpe-
MEHHOE COCTOSHUE, TEHREHUMN W
MepcrekTBLl  PasBUTUS  HaHo- W
MWKPOCUCTEMHON  TEXHUKW,  pac-
cMaTpvBatoTCs BOMpoc pasGoTkn U
BHEQPEHUS HaHOM MUKPOCUCTEM B
pasnuyHble oBnacT Hayku, TEXHO-
norun M MpousBOACTBA.

Teopetnueckui
1 MPUKAAAHOMN
Hay4HO-TEXHUYeCKMH JKYPHaA

NPOrPAMMHAS
HHKEHEPHS

B ypHane ocselatoTcsl cocTosiHIe
W TEHAEHUMM PasBUTUS OCHOBHBIX
HampaBneHWi i MHEYCTpUM Mporpam-
MHOro ofecrieyeHis;, CBA3aHHbIX C
MPOEKTMPOBAHMEM, ~KOHCTPYUPOBa-
HUEM, apXUTEKTYpOii, oBecreqeH-
€M KayecTBa M COMPOBOXAEHUEM
KUSHEHHOTO LWKNa MpPOrpamMmHOro
obecrneyeHns, a TaKke paccMaTpu-
BaloTC AOCTIKEHUS B OGnacTl co-
30aHVs M 3KcrnyaTauuv MpuKnag-
HbIX MPOrPaMMHO-MHAOPMALMOHHBIX
CUICTEM BO BCEX OBNacTaX YenoBe
uecKoll AeATensHOCTM.

HayuHo-aHaAMTHUeCKMH
M NPOM3BOACTBEHHBIN XypPHaA

TOPHOE O5OPYJIOBAHHUE
M ANEKTPOMEXAHMKA

B >ypHane ocBelaiotcs WHGopma-
LMOHHO- aHanuUTMYecKne Marepua-
nbl o Bonpocam paspabotku, mo-
CTaHOBKW Ha MPOM3BOACTBO M WC-
Monb30BaHNs FOPHOro 06OpYAOBAHNS
Ha NPEANPUSTUSX FOPHOMPOMBILNEH-
HbIX OTpacnell; obecneveHus kaue-
CTBa, HafexXHocTM W 6esonacHocTn
3NEKTPOMEXQHNHECKMX  KOMMNEKCOB
Ha ropHo-gobbiBaloWuX 1 nepepada-
ThIBAIOLWMX TBEPAbIE MONEsHbIE UCKO-=
naemble APERNPUSATUSX.
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