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MEXAHN3M ®OPMUPOBAHUS KPATEPOB HA NMOBEPXHOCTU KPEMHUA
NMPU AHU3OTPOINMHOM TPABAEHMU B PACTBOPE TMAPOKCUAA KAAUA

Ilocmynuna 6 pedakyuio 04.12.2017

Hccaedosarbt dehekmvl mpaesaeHoli NOBEPXHOCMU KPEMHUS 6 8UOe KPAMep08, G03HUKAIOWUE NPU 21YOUHHOM MPAGAeHUU 8 PAC-
meope eudpokcuda Kaaus npu GopMUpo8aHul KpUCMaiioe MUKPOMeXaHuyeckux oamuuxos. Paccmompenvr 603modcHble mexa-
Hu3MblL hopmuposarus kpamepos. Onpedenenvt hakmopsbl, 6aUsIOWUe HA UCMOYHUKU 603HUKHOBEHUS DedheKmoa, npedaodiceHbl 8a-
PUGHMbL MUHUMUZAUUY HAPYUIEHUS MOPPOAOUU NOBEPXHOCIMU KPEMHUS NPU 2AYOUHHOM MPAGACHUU.

Karoueeuvie caosa: anuzomponnoe mpaesnenue, MIMC-damuuku, deghekmot nogepxHocmu, Kpamepsvl mpasieHus, OUcCiIoKauu,

Yhpyeue Hanpsaicenus

Beenenne

AHM3OTPOMMHOE XUMUUECKOE TpaBJieHUEe KPEMHUSI
ocTaeTcsl HanboJee IMPOKO UCITOIb3YeMbIM METOIOM
00BbEMHOIT MUKPOOOPaOOTKM B TEXHOJOTMM MUKPO-
anekTpoMexannueckux cucrem (MOMC). B couera-
HUU C IPYTMMU TEXHOJOTMYECKUMM TPOLIECCAMM, 3a-
MMCTBOBaHHBIMU M3 TEXHOJOIMU UHTETrpaJbHbIX MUK-
pocxeM (MMC), TakuMu KaK TepMUYECKOE OKUCIICHUE,
ocaxaeHue ciaoeB, TUDPy3us nmpuMecu U Ap., OHO
UMEET LIMPOKMHN NMaria3oH NPUMEHEHMUI MHpPU U3ro-
ToBJeHUY MBOMC-naTuuKoB AaBACHUSI, YCKOPEHUS,
YIJIOBBIX cKopocTeil u mp. [1—3]. Haubonee mmpoko
WCTIOJb3YEeMbIM 1IEJIOYHBIM TpaBUTEJEM SIBJISIETCS
BOJIHBIN pacTBOp ruapokcuaa kanust KOH paznuunHoii
KOHILIEHTpalMM, MOJYYUBIIUI pacnpocTpaHeHue Oja-
rojgapsi CBOUM CBOMCTBAM — JOCTYITHOCTHU, HETOKCHY -
HOCTH, TIPOCTOTE MPUMEHSIEMOro O0OPYIOBaHUS U
TeXHOJIOTUUYECKOM OCHACTKHU, obecrieueHuto (hopMu-
pOBaHUS TJAgKUX IIOBEPXHOCTEM 0e3 (PU3MIEeCKOTo
BO3MIEMCTBUS Ha 0OpabaTbiBaeMblii MaTepuall.

KauyecTtBo TpaBneHOI ITOBEPXHOCTU KPEMHMSI Ha-
YHAEeT UTpaTh Bce Oojiee BaXKHYIO POJib, TAK KaK pas-
MepHhl 3jieMeHTOB MOMC MOCTOSHHO YMEHBIIIAIOTCS.
CoBpemeHHble MOMC TpeOyloT (popMUpOBaHUS OYEHD
MIAAKUX ITOBEPXHOCTEH M TOYHOTO COOJIONEHUS pe-
KMMOB TEXHOJIOTMYECKUX IIPOLIECCOB M3TOTOBJICHUS.
Hanpumep, 1mepoxoBaTOCTh NOBEPXHOCTH JTOJDKHA

ObITh OYEHb HU3KOI MO CPaBHEHUIO C pa3MepoM ¢op-
MMPYEMOTO MUKPOMEXaHMYECKOro 00beKTa. DTO Tpe-
OyeT yueTa MHOTUX (paKTOPOB OTHOBPEMEHHO: OT UMC-
TOTBI TPABUTEJIS 1O OPUEHTAIIMM KPEMHUEBOM TIJIaCTH -
Hbl U, YTO OCOOEHHO BaXXKHO, HalU4yMsl Oe(eKTOB Ha
ee ITOBEPXHOCTH TIOCJie TpaBlieHMs. BeiencTBue 3Toro
MOHMMaHKUE MpPOLECcCOB 0Opa3oBaHUs NehEKTOB Ha
TMOBEPXHOCTU KPEMHMS SIBJISIETCSI BaXKHOUW 3amauveit
MPY U3rOTOBJEHUM MUKPOMEXaHUYECKHUX MPUOOPOB.
3Has MexaHU3MbI J1e(heKTOOOpa30BaHUS, MOXHO Y-
pPaBJISITh TEXHOJOTUYECKUMM TIpoLiecCaMM IS UX
CHUXKEHMSI Y MIOJTyYeHUsI KaueCTBEHHBIX KPEeMHUEBbIX
MHUKPOCTPYKTYD.

B cBs13u ¢ aTMM Bomnpockl GOpMUPOBAHUS KPEMHU -
€BbIX CTPYKTYp C KaueCTBEHHbIMM Oe3nedeKTHbIMU
TpaBJIEHbBIMM MOBEPXHOCTIMU MMEIOT BaXKHOE 3Haue-
HUE B TEXHOJOTUU W3TOTOBJIEHUSI MUKPOMEXaHUYeC-
KMX IIpuOopoB. PerieHne naHHOM 3a1a4yul CIIOCOOCTBY-
€T TOJYYEHUIO HaJEeXKHbBIX MUKPOMEXaHUUECKUX MPU-
00pOB, MMEIOIINX YIYYIICHHBIE METPOJIOTUIECKUE U
9KCIUTyaTallMOHHbIE XapaKTePUCTUKMU.

B naHHoli paboTe MpUBOASATCS PE3YJIbTaThl MPOBE-
JEHHBIX MPAKTUYECKUX padoT 110 IITyOMHHOMY TpaBJie-
HUIO KPEeMHUS MpU (POPMUPOBAHUN KPUCTATIIOB MUK-
pOMeXaHWYEeCKUX AAaTYUKOB, IIpecTaBIeHbl Habo1a-
e€Mble HapylLIEeHUs TpaBJIEHOH MOBEPXHOCTU KPEMHUSI,
a Takke JaH aHaJIM3 BO3MOXHBIX MEXaHM3MOB OOpa-
30BaHUS 1e(EKTOB.
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DKCHEePUMEHTAJIbHAS YACTh

MukpomMexaHUJeCKre TaTIYMKK, TaKMe KaK akce-
JIEpOMETPHI, COAepKaT KPEMHMEBbIN YYBCTBUTEIbHBII
ayieMeHT. KpeMHUEeBBIiI KpPUCTAUI IyBCTBUTEJIBHOTO
5JIEMEHTA BBITTOTHSIIOT Ha TUTACTUHAX KPEMHHUS OpUCH-
taruu (100) MeTogoM aHU30TPOITHOIO TPABIEHUS KPEM-
Hus B pactBope KOH, npu 3TOoM cTeHKU dopMupye-
MBIX KPEMHHEBBIX MUKPOCTPYKTYD TPEICTaBISIIOT CO-
6o0ii kpuctautorpaduueckue miockoctu (100) u (111).

KpeMHuUeBBIe TUIACTMHBI ¢ OBYCTOPOHHEH ITOJIM-
poBkoii Mapku DKDC-0,01 TommumnHoit 400 = 20 MKM,
ciayxartue s ¢popMUPOBaHUS CTPYKTYP MUKpOMeXa-
HUYECKNX TaTINKOB, TIPEABAPUTEIIEHO TIPOXOIVIIN X1~
MUYECKYI0 00pabOTKy ISl yoajJeHUsI OpraHU4eCKUX 1
HeopraHuveckux 3arpsisHeHui. [Tocse atoro miactu-
HBbl OKMCJISIIA TepMUYecKuM MetonoM. Ilo chopmu-
POBaHHOMY CJIOI0 JIMOKCHMAA KpPEeMHUs TMPOBOAWIN
doTonuTorpaduio W CO3MaHUS TOMOJOTUU (HOPMU-
pPyeMBIX MUKPOCTPYKTyp. Ilociie 3Toro miIacTUHBI
kpeMHus1 nomelanu B pactBop KOH, temmneparypa
KOTOpOTo Haxoauiach B nuarnaszoHe 95...98 °C. Tpas-
JieHue npoBoauan Ha rryouny ot 100 go 150 MxM.

ITocne npoBeaeHusI onepaluy TpaBJieHUsT Ha MOBep-
xHocTsx (100) u (111) hopMHUpyeMBIX CTPYKTYp HabJII0-
JIanuch aedeKkThl B BUIe KpaTepoB. JaHHbIe ae(eKThl
JIETKO HaOMI0JATUCh B MUKPOCKOI CTEPEOCKOMMYECKU I
MCCO B magarouiem cBeTe pu yBeaudeHun X 16. Or-
pelesieHo, YTO X pachpeneseHue 1o Ioaim KpeM-
HUEBOM IJTACTMHBI HOCUJIO CIIyYallHBIM XapakTep.

Ilogepxnocmo (100)

IToBepxHoctu Kpemuus opueHrauuu (100) conmep-
XKajay KpaTephl, KaK mokKa3aHo Ha puc. 1 (cM. BTOpyio

CTOPOHY 00J10XKHW). KpaTepbl oKa3bBaJIUCh Clydaii-
HbIM 00pa30M pacrpeaeIeHHbIMU 110 MOBEPXHOCTH, UX
IUaMeTp COCTABJISI OECATKH — COTHU MUKPOMETPOB,
a T1yoMHa — OT COT€H HaHOMETPOB 10 MUKPOMETpA.

Brumm n3MepeHsI TeoMeTpruIecKre pa3Mephl KpaTe-
poB. Mx mupuna cocrasisuia 0,05...0,1 MM mipu T1y-
6une 0,01...0,650 Mxm. Ha puc. 2 moka3zaHbI TpUMeEPBI
U3MepeHUsT PO TPABICHONH MOBEPXHOCTU KPEM-
Husg (100), comepxalleit KpaTepbl yKa3aHHbBIX pa3Me-
poB. IIpodunorpaMmmbl CHUMAIUCh IIPO(PUIOMETPOM
Mitaka 60PF nHa mnunHe ouenku 1,0 MMm.

M3 nuTtepaTypHBIX KICTOYHMKOB XOPOIIIO MU3BECTHBI
nedexTsl MOp(OJIOrMHU MOBEPXHOCTU MTPY aHU3OTPOIT-
HOM TpaBJieHNM KpeMHWs. OHU TIPeACTaBISIOT COOOM
00 mMUpamMuganbHble 6yropku [4—7], nubo Hermy-
GoKme KpyTiable SMKU-KpaTtepbl. Kak mpaBuiio, mosB-
JIeHue Takux nedeKToB OO0YCIOBIEHO pa3IMYHLIMU
MPOU3BOACTBEHHBIMU (paKTOpaMM, U OHU TaKxKe, KakK
MpaBUJIO, OAHOBPEMEHHO He MPOSIBISAIOTCSA. B 06oux
cJlyJasiX TJIOTHOCTh MTOBEPXHOCTHBIX Ne(heKTOB (JIN0O
OYTOpKOB, MO0 SIMOK) YBEIMIMBACTCS MPU YMEHb-
IIEHUM KOHILEHTPALIMU TPaBUTES.

MexaHu3M 006pa3oBaHUsI OYyrOPKOB OOBIYHO CBSI3bI-
BalOT C JIOKAJIbBHBIM MMKPOMACKUPOBAaHUEM KPEMHUS
MOCPEACTBOM 3aKpPEIJICHHBIX MYy3bIPbKOB Ira3a (00bIY-
HO BOJOpOAA, TEHEPUPYEMOTO TIPU XMMUUYECKOM peak-
UMM TPABJIEHUS) WIA IPYTUX YaCTUL], KOTOpPbIE MPUBO-
IAT K 00pa30BaHUIO HEOOIBIINX MMPAMUTATBHBIX VTN
KOHYCOOOpa3HbIX BBICTYIIOB Ha TpaBJICHON MOBEPX-
HoctH [7]. B oTnmume ot maHHBIX Ae(PEKTOB, ne(EeKThHI
TUMA KPaTepoB SIBJSIOTCS TJAAAKUMU, C DJUTUIITHYEC-
KUMU TIPOGUIISIMU, PACIIPOCTPAHSIONIUMUCS B TIIyOb
TpaBJIeHOU MOBEepXHOCTU. KpaTepbl MOTyT co3maBaTh-
Csl TTIOBEPXHOCTHBIMU MOBPEXICHMUSI -
MM, KOTOpbIE BO3HUKAIOT B Pe3yJIbTa-

TC nepBOHa‘{aanoﬁ IIOATrOTOBKU I10-
BCPXHOCTH.

CylecTBYIOT ABE TUITOTE3bI, CBSI-
3aHHBIE C TIOSIBIEHHEM KpaTepoB.
IlepBag rumore3a ocCHOBaHa Ha TOM,
YTO yKa3aHHBbIE KpaTephl 00pasyloTcs

1 2 3
Maximum depth 0.450 pm 0.410 pm 0.230 pm
Mean depth 0.405 pm 0.374 ym 0.215 pm
Width 0.0436 mm 0.040 mm 0.0176 mm

L e o e L R RS s R R AR AN A R AR AR RN LAAE LA LA
0.1 0.2 0.3 0.4 0.5 0.6 0.7

B MeCTax MepecevdeHusT TUCIOKAIIMOH-
HbBIX MeTesb maockoctei {111}/<110>
¢ TpaBjeHoil moBepxHOoCTbIO (100).
M3BectHO, uTO MIockocTh (111) Tpa-
BUTCSI MEJIEHHEE, YeM JIPYrUe Mioc-

0.3
024

o
-0.1
-02 H
-03
-04 +
-05
-0.6 <

KOCTH, TIOTOMY YTO IOBEPXHOCTHBIE
aToMbl Ha 3TOW TMJIOCKOCTU MMEIOT
TPU OCHOBHBIE CBSI3U, KOTOPBIE TOJIK-
Hbl OBITh pa3opBaHbl, B OTJIMYUE OT
mwiockoctu (100), aToMbl KOTOpO¥
HMMEIOT TOJIbKO IB€ OCHOBHbBIE CBSI3U.

0-1
Horizontal distance 0.0944 mm

Height difference 0.060 pm

Puc. 2. IIpodunorpammsl Tpaienoii nosepxuoctn kKpemuns (100), cogepxameii KpaTepsl
Fig. 2. Profilograms of the etched surface of the silicon (100) containing craters
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Bokpyr 1UCIOKalMOHHBIX SIIEP UME-
€TCs MoJie YIPYTUX HaNpsDKeHU, KO-
TOPOE MOXKET MPUBECTU K OCIA0ICHUIO
OCHOBHBIX CBSI3€li aTOMOB KpHCTaJl-
JIMYECKOM pellIeTKU BOKPYT AUCIOKa-




LMOHHBIX SAep U TOBBIIICHHOMY
pPacTBOPEHMIO KPEMHUST BOKPYT TUC-
Jiokanuii [8]. Ynpyroe HanpsixkeHue
JIMCJIOKALMU YBEJIUYMBAETCS 1O Me-
pe YMEHBIIIEHUS PACCTOSTHUS IO SIMI-
pa mucinokauuit. Tak, cornacHo [9],
I IUCJOKAUMU B aHMU3O0TPOIHOM
cpene ynpyrasi SHeprvsi Ha eIUHUILLY
JUTMHBI paBHA

E = (K'b/4m)In(R/1y),

rae mapamerp K'3aBUCHUT OT ITOCTO-
SHHBIX YIIPYTOCTH MaTepuaia; b —
MTOJTHOE CMELEHNE ANCIOKALN;, R —
panuyc OT Aapa AMCIOKALMM; Fy —
paguyc sapa JUCIOKAIUN.

B pesyibTaTe Ha AUCIOKALMIO AEHCTBYET CUja

_ _dE

* dx’
rne E — sHeprus, o0yc/lOBJIeHHas HAJIMUYUEM AUCIIO-
Kalluu.

I'pagueHT ynpyroro HamnpsikeHusl TIPUBOAUT K TO-
My, UTO aTOMbI, PAacOJIOXKEHHbIC OJMXKe K SIIpy AMC-
JIoKaluii, OyayT ynajieHbl ObICTpee, YeM Te, KOTOpble
pPacCIOIOXKEeHBI Jasblile OT siupa.

OTO MPUBOAUT K MOSIBJICHUIO KPaTepoOB BJUIUMNTU-
YecKO (hOpMBI BOKPYT AMCIOKALIMOHHBIX SIOep Ha
TpaBJeHON MOBEepXHOCTU. KpeMHMIA, BhIpallleHHBII
MeToaoM YoXpaibCKOro, MOXeT UMETh NOPsIIKa COTEH
JNUCIOKAM Ha KBaapaTHbI CAHTUMETP BBUIY MPO-
meccos pocta [10]. DTi guciiokauuyu MOTyT OOBSICHUTD
MOSIBJICHUE SIMOK TpaBJeHUS Ha MOBEPXHOCTU KpeM-
Hus (100).

B nmokazaTenbCTBO TOro, 4ro HaOdIOJaeMble Kpa-
Tepbl — 3TO BOTHYThIE BHYTPb CTPYKTYpPbl, ObLIO TPO-
BElIEHO JOTPaBJIMBaHUE KPEMHMUS 10 BOZBMOXHOTIO TO-
SIBJIEHUSI MUKPOOTBEPCTUIA B MecTax KpaTtepoB. [lpu
3TOM MpEeNnoJiarajoch J0MylleHne, YTo 00J1acTy AUC-
JIOKAllMi pacroJjiaraloTcsl IMPOU3BOJbHO IO BCEMY
00beMy KpeMHUs. TakuM o0Opa3om, KpaTephl, pacio-
JIOXXEHHbIE MEepBOHAYAJIbHO HA IMOBEPXHOCTH, CTpaB-
JINBAIOTCS, IPX 3TOM I10 Mepe TpaBJeHUsl Ha MIyOUHY
MOTYT BBISIBJISITbCSI HOBBIE KpaTephbl. Pe3ynbrarhl mo-
TpaBivMBaHUS OOpa3lOB KPEeMHUSI MpencTaBleHbl Ha
puc. 3 (cM. BTOpy10 CTOPOHY 00J10kK1). OHM MOKa3bl-
BalOT 00pa3oBaHUE MUKPOOTBEPCTUI B MeCTaX pacro-
JIOXKEHUST KpaTepoB.

TonuuyHa KpeMHUS, OKPYXalolero MUMKpoOTBEPC-
THs1, cocrasisiaa (1,1...1,5) MKM, 4TO KOppeaupyer C
JAHHBIMU TIOTYYEHHBIX MPOMUIOrpaMM IO T[IIyOUHE
KpaTepoB, YUUTHIBasl IBYCTOPOHHUI XapaKTep TpaBJie-
HUS KPEMHHUEBBIX CTPYKTYP.

[Ipennonaraercs, 4To OTAENbHbIE KpaTepbl MOTYT
BO3HUKATh TaM, Tje JUHUU IUCIOKALUN MepeceKkaloT
TpaBJeHYI0O MOBEPXHOCTb MOJ HemapaieJbHbIM yr-
JioMm. IIpeuMylliecCTBEHHO OOJbLIME KpaTepbl MOTYT

Puc. 4. ®otorpadus niockoctu (111), nosyueHnas npu TpaBJieHHH KPeMHHUS NPH PA3THYHOM
yBesmdenun: a — yBenuueHue B 100 pa3; b — yBenuueHue B 200 pa3

Fig. 4. Photo of the plane (111) during silicon etching at various magnifications: a —
magnification of 100 times; b — magnification of 200 times

OBITh C(hOPMUPOBAHBI OOJBIIMM MOJEM YIIPYTUX Ha-
MNPSKEHUI, BBI3BAHHBIM CKOIJIEHUEM MHOXECTBA
IUciaokaluii. JInHeliHble MacCUBBI KpaTepoB MOTYT
ObITb 00pa30BaHbl JTUHUEHN AUCIOKALIMU, IPOXOASIIEN
napajieJibHO TpaBJeHON MOBEPXHOCTU WM JIMHEWHO-
ro MaccuBa JUCIOKAIMOHHBIX TUHUIN, HOPMAJIbHBIX K
noBepxHocTu. [TosiBleHre TaKUX AMCIOKAIIMI CBSI3bI-
BaloT ¢ ucrounukoM ®panka — Pupa [11].

Ilogepxnocmes (111)

B mosb3y npennosoxeHus 0 BOSHUKHOBEHUU IHUC-
JIOKaInii mo ucTouHnky @panka — Puma cBumerennb-
CTBYET MCCJIEIOBAaHUE TPABICHUI TTOBEPXHOCTH KPeM-
Husa (111) (puc. 4). OyeBUAHO, UTO U300paxKeHUE
WIEHTUYHO MPEICTaBICHHOMY Ha PHC. 5 U OIMMCAHHO-
My B paborax [12, 13].

T'unore3a hopMupoBaHUS KpaTepoOB, BBHI3BAHHBIX
JUCIOKALMSIMU, paccMOTpeHa B pabotax [14, 15].
B naHHOI runote3e KpaTepbl JOJKHBI UMETh OOJb-
1I1Me KOHYCHbIe (hOpPMbI TIPU TPaBJICHUM SIapa IMCIIO-
kauuit. Cuuraercs, 4To 3Ta GopMa KOHyca JOJIKHA
MPOAOJIKATHCS B ITyOb MaTeprasa Mpy MPOIOKEHUN
TpaBJIEHUSI, B PE3YJIbTATE YETO MEJIKMUE KOHYCHI JOJIK-
HBl CTAaHOBUTHCS Oosiee Tiiyookumu. Ha mpakTtuke
KpaTepbl HE CTAHOBSTCS OoJyiee TyOOKMMU, UX TIyOu-

Puc. 5. Daekrponnas dororpadus aucIoKanuii, BbI3BAHHbIX HCTOY-
nukomM ®panka—Puna [12, 13]

Fig. 5. Electronic photo of the dislocations caused by Frank— Read
source [12, 13]
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Ha OCTaeTcsl TMMOCTOSIHHOM M COCTaBJISIET COTHU HAHO-
METPOB — EIMHUIIBI MUKPOMETPOB.

AJnbTepHaTUBHAs TUMNOTE3a, OOBICHSIOLIAS MOSIB-
JIeHWe KpaTepoB, OCHOBaHa Ha TOM, YTO TpaBJieHUE
MPOTEKAeT U30TPOIMTHO BHYTPU KpaTepoOB M3-3a HAIM-
YUl aTOMHOU BaKaHCUU B KPUCTAJUIMYECKON PEIIETKE
KPEMHUS U BKIIIOUEHUST B 00bEM KPEMHMSI MUKPOITYC-
TOT B Ipoliecce BblpallluBaHUs cIUTKa. I3BECTHO, YTO
B KPEMHUH, BbIpallleHHOM 110 MeToay YoXxpaibCcKoro,
Mpu ObICTPOM BbIpAllIMBAHUM CJIWTKA MOTYT Hakarm-
JIMBAThCA Ae(eKThl B BUAE BaKaHCUI U (OPMUPOBATH
CcIyJaitHO pacripeie/IeHHbIe OKTadApUIYeCKue MyCTOThI
BHYTpH 00BbeMHOTr0 KpeMHus [ 16]. Hakomnienue atom-
HbIX BaKaHCUII MOXET MPUBECTU K JIOKAIbHOMY pa3-
PYIIEHUIO KPUCTAIMYECKON CTPYKTYpPhI, UTO IO3BO-
JISIET TPaBUTh KPEMHUI U30TPOITHO BO BCEX HaIlpaBiie-
HUSIX BOKPYT AUCIOKALIMOHHBIX siiep. Ecau pactyiumii
CJIUTOK CJIMIIKOM OBICTPO BBITATUBAETCS U3 pacruiaBa,
TO neeKThl 0XJIaXKIATCI MEMJIEHHO, UTO KUHETUYEC-
KU TIpEIOTBpAIllaeT UX PEeKOMOMHAIINIO C aTOMaMU B
MEXIOY3TUIX U MPUBOINT K MX HAKOTUICHUIO U TIOSIB-
JICHUIO OKTadApUYECKUX MYCTOT, NOCTUTAIOIINX TPH-
MepHo 100 HM. DT JedeKThl OCTAlOTCSI B KPEMHUU
rnocje oopaboTKY CIUTKA, UX ClydailHOe pacrpenesie-
HUE COBIAAAET CO CYyYallHBIM pacIipefeicHUeM KpaTe-
POB, PaBHOMEpHBII pa3Mep KpaTepoB MOXKET 00bsic-
HUTb UX OTHOCUTEJbHYIO OJHOPOAHOCTbD.

Taxke cdepuueckue Kparepbl, OOYCIOBICHHBIE
MPEMMYIIECTBEHHBIM TpPaBJI€HUEM B OIpPEAeIeHHbIX
Toukax Ha moBepxHocTU KpemHus (100), MoryT OBITH
BBI3BaHBl MEXaHUYECKUM TTOBPEXKICHUEM TPU IILIH-
(oBaHUYM ¥ TTONMPOBAHUM TIJIACTUH M BOSHUKHOBEHM -
€M TMOBEPXHOCTHBIX Ae(eKTOB. B TakoM cityyae TpaBu-
T€Jb MPOHUKAET B MUKPOCKOMUYECKUE TPELIMHBI Ha
MOBEPXHOCTU KPEMHUSI. YUUTHIBASI, UTO TTOBEPXHOCTh
MUKPOTpPEIIMHBI TIpeACTaBsieT co00il MHOXECTBEH-
Hbl€ OTKPBITbIE KpUcTajlorpadpuuyeckue MioCKOCTH,
HEKOTOPbIe U3 KOTOPBIX TPaBsITCS ObICTpee, YeM I10C-
kocTth (100), medekTbl IMOBEPXHOCTU IIPEACTaBIISIIOT
co00i1 M30TPONHBIA MCTOYHUK TPaBJICHUS, UTO IpPHU-
BOJMT K TIOSIBJIEHUIO M Pa3BUTHIO KPaTepoB Ha MOBEPX-
HOCTU KPEMHMSI.

3akioueHue

B HacTosiliee Bpemsi He CYILIECTBYET €IMHON Teo-
pun, oobsIcHSOIIEH (opMupoBaHue I1e(PEKTOB B BU-
JIe KpaTepoB Ha TPaBJIEHOI MOBEPXHOCTU KPEMHUSI.
K 4uncny BO3MOXHBIX MEXaHU3MOB, ONMCHIBAIOIIMX
BO3HMKHOBEHME ITOJOOHBIX Ae(PEKTOB, MOXHO OTHEC-
T HaJIW4YWe OUCIOKAIMOHHBIX OOjlacTeil B oObeme
KPEMHUSI, BEI3BAHHBIX, HATIpUMeEP, UICTOUYHNKOM DpaH-
kKa — Puma wiu dopMupoBaHHMEM OKTa3ApUYECKUX
IYCTOT MPHW BBIPALIMBAHUM CIUTKA KpeMHus. Takxke
MOXEeT UMETh MECTO HapyllleHUE ITOBEPXHOCTU KpeM-
HUEBBIX IUVIACTUH MPU UX LUTMMOOBKE U MOJIUPOBKE, UYTO
B JaJIbHEMIIeM PUBOAUT K (POPMUPOBAHUIO KPaTEPOB.
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I1pu M3roToBIEHUU MUKPOMEXaHUIECKIUX KPEMHU -
€BbIX ITPUOOPOB CYILIECTBYET HEOOXOAUMOCTb TOHUMA-
HUS TIPOIIECCOB M MEXaHMU3MOB, NPUBOMAIINX K pa3-
JIMYHBIM MOPGHOJIOTMYECKUM OCOOEHHOCTSIM MPOTpaB-
JIEHHBIX TTIOBEPXHOCTE KPeMHUS IIsI (hOPMUPOBAHUS
CTPYKTYp C 3aJaHHBIMU MapamMeTpaMu. DT0 0COOEHHO
BaXXHO TIpM YMEHBIICHHHN pasMepoB (HOPMUPYEMBIX
MMKPOMEXaHUYECKUX CTPYKTYP U UX MPUOTMKEHNHU K
LIKajie HaHoBJeKTpoMexaHudeckux cucteM (HOMC).
ITpu npousBoactse MOMC HeoOXO0aAUMO TOYHO KOH-
TPOJMPOBATh MapaMeTphbl TEXHOJOTMYECKOro mpolecca
AHM30TPOITHOTO TPABJICHUS KPEMHHMS W TIPEALIECTBYIO-
LIMX €My ONepaluil, Hanpumep, LIIMMOOBAHUS U TOJIHU -
pOBaHUS TIIACTHH, a TAKKE KA4eCTBO MCXOMHBIX KpeM-
HUEBBIX TUIACTUH. DTO MTO3BOJIUT BBISIBUTH BO3MOXHBIE
WCTOYHUKH BO3HWKHOBEHHS He(PEKTOB IMMOBEPXHOCTH,
CKOPPEKTHPOBATh TEXHOJOTMYECKHUI TPOIECC M3TO0-
TOBJIEHMS JUISI MUHUMU3ALMU HapylieHUs1 Mopdoio-
TMU TPaBJIEHOW TMOBEPXHOCTH M TOBBICUTH Ka4eCTBO
M3rOTOBJIEHUSI MUKPOMEXaHUYECKUX CTPYKTYP.
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Introduction

Anisotropic chemical etching of silicon remains the most pop-
ular method of the volume microprocessing in the technology of the
microelectromechanical systems (MEMS). In combination with the
other processes of the technology of the integrated microcircuits
(IC), such as thermal oxidation, sedimentation of layers, diffusion
of impurities, etc., it has a wide range of applications in manufac-
turing of MEMS sensors of pressure, acceleration, angular speeds,
etc. [1—3]. A widely used alkaline etchant is the water solution of
potassium hydroxide (KOH) of various concentrations, which be-
came popular due to its following properties: availability, nontox-
icity, simplicity of the applied equipment and industrial equipment,
and formation of smooth surfaces without a physical influence on
a processed material.

The quality of the etched silicon surface plays a more and more
important role, because the dimensions of the MEMS elements con-
stantly decrease. MEMS demand formation of very smooth surfaces
and accurate observance of the modes of the manufacturing process-
es. For example, the surface roughness should be very low in com-
parison with the size of a micromechanical object. This demands a si-
multaneous taking into account of many factors: from cleanliness of
an etchant up to orientation of a silicon plate, and, which is especially
important, presence of defects on its surface after etching. Hence, un-
derstanding of the processes of formation of the defects on a silicon
surface is an important problem in manufacturing of the microme-
chanical devices. Knowledge of the defect production mechanisms
allows us to control the technological processes and the quality of the
obtained silicon microstructures.

In this connection the questions of formation of the silicon struc-
tures with high-quality defect-free etched surfaces are of great im-
portance for the manufacturing technologies of the micromechanical

devices. Solving of the given problem will promote obtaining of the
reliable micromechanical devices with improved metrological and
operational characteristics.

The given article presents the results of the practical works con-
cerning the deep etching of the silicon during formation of crystals of
the micromechanical sensors, considers the visible defects of the
etched silicon surface, and also gives an analysis of the possible mech-
anisms for formation of the defects.

Experimental part

Micromechanical sensors, such as accelerometers, contain a sil-
icon sensitive element. A silicon crystal of a sensitive element is made
on the silicon plates of orientation (100) by the method of anisotropic
etching of the silicon in a KOH solution, at that, the walls of the
formed silicon microstructures are (100) and (111) crystallographic
planes.

The silicon plates of bilateral polishing, of EKES-0.01 brand,
with thickness of 400 + 20 um serving for formation of the structures
of micromechanical sensors, were chemically processed in order to
remove the organic and inorganic pollutions. After that the plates
were oxidized by a thermal method. On the generated layer of the sil-
icon dioxide a photolithography was done for creation of the topology
of the formed microstructures. Then the silicon plates were placed in
a KOH solution within the temperature range of 95...98 °C. The etch-
ing was done to the depth from 100 up to 150 um.

After the etching operation on the surfaces (100) and (111) of the
formed structures, the defects in the form of craters were observed.
The given defects were observed easily in MSSO three-dimensional
microscope in the falling light at X 16 magnification. It was revealed,
that their distribution on the area of a silicon plate had an accidental
character.
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Surface (100)

Silicon surfaces of orientation (100) contained craters (fig. 1, see
the 2nd side of cover). The craters were distributed on the surface in
a random way, their diameter was tens — hundreds of micrometers,
and their depth — from hundreds of nanometers up to a micron.

The geometrical sizes of the craters were measured. Their width
was 0.05...0.1 mm at the depth of 0.01...0.650 um. Fig. 2 presents ex-
amples of measurement of the profile of the etched surface of silicon
(100) containing craters of the above-mentioned dimensions. The
profilograms were made by Mitaka 60PF profilometer on the length
of estimation of 1.0 mm.

As is known, certain defects of morphology appear during the
anisotropic etching of silicon. They are either pyramidal protuber-
ances [4—7], or shallow rounded pits-craters. Such defects are due
to various production factors and, as a rule, do not appear, simul-
taneously. In both cases the density of the surface defects (either
protuberances or pits) increases with a decrease of the concentration
of the etchant.

The mechanism for formation of the protuberances is usually
connected with the local micromasking of the silicon by means of the
fixed gas bubbles (as a rule, hydrogen generated during the chemical
reaction of etching) or other particles, which lead to formation of
small pyramidal or cone-shaped ledges on the etched surface [7]. Un-
like the given defects, the defects of the crater type are smooth, with
elliptic profiles extending deep into the etched surfaces. The craters
can be created by the surface damages, which result from the initial
preparation of the surface.

There are two hypotheses connected with occurrence of the cra-
ters. The first hypothesis is based on assumption that the specified
craters are formed in the places of crossing of the dislocation loops
of planes {111}/<110> with the etched surface (100). As is known,
the plane (111) is etched slower, than the other planes, because the
surface atoms on this plane have three basic bonds, which have to
be broken off, unlike on the plane (100), the atoms which have only
two basic bonds. Around the dislocation nuclei there is a field of
elastic stresses, which can lead to easing of the basic bonds of the
atoms of the crystal lattice around the dislocation nuclei and to a
better dissolution of the silicon around the dislocations [8]. The
elastic stress of the dislocation increases with the reduction of the
distance to a nucleus of a dislocation. Thus, according to [9], for a
dislocation in the anisotropic environment the elastic energy per a
unit of length equals to

E = (Kb/4m)In(R/r,),

where parameter K’ depends on the constants of elasticity of a ma-

terial; b — full displacement of a dislocation; ry — radius of the nu-

cleus of a dislocation; R — radius from the nucleus of a dislocation.
As a result, the following force influences a dislocation:

_ _dE

X dx’
where £ — energy determined by the presence of a dislocation.

The gradient of the elastic stress contributes to the fact that the
atoms located closer to a nucleus of a dislocation, will be removed
faster, than the ones located further from the nucleus.

This leads to occurrence of craters of the elliptic form around the
dislocation nuclei on the etched surface. The silicon grown by the
method of Chokhralsky can have some hundreds of dislocations per
a square centimeter because of the growth processes [10]. These dis-
locations can explain occurrence of pits of etching on the surface of
the silicon (100).

In order to prove the fact that the observable craters are incurved
structures, an additional etching of the silicon was done till a possible
occurrence of microapertures in the places of the craters. At that, it was
assumed, that the areas of the dislocations were located randomly on
all the volume of the silicon. Thus, the craters located originally on the
surface are etched, at that, in the process of etching new craters can ap-
pear at the depth. The results of the additional etching of the silicon
samples are presented in fig. 3 (see the 2nd side of cover). They dem-
onstrate formation of the microapertures in the locations of the craters.
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Thickness of the silicon, surrounding the microapertures, was
equal to 1.1...1.5 um, which correlated with the data of the received
profilograms by the depth of the craters, with account of the bilateral
character of etching of the silicon structures.

It is assumed, that separate craters can appear in the places,
where the lines of the dislocations cross the etched surface at a non-
parallel angle. Mainly big craters can be generated by a big field of the
elastic stresses caused by a congestion of a multitude of dislocations.
Linear arrays of the craters can be formed by the dislocation line,
passing in parallel to the etched surface or the linear array of the dis-
location lines, normal to the surface. Occurrence of such dislocations
is connected to the Frank—Read source [11].

Surface (111)

Research of etchings of the surface of silicon (111) (fig. 4) tes-
tifies positively to the assumption of occurrence of the dislocations
according to the Frank—Read source. It is obvious, that the image
is identical to the one presented in fig. 5 and described in [12, 13].

The hypothesis of formation of the craters due to dislocations is
considered in [14, 15]. According to the given hypothesis the craters
should have big cone-shaped forms during etching of the nuclei of the
dislocations. It is considered that the cone forms should continue
deep into a material during etching, and, as a result, the small cones
should become deeper. In practice the craters do not become deeper,
their depth remains constant and equals to hundreds of nanometers —
units of micrometers.

The alternative hypothesis explaining occurrence of the craters is
based on the assumption that etching proceeds isotropically within
the craters because of the presence of an atomic vacancy in the crystal
lattice of the silicon and inclusion of microvoids in the silicon volume
during the ingot growth. As is known, in the silicon, grown by the
method of Chokhralsky, in case of a fast growth of an ingot, the de-
fects in the form of vacancies can accumulate and form the acciden-
tally distributed octahedral voids inside the volume silicon [16]. Ac-
cumulation of the atomic vacancies can lead to a local destruction of
the crystal structure, which allows us to etch silicon isotropically in
all the directions around the dislocation nuclei. If the growing ingot
is drawn from a melt too quickly, the defects are cooled slowly, which
prevents kinetically their recombination with the atoms in the inter-
stitial space and leads to their accumulation and to occurrence of the
octahedral voids reaching about 100 nm. These defects remain in the
silicon after the ingot processing, their random distribution coincides
with the random distribution of the craters, and the even dimensions
of the craters can explain their relative uniformity.

Also, the spherical craters, determined by the primary etching in
certain points on the surface of the silicon (100), can be caused by a
mechanical damage during grinding and polishing of the plates and oc-
currence of the surface defects. In that case the etchant penetrates into
the microscopic cracks on the silicon surface. Considering the fact that
the surface of a microcrack represents multiple open crystallographic
planes, some of which are etched faster than the plane (100), the defects
of the surface represent an isotropic source of etching, which leads to
occurrence and development of craters on the silicon surface.

Conclusion

There is no single theory explaining formation of the defects in the
form of craters on the etched surface of the silicon. Among the possible
mechanisms describing occurrence of such defects we can name the
presence of the dislocation areas in the volume of the silicon, caused,
for example, by the Frank—Read source or formation of the octahedral
voids during the growth of a silicon ingot. Also, there can be a damage
of the surface of the silicon plates during their grinding and polishing,
which subsequently leads to formation of the craters.

Manufacturing of the micromechanical silicon devices demands
an understanding of the processes and mechanisms leading to the
morphological features of the etched silicon surfaces for formation
of the structures with the set parameters. This is important for re-
duction of the dimensions of the formed micromechanical struc-
tures and their approximation to the scale of the nanoelectrome-
chanical systems (NEMS). During manufacture of MEMS it is nec-
essary to control the parameters of the process of the anisotropic




etching of the silicon and the preceding operations, for example,
grinding and polishing of plates, and also the quality of the initial
silicon plates. This will allow us to reveal the possible sources of oc-
currence of the surface defects, correct the technological process of
manufacturing for minimization of the damage to the morphology
of the etched surface, and improve the quality of manufacturing of
the micromechanical structures.
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TEXHOAOIUUN NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AASl MUKPOISAEKTPOHUKU U MUKPOCUCTEMHOM TEXHUKMN.
YACTDb 2. TEPMUYHYECKN AKTUBHUPOBAHHBIE NMPOLECCHI

B PEAKTOPAX LIMKAMYECKOTO AEMCTBUS

Ilocmynuna 6 pedaxyuro 12.01.2018

B uacmu 2 o630pa paccmompenvl cOCMOSHUE U HANPAGACHUSA DA3GUMUS MEXHOA0ULL NOAYYEHUsT MOHKUX NAEHOK Humpuoa
KPEeMHUSL 05 MUKPOINCKMPOHHbIX U MUKPOCUCIEMHBIX NPULONCCHUL NPU MEPMUYECKOU AKMUBAUUU UCXOOHBIX DEa2eHmos 6 pe-
AKMOpax YUKAU1ecko2o 0eticmeust ¢ noCAe008amenbHO-UMNYAbCHbIM HANYCKOM UCXOOHbIX peazeHmos. Paccmompenst pe3yavmamot
UCCAe008AHULL BO3MONCHOCMEL Pearu3auul Pejicuma amomuo-ca0eoeo ocaxcoenus (ACO) npu 300...650 °C u ucnoavzoeanuu
npomblnenoix peazenmos SiCly, SiH,Cl,, a makce onueomepoé (Si,Clg, SizClg). Bvidenenst pabomol, 6 komopbix pexcum ACO
Haubosee 8eposmeH; 8 OCMANbHbIX pabomax pocm NAeHOK NPOMeKaem no MexaHu3Mam XUMU4ecKk020 0CANCOeHUs ¢ yHacmuem no-
sepxrHocmu noonoxcku. Ilpu memnepamype menee 500 °C nieHku HecmexuomempuyHsl U 0002auieHvl KpeMHuem, co0epiucam MHO20
Kucaopooa, a makyce npumecu 6000poda u xiopa. JlocmueHymas KOHQOPMHOCMb HAEHOK HA CMPYKMYPAX ¢ ACHEKMHbIM OMHO-
wenuem 60 cocmasuna <80 %.

Karoueesvie cro6a: Humpuo KpemHus, moHkue NAeHKU, MepMU4ecKkas aKkmueayus peaxyui, peaKkmopvl YUKAU4eckKoeo oeuc-
meus, UHMeapanbHble MUKPOCXeMbl, MUKPOCUCMEMHAST MEXHUKA

Bsenenne

B pa6orte [1] ObLIO ITpOAHATM3UPOBAHO COCTOSIHHUE
TEXHOJIOTUI ToydeHnsT TOHKUX TieHoK (TI1) Hut-
puna kpemuus (TTTHK) mist npyumMeHeHsT B TEXHOJIO-
rusix uHTerpaibHbix MukpocxeM (MMC) u HaHO- u

MUKpO3JIEKTpoMexaHUYeckux cucreM (naiee MOMC).
Briin paccMOTpeHBI: a) COCTOSIHME IPOMBIILIEHHBIX
MPOLIECCOB XMMUUYECKOTO OCAXKIEHMS U3 Ta30BOi (da-
36l (XOI'®D unu CVD), 6113KUX MO COCTaBY K CTEXUO-
MeTpu4HbIM SizN, ¢ cootHomeHueM Si: N=1:1,33u
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3HaYeHNEeM MoKasaresis npeiaomieHus # = 2,02 £ 0,02
BoicokoTemrieparypHbix TITHK (manee C-TITHK), B
peakTtopax Huskoro nmasienus (PHJI) mporounoro
TUIIA C TEPMUYECKON aKTUBAIMeil XUMUYECKUX peak-
LIMII aMMOHOJIM3a MCXOIHBIX KpeMHHUUcOoaepKalllux
pearenTtoB (SiHy, SiCly u SiH,Cl,); 6) HanpaBieHus
pa3BUTHSI TEPMMUYECKM aKTMBUPOBAHHBIX MPOLECCOB
XOI'®d C-TITHK; B) pe3ynbraThl moMcKa HOBBIX HUC-
XOJHBIX peareHTOB, YCIOBUIA MPOLIECCOB, HOBBIX KOHC-
TPYKLUi peakTopoB mist XOTI'D.

sl pa3BUBAIOLIMXCS MHTETPaJbHBIX TEXHOJOTUI
HeoOXonuMBbl HOBblEe MeTobl MosyyeHus TII, B yact-
HOCTH, TIO3BOJISIIOLLIME PELIUTh 3a/1a4y MOJTyYeHUs] KOH-
¢opmHubix TII B cOBpeMeHHBIX IPUOOpax ¢ OOJbIINMU
acneKTHBIMU OTHOIIEHUSAMHU. [TpuMeHUTEIBHO K TIPO-
cTeiiieMy ciaydaio peibeda B BUIAE YIIIyOJIeHUs IIpsi-
MOYTOJIbHOU (hOPMBI C BEPTUKAIbHBIMUA CTEHKAMU Ha
TUIOCKOUM MOBEPXHOCTU pesibeda acreKTHOe OTHOlIe-
HUE — 3TO OTHOUIEHWE BBICOTHI YIJyOJeHUs K €ro
wupuHe. IToa KOHPOPMHOCTBIO OcaxkaeHus1 B Haubo-
Jiee o0I1IeM ciyvyae MTOHMMAETCsl BbIpak€HHOE B MpPO-
LIEHTaX OTHOLIEHWE TOJIIWHBI TJICHKM Ha OOKOBOM
CTEHKE B HMXKHEH JyacTu yriyoaeHus peabeda K TOJ-
IIMHE TUIEHKM Ha BEepXHEH IJIOCKOW MOBEPXHOCTU
BO3JIe yriyoseHus. MeTomoJIoTusI U XapaKTepu3alus
KoHpopMHOcTH st TiporieccoB XOI'd TIT paccMor-
peHBI aBTOpPOM B paborax [3, 4], B3aUMOCBSI3b KOH-
(opMHOCTU pocTa U KMHETHMUYECKUX XapaKTePUCTUK
nporeccoB XOI'® cucrematusupoBaHa B pabdore [5].
B yacTtHOCTH, TOKa3aHO, 4yTo npu noaydyeHuu TII ak-
TUBUPOBAaHHBIMU METOJaMU, Hampumep, Mpu Ijias-
moxumuueckoM ocaxaeHun (I1XO), HeBO3MOXKHO
JIOCTUYb YIOBJIETBOPUTEIbHON KOH(MOPMHOCTU pocTa
TII B BRICOKOACIIEKTHBIX CTPYKTypax. bonee mompo0-
HO 3TOT CJIy4ail OBLT paccMOTpeH B pabote [6].

st perieHus 3agad co3naaHusl KOH(OPMHBIX TTOK-
PBITHUII Ha BBICOKOACTIEKTHBIX CTPYKTypaX COBPEMEH-
Heix UMC 1 MBMC oka3zanicst mepcreKTUBeH Bapu-
aHT LUUKJINYECKOTO MOCTPOEHUsI MPOLIECCOB, MPU KO-
TOPOM PEareHTHI MOAAIOTCA B OOBIYHBIE PEAKTOPHI IS
XOTI'® mnocienoBaTeIbBHBIMU TO3UPOBAHHBIMU M-
myibcamu. Takue HUKIMYeCKUe TTPOLIECCHI, HAITpUMep,
Ha3bIBAlOT B OOLIEM ciydae "UMIyAbCcHbIMU XOI'®"
("pulsed-CVD"). OgHuM M3 BapHaHTOB TaKOTO TIPO-
1ecca sIBJsIeTCsl METO/ TaK Ha3bIBAEMOI'0 aTOMHO-CJIO-
eBoro ocaxnaeHus (ACO), B 3apy0OekHOI JTuTepaType —
Atomic Layer Deposition, ALD [7], ocHOBaHHbIII Ha
peanuzauuu B psijie ciydyaeB addexra camoHachIao-
LLIeiicsa WM caMOOTrpaHUYMBaloleiics ancopouuu (self-
limiting adsorption) oIHOTO M3 peareHTOB Ha MOBEPX-
HOCTH TOJUIOXKM C MOCJeNyIollei ero peakuuei ¢ mo-
JIaBaeMbIM B PEAKTOP BTOPHIM peareHToM. TeXHUYeCKHU
9TO obecreyrBaeTcsl pasiejieHueM UMIYJIbCOB pea-
TeHTOB MMITYJIbCAMU MHEPTHOTO ra3a Wil BaKyyMHOM
OTKaYKU JJ151 TOJTHOTO YAaJIEeHUSI OCTaTKOB OTHOTO pe-
arcHTa Iepe HaIryCKoM Apyroro, YTo IOJTHOCTBIO MC-
KJII04aeT BEPOSITHOCTb MPOTEKAHUSI XUMUUECKUX MPO-
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1eccoB B razoBoii ¢aze. Eciu apdekT camoHachia-
olIeiics agcopbuuu peanusyercs, To mpouecc ACO
OCYILECTBIISIETCS CTPOTO Ha MOBEPXHOCTH TOMIOXKHU
1 npoiecchl AU dy3nn He IBISIOTCS TUMUTHAPYIOII -
Mmu. Takum obpa3oM, CO30al0TCS YCJIOBUS IJIsI pocTa
3HAYUTEJIbHO OoJjiee KOH(OPMHBIX MOKPHITUI HA BbI-
COKOACIEKTHBIX CTPYKTYypax.

B nocneanue ronsl Metog ACO paccMaTpuBaeTcs U
st HaHeceHust TITHK, B ocHOBHOM 110 IByM HarmpaB-
JICHUSIM: TIPU OTHOCUTEBHO BBICOKUX (OIHAKO HUXE,
yeM Npu TpaauLMOHHbIX MeTonax XOI'd) temnepa-
Typax ¢ TEpMUYECKON aKTUBalLMell peareHTOB, U IMpU
HU3KUX TeMIlepaTypax, Kak MpaBWIO, C IUIa3MEHHOM
aKTUBalIMel a3oTcoaepxKallero peareHra. I1pu HU3KO-
temnepatrypHoM ACO ¢ akTuBaldeil HeyIOBIETBOPU-
TeJlbHA KOH(POPMHOCTb POCTa Ha BbICOKOACIIEKTHBIX
CTpyKTypax [6, 8, 9], a cocTaB IJIEHOK HE SIBIISIETCS
cTrexuoMeTpuuHbIM. B pabdote [1] momoOHbIe TJIEHKU
ObUIM OXapaKTepU30BaHbl KaK "KpeMHMI-a30T-BOIO-
poaconepxaiiue ToHkue rmieHku (KAB-TIT)". Takue
IJICHKY TIPEACTABISIOT CaMOCTOSITCIBHBIN MHTEpPEC U
MBI UX He pacCMaTpMBaeM B HacTOSIIeM 0030pe.

Ienpro yactu 2 o630pa IMyOoJIMKauii AByX MOCTE -
HUX IECATUJICTUI SIBJISETCA aHaJIu3 COCTOSHUS U Ha-
npaBJieHUA pa3BuTHs TexHoJioruit moayyenus TITHK
B peakTopax MUKJINIECKOTO IEUCTBUS TIPU TEPMUIEC-
KO aKTUBAllMM XMMHUYEeCKUX peakumii. [1o cocros-
Huto Ha KoHelr 2017 r. o6o61aommx padboT Mo 3Toi
TeMaThKe HeT.

O0masn XapakTepuCTHKA NHKJIAYECKIX
TePMOAKTHBHPOBAHHBIX mpoueccos XOT'D

Hns peanuzauuu ACO Ha addekTe caMoHachlla-
IOIIEICST ancopOIMM OTHOTO M3 MCXOTHBIX PeareHTOB
5TOT "MepBHIA" peareHT (TakKe Ha3bIBaeMbIil "TIpe.-
LIECTBEHHUK", "MpeKypcop") MmoaaeTcsa B peakTop JI0-
3MPOBAHHBIM UMITYJILCOM C KOHIIEHTpaLMeil MOJIEKYJI,
JIOCTAaTOYHOM ISl peaiM3allMi CaMOHACHIIIAIOLICHCS
aJicopOLIMM peareHTa 6e3 ero TepMOaKTUBUPOBAHHOTO
pasyioXkeHUs Ha TOBEPXHOCTH. Jlajee ocTaTKM IMepBOro
peareHTa yoajsioT MMITYJIbCOM MHEPTHOTO Ta3a Wu
BAaKyyMHOM OTKAQYKOW WM BBINOJHSIOT HO3WPOBAHHBIN
HUMITYJIbCHBIM HAMyCK "BTOPOro” peareHTa ¢ KOHLIEHT-
paluei, 10CTaTOYHOU Il peaiu3aliii XUMUYECKOUN
peakuuu. MosieKyJibl BTOPOTO peareHTa B3auMOIeiCT-
BYIOT C aJAcOpOMpPOBAaHHBIMM Ha TMOBEPXHOCTU TOA-
JIOXXKM MOJIeKyJaMHu IIepBOr0 peareHTa HampsiMylo,
0e3 00pa3oBaHysI TPOMEXKYTOUHBIX MPOIYKTOB, (DOPMU-
pys B UJeaTbHOM ClIydyae OIMH MOHOCJION KOHEYHOTO
MPOAYKTa 32 OAWMH LUK ocaxaeHus. [locie ynaneHust
M30bITKA BTOPOIO peareHTa M MOOOYHBIX MPOAYKTOB
XUMMYECKOW peakiMM LHUKJ Mpolecca 3aBEpLIAeTCS.
Takum obpazoMm, popMUpPOBaHUE MPOAYKTA XUMUYEC-
KON peakuuu HampsMylo MPUHLUUIMAIBLHO OTIMYAeT
ACO o1 XOI'®D B poTOYHBIX peakTopax, Iie IIpU Ol-
HOBPEMEHHOM HaIyCKe MCXOAHBIX PeareéHTOB MPOMC-
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CxemaTuunoe onpeaeyienue "Okua ACO" [10]: / — ob6aacTh TUMH-
TUPOBAaHUsI HU3KOM CKOPOCTU OCaxaeHusl; 2 — 00JacTb JTUMUTH-
poBaHMs KOHAeHcauuei; 3 — obaacth "OkHo ACQO"; 4 — objacTh
JIMMUATUPOBAHUS AeCcOpOIInei; 5 — 0061acTh TMMUTUPOBAHUS PeaK-
LMel TepMopacriaza npeKypcopa

Schematic diagram of CVD with "ALD window" [10]: 1 — low deposition
rate area; 2 — condensation area; 3 — "ALD window"; 4 — desorption
area; 5 — thermal decomposition area

XOIUT 0Opa3oBaHME MPOMEXYTOUHBIX MTPOIYKTOB pe-
aKIIMU MCXOAHBIX PEareHTOB.

IMocnoitHoe HapammBanue mpu ACO MoXeT pea-
JIN30BaThCs MPU OMpeneeHHBIX ycaoBusax. Ha pu-
CYHKE CXeMaTW4YHO TPUBEICHBI BAapUAHTHI TeMIlepa-
TYpPHBIX 3aBUCMMOCTe pocTa mieHok rpu XOI'® [10].
Pexxum pocta ACO (B ciyuyae ero peaimsaliun) JoKa-
JIN3yeTCs B JOBOJBHO Y3KOM IMAITa30HE MOCTOSHHOMN
temneparypel (AT = T, — T)), umenyemoM "OKHO
ACO" ("ALD window"), o6o3HaueHHOM 3 Ha pUCYHKE.
DTOMy peXUMY MOTYT IPealecTBOBaTh O0JACTU JIU-
MHUTHPOBAHMS TIpollecca pocTa TUIEHKN | HU3KOU pe-
aKIIMOHHOM cNOCOOHOCTHIO U KOHAeHcauuel 2. TToce
"OxHa ACO" MOTyT peajM30BBIBATLCS 00J1ACTH JIMMMU -
THPOBaHUS TIpoIlecca pocTa AecopOLMell MCXOTHOTO
npekypcopa 4 Wi peaxkiiueid TepMopacriaga npekyp-
copa TI0 OOBIYHOMY MexaHu3My peakuuit XOI'd ¢
y4yacTHeM MpoleccCoB B ra3oBoit aze 5. st OObIYHBIX
nporieccoB XOI'D tummunsl obnactu [ u 5. [ossie-
Hue "OxHa ACO" BO3MOXHO B TOM cjy4yae, KOrua B
nporecc XOI'D okas3bIBaeTcsT aKTMBHO BKITIOUECHHOM
ITOBEPXHOCTD MOUTOXKKH, Ha KOTOPOI MOTYT UMEThb MeC-
TO TeTeporeHHble peakuuu ¢opmupoBanust TIT [3].
OtmetuM, uto "OxHO ACQ" pacrionaraercst B 061acTu
MHHUMAJIBHBIX TeMItepatyp i npoueccoB XOI'D, a
ckopoctr pocta TIT mpu XOI'® MHOTOKpPATHO TIPEBHI-
matot TakoBble Tpu ACO 3a oMH LMK TTpolecca, KO-
TOpBIE HE TIPEBHIIIAIOT TOMIINHY MOHOCTIOS. OTMETUM
TaKXX€, YTO PAaCCMOTPEHHBIN BHIIIE CIy4Yail caMoorpa-
HUYHBAIOIIEICS afcopOLNK SABIIIeTCS UIeaTN3UpOBaH-
HBIM, TIOCKOJIBKY B psiJie CIIydaeB BO3MOXKEH TepMOpac-
najg agcopobupoBaHHOro peareHTa U Torma poct TII
TIPOUCXOIUT TI0 TeTeporeHHbIM MexaHnu3MaM XOI'D.

Takum o6pa3oM, pu ocaxkaeHUM KOHKpeTHbIX TTI
LIEBI0 UCCJICNOBAHUI SBIISIETCSI OOHAPY>XEHUE U KO-
IudyecTBeHHast xapakrepusauus "OxHa ACO". Ilpu
9TOM LIMKJIMYECKas opraHu3aius npolecca ¢ rnocje-

JOBaTEIbHO-UMITYJIbCHBIM HAITyCKOM PEareHTOB SIBJISI-
eTcsl obsi3aTesIbHOM A1 peann3anuu addexra camo-
HacChIIAOLIeCcs aacopOIum.

Hanpapaenns texnoyoruii noaydenns TITHK
B PEaKTOPAX HMKJIMYECKOro JeicTBHSA

K coxanenuto, B 60Jbliieil YaCTU UCTOYHUKOB MH-
(opmanumn nox tepMuHoM "Meton ACO" ommboYHO
MoJIpa3yMeBalOTCs BCe LIMKINYECKU OpTaHW30BaHHbBIE
npouecchl ocaxaeHus TII, B TOM yncie TAKOBBIMU HE
siBJisttolecs. PazButrue HMKJIMYECKHUX MPOLIECCOB T10-
nyuenus TITHK (tak xe, kak u g ipoueccoB XOI'd
B MMPOTOYHBIX peakTopax [1]) umer rmo AByM HampasJe-
HUSIM.

Hanpaeaenue 1 BKito4yaeT vccieloBaHUE BO3MOXK-
HocTtelt peanuzauuu Metoga ACO mpu TepMUYECKOI
aKTMBAallMY peareHTOB MPY MOHVXEHHOW TeMIepary-
pe OTHOCUTEJIBHO MPOMBIIIIIEHHBIX TIpolieccoB XOI'D
C-TITHK [1]. B aTOM ciyyae MHTEPECHBIM SIBIISIETCS
KaK BO3MOXHOCTb MCIIOJIb30BaHUSI TPaAULIMOHHBIX
MPOMBIILIEHHBIX peareHTOB, TaK 1 HOBBIX PEarc¢HTOB.
MMeHHO 3TO HampaBjieHue IpeacTaBisieT OOJbIIOK
WHTepeC ISl MepCleKTUBHBIX pa3paborok MMC u
MOBMC ¢ BBICOKOACTIEKTHBIMU CTPYKTYpaMHU.

Hanpaeaenue 2 BKiIoYaeT HU3KOTEMIIEpaTypHbIE
meTonbl nonyyeHus TII ¢ mpuMeHeHWeM, Kak TpaBu-
JIO, PA3IMYHBIX BapUMaHTOB JOMOJHUTEIbHON IIIa3-
MEHHOM aKTHBalIMK a30TCOAepKalluX peareHToB. Pa3-
BUTHE 3TOr0 HaNpaBJIeHUs O0YCIOBIMBAETCS HOBBIMU,
B OCHOBHOM HU3KOTeMIIEpaTypHbIMM, HAIpaBJICHUSI-
mu npumeHenus: TII. B xone paboTsl aBTOpa Haja Ha-
CTOSILLIUM 0030POM TOSIBUJIACH 3HAUUTEIbHAS 110 00b-
eMy nyoaukanus [9], aBTopbl KOTOPOI MpearnpuHsIIn
MOMBITKY OXBaTa OOJIbILIOTO MAacCUBa JaHHBIX MO Tpe-
HWMYILECTBEHHO T1azMoakTuBUpoBaHHbBIM KAB-TII.
B paGote paccMOTpeHbI IJIEHKU, MOJYYEHHbIE B Tpa-
JUIMOHHBIX TJIa3MEHHBIX peakTopax, B IJIa3Me BbICO-
KOI TJIOTHOCTH, a Takxke MeToabl ACO ¢ mia3MeHHOMI
aKTUBalMel. 31ech TakxKe HeOOXOAMMO MOAUYEPKHYTbD,
YTO HECMOTpPSI Ha MHOTOUMCIICHHBIE YTBEPXKIECHUS O
TOM, YTO MJIa3MeHHble MeTonbl onydyeHus TI1 mo3Bo-
JISIIOT peliaTh 3aJa4u MoJiydeHUs KOH(POPMHBIX MOK-
PBITUIA, Ha CETOAHSIIHUMN AeHb YOeOUTETbHbBIX KCIIe-
PUMEHTATBHBIX TTOATBEPXKIACHUI 3TOMY IOKa HeT [6].
Bbonee Toro, BEIBOABI aBTOpa, CleIaHHbIE paHee B ITy0-
JmKanusx [3—5], npssMo 060CHOBBIBAIM TTOTCHIIAATb-
HYIO HEBO3MOXXHOCTD MOJIyYeHUS KOHDOPMHBIX TTOK-
pBITHII MeTOmZaMM C aKTMBAIlMEll ra3oBoil da3bl Ipu
XOI'D, xyma MOXHO OTHECTU U METOJ, IIa3MOaKTH-
BupoBaHHOro ACO. B cBSI3u C TeM YTO HU3KOTEMIIe-
paTypHbIe M1a3MOaKTUBUPOBAHHbIE METOAbI MOJTyYe-
Hus TII uMeIoT crienuaau3upoOBaHHYIO alllapaTypHYIO
peanu3aiu, MPOLECcChl OCAXICHUS He SBISIOTCS
CTPOro XUMUYECKUMHM TIpOLIeCCaMU M IJISI HUX HEW3-
BECTHBI OPYTTO-peaklu MPOLEeCcCOB, HET 0000IIat0-
IIUX TIPEACTaBICHUN O cxeMaxX M MeXaHu3Max Ipo-
neccoB, a KAB-TII umelor Maccy orpaHM4YeHUI 11O
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MIPUMEHSIEMOCTH BBUIY IMOTEHIIMATBLHOM HEKOH(POPM-
HOCTHU, pe3yJIbTaThl UCCAEAOBAHUI MO HAIIPaBJIEHUIO 2
B JaHHOM 0030pe HEe paccMaTpUBaIOTCS.

Anamms BAPHMAHTOB pE€AJHU3AIMHA HANPABJICHUA 1

Hcnoavzoeanue mpaduuuonnolx npomovlulieHHBIX
peazenmog. IIpoOMBIIIUIEHHBIE TIPOLIECCH MOTYYeHUS
C-TITHK gng UMC u MOMC peann3oBaHbl B IIPO-
toyHbix PHJ/I no peakuuam ammonosmsa SiHy, SiCly
u SiH,Cl, (ocHoBHOI1 pearenr) [1]. BBuny tepmuuec-
Koro pacnaga SiH, npu Temneparypax Boie 520 °C
[11], uccienoBaHusI BO3MOXHOCTU peauM3alluyd pe-
xuma ACO nposonwmn tonbko s SiCly u SiH,Cl,
[12—16].

ABTOpBEI paboThl [12] mpoBOAMIM MCCIEIOBaHUS
npu 427...627 °C B BBICOKOBAKYYMHOM MHAVBUAYAJIb-
HO¥ Kamepe Tpu pasHbIX Temneparypax (7,) v nasie-
Husax (Py). Homnoxxky Si (100) mpombIBaaM METaHO-
JIOM, AallETOHOM W OEUOHU30BAHHOM BOHOW, 3aTeM
MPOAYBAIM OUYMIIEHHBIM BO3IAYXOM OT MUKPOYACTHMII,
nporpeBajii B peakrope npu 602 °C B TeyeHue 1 MuH,
IIOCJIE Yero IoAsepraau Bosmedcrsuio Iwasmel H,O
IUISL yaajaeHus yriiepona, 4To B UTOTe MO3BOJISLIO TMO-
Jayunthb SiO, TONIMHON OKOJIO 2 HM C TMAPOKCHUIIU-
poBaHHOI1 noBepxHocThIO (SIOH*). Jlanee npu xena-
eMOI TemIlepaType IOMIOXKN TPOBOMMIN HaIyCK
SiCly ¢ nosoii 22 - 10° L (L — enuHuna usMepeHus

JIsurmiop = 1076 MM pT. CT. * C, TIPOU3BEACHUE TaB-
JeHuss P; Ha IUIUTENILHOCTb MMIIYJbCA peareHTa f),
peaxkimsi KOTOPOro ¢ MOBEPXHOCTHIO OMMCAHA CXEMOIA:
SiOH* + SiCly; — SiOSiCl;* + HCl (nosepxHocT-
Hbl€ I'PYIIbI 31eCh U HUXE 0003HAUYEHbI 3BE310UKa-
MM). B Xone mocnenyoliero Hamycka aMMHaka ¢ J10-
300 >1,8 * 10101 npeanonoxena peakuusa SiOSiCly" +
+ NH; — SiOSiH,* + HCI. ITocne HecKOIbKUX Moc-
JegoBaTenbHbIX HUKI0B Hamycka SiCly 1 NH; nosep-
XHOCTb TpaHcopmupopanach ot SiO, k SisNy (coor-
BETCTBYIOLIMX CXEM HE MPUBEACHO). DTO, 110 MHEHUIO
aBTOPOB, IO3BOJISLIO MTPOBOJAUTH MCCJIEA0BAHUS POCTa
Ha in-situ cdopmupoBanHHoit TITHK. [Inst oOGbsicHe-
HUSI CXeM Mpoliecca aBTOPHI MPeANoN0XUIN MTPOoTeKa-
HUe Mpu cooTBeTcTBYIOMMX nMiynbeax SiCly u NHj
asyx peakuwmii: SiNH* + SiCly — SiNSiSI;* + HCI n
SiCl" + NH; — SiNH," + HCI. Ilpu ykazaHHbIX B
npuBeneHHo 3nech Tadymie napamerpax TITHK dop-
MUPOBATUCH 0€3 HYKJICAUMOHHON 3aACpXKU MO JIU-
HEWHOUN 3aBUCUMOCTHU OT YMCJIA LIUKIIOB OCAXIEHUS C
MOCTOSIHHOM cKOpocThio W, ¢ mokazaTeneM MpeaoM-
nenusd n = 2,01 £ 0,05 u ¢ oyeHb MajOi 1IepOXOBa-
ToCThIO, paBHOU 0,3 HM. CHmXeHue W npm MeHBIINX
TEeMIIepaTypax BABOE aBTOPBI OOBSICHIIN CHIDKCHUEM
peaKklIMOHHON CIOCOOHOCTU MOBEPXHOCTU. Bo3Moxk-
HO 3TO COOTBETCTBYET Ilepexoay oT obsactu I K 00-
JJacTU 3 Ha PUCYHKE, NIPUBEICHHOM BBIIIIE.

Pe3yabraTel uccienaoanmii pocta TITHK B nukiMyeckux mpoueccax
Results of the research of SNTF growth in the cyclic processes

JIuteparypa PeareHTnl T.°C Py, Ta 1, c W, am/tmkn Si-N
Ref. No Reactants & P, Pa s W, nm/cycle :
[12] SiCly, NH; 427...627 13...133 — 0,245 1:1,35
SiCly 375 25 500 30...180
[13] 0,19 (ua Si) (on Si) 1:0,8
NH; 550 66 500 120
SiCly 375 22 600 305
[14—19] — —
NH; 550 39 900 90
SiCly 23 000 —
[20] 350...400 0,055 —
NH; 44 000 —
SiCly, NH;3 0,13
[21] 500 — — 1:1
SiH,Cl, NH; 0,12
[22] SiH,Cly NHj 450 — — 0,05 —
SiH,Cl, 8 90
[23] 200...400 0,09 1:1
NH; 24 15
SiH,Cl, 8 90
[24] 375 0,1 1:1
NH; 24 20
Si,Clg 133 15
[25] 52...650 0,23 1:1,39
N,Hy 13,3 720
[26] Si,Clg, NH; 443...493 133...1330 — 0,23 -
[27] SiyHg, N,, NH; 410...450 — — — '
Si;Clg 2...15
[28] 310...500 93 0,027 1:1,3
NH; 1...30
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UccnenoBanus padotsl [13] mpoBeaeHBI B 3KCIIe-
PUMEHTAILHOM peakTope Majoro pasmepa. JdaHHBIX
O TMOJArOTOBKE MOBEPXHOCTU MOMIOXKKU HET. OCoOeH-
HOCTSIMU MCCJIEAOBAaHUS SIBJSIOTCS MCIIOJb30BaHUeE
pasHbix T, mpu Hamycke SiCly 1 NH; n mpomexyroy-
HOro BbIcOKoTeMItepatypHoro otxura (900...1050 °C)
MEXIy HamyckKaMu peareHTOB. OTXXUT 0OHapyXWUJI ce-
JIEKTUBHOCTb CKOPOCTH OCAXJIEHUSI Ha NTOBEPXHOCTSX
Si u SiO,: orHowenue cocrasisio 2 : 1 mpu 900 °C u
20 : 1 opu 1050 °C. BddekT orKura o0bsICHEH peak-
uueit SiO," 1 agcopOUpoBaHHOro aroma Si* 1o cxeme
SiOy" + Si* — 2 SiO (yeryunit nponykr). [TneHkn He-
CTUXMOMETPUYHBI, KOHIEHTpALIUsI KUcaopoaa (naiee
[O], at. %) cocrasnsina okoiio 20 %, ICTOYHUKOM KUC-
JIOpoJia TTOCYMTAIM OCTaTOUHBIEC Ta3bl WM TIPUMECHU B
HUCXOMHBIX peareHTax. Pazsutuem [13] aBiasiercs: cepust
nyonukauuii [14—19], aBTopbl KOTOPBIX UCCEI0BA-
1 TpaH3ucTopHbie cTpykKTyphl ¢ TITHK Ha nerupo-
BaHHBIX OopoMm mnomioxkax Si (001) ¢ compoTuB-
nenuem 15 [15, 17] n 10 [14, 16] Om - cMm. Ilo coBo-
KYITHOCTU KPAaTKMX TaHHBIX M3 3TUX IMyOJIUKALNA 10
MpoLIeCCY OCAXKIEHUSI OTMETUM CJIeIyIollee: a) CBee-
HMI 00 UCTIOJIb30BAHHOM O0OPYIOBAHWY HE TTPUBEE-
HO; 6) 00pabOTKY ITOBEPXHOCTU IIPOBOJAMIN B pacTBO-
pe NH4,OH : H,0, : H,O ¢ nponopuueit 0,15:3:7
npu 80 °C B TeyeHue 10 MUH c IOCIEAYIOIIUM HAChI-
LIeHreM (TaKk Ha3blBaeMOUl TepMUHALUEH, termination)
ITOBEPXHOCTH BOIOPOIOM B pacTBOpe pa3daBIeHHOM
10 0,5 % HF (manee DHF) misa npenorBpaliieHust 00-
pa3oBaHMS €CTECTBEHHOTO OKCHIA; B) HAITYCK pearcH-
TOB MPOBOAWIN C YKa3aHHBIMU B TaOJIM1IE IMapaMeTpa-
MU; T) TOJIUMHBI TUIEHOK COCTaBJisuin okoyio 0,4 HM
[14, 18], 3,5 um (20 uuxioB) [15] u 4,5 um (30 HuK-
JoB) [19]; o) mocie mpollecca IJIEHKWA OTXKUTadu B
NH; npu 550...600 °C B Teyenue 1,5 u.

Poct TII Ha nomnoxxkax Ge (100) [20], npexBapu-
TeJbHO 00paboTaHHbIX B DHF 1 oToxxkeHHbIXx B NH5
npu 500 °C B TeueHue 10 MUH HEMOCPEACTBEHHO Tie-
pen MpoLEecCOM OCaXIeHMsI, OOHAPYKWUJ OYeHb HM3-
KYI0O CKOPOCTb HapallluBaHUsl (Tabauia).

CpasHenue sddexrtupHoct peareHToB SiCly, u
SiH,Cl, ¢ ucnonb3zopanueM NHj BbImonHeHO B pa-
6ote [21] B 00beMHBIX peakTopax (CM. PUCYHOK a, B pa-
oote [1]) Ha 1erupoBaHHBIX 60poM noatoxkax Si (100),
npeapaputeabHo oopadoraHHbix BOE (Buffered Oxide
Etchant — pactBop OydepupoBaHHOI (PTOPUCTOBOIO-
ponHoi KucjaoTbl). CKOPOCTH OCaxXKAeHUSI HECTEXUO-
MmeTpudyHbIX TII nuHeitHo, 6€3 HACKILLEHUS, 3aBUCEIN
OT 03 peareHTOB B MHTEpBajax (0,2...5,8)1010 Lu
(0,8...3,2)10° L st map SiCl,—NH; u SiH,Cl,—NHj,
COOTBETCTBECHHO, MOCTUTAas 3HAUCHWII, YKAa3aHHBIX B
tabnule. IToBbILIEHHBIE CKOPOCTU PACTBOPEHUS I10-
ayyeHHbIX U3 SiH,Cl,—NH; TOHKMX TJIEHOK CBA3BI-
BaJIU C IOBBILLIEHHOM KOHLIEHTPALIME B HUX BOAOPOIA
([H], ar. %) BBUNY ero Hanuuusa B SiH,Cl,. B pa6ote
[22] Te xe aBrophl uzydanu cucremy SiH,Cl,—NH; n
OoJiee MOAPOOHO pacCMOTpesM cocTaB U cBoiicTBa TII

B nuara3oHe 450...550 °C. BbIxoa CKOpPOCTH OCaXKIeHUS
Ha HachkllleHue co 3HaueHueM okojo 0,08 HM/uuKia
uMes MecTo ToJbko npu 450°C npu 103ax peareHTOB
(0,6...6)10'° L. Onnako Takue TII okazamics B 40 pa3
6onee OvicTpopacTBopuMbiMU B DHF oTtHOCUTEnEHO
C-TINHK cpaBHeHUS U HeCTaOWJIbHBI BO BPEMEHM.
B TeueHme IBYX CYTOK SKCITOZWIIMM Ha OTKPBITOM BO3-
Iyxe HabJII0aaIoCh Bo3pacTaHWe TONIIMHBI TIJICHKUA Ha
20 % w cHXeHue 3HaueHus # ot 2,3 mo 1,8. [lirenknu,
BBIpAIllEHHBIE TIpM 0OoJiee BBICOKMX TeMIIepaTypax,
OKazajuch M 0ojiee CTaOUIbHBIMU, U 00Jiee CTOMKUMU
K pactBopam DHF. Onnako npu 7T, > 450 °C npu Bcex
HUCCIeO0BaHHBIX J03ax peareHToB (ot 0,3 1019 L no
6-10'0 L) e oOHapyXuBajaoCh HACHIIICHNUE, CBUIIEC-
TeJIbCTBYIOLIEE B MOJb3y pexxuma ACO, a 3HaueHue W
pocturanu 0,4...0,45 HM/IIUKJI, CYIIECTBEHHO MPEBbI-
11asi MOHOCJIOM.

B 3axkimoueHme ymomstHeM TIEpBBIE TI0 BpEeMEHHU
YacTo LIMTUpYeMble paboThl [23, 24], XOTS B HHUX
MIpeICTaBIeHBI HE CTPOTO TEPMOAKTUBUPOBAHHOE 110~
nyuyenue TI1 u3 guxnopcunana. B padore [23] ucrnosb-
sopasm cucremy SiH,ClL,—NH; npu rtemmeparype
200...550 °C, ogHako aMMuaK, I101aBaeMblii B peaKTop
MMITyJbCOM B KayecTBe IMEpPBOr0 peareHTa, MoaBep-
rajicsl peaBapuTeIbHOMY YIAJIEHHOMY TIJIa3MOAKTH-
BUPOBAaHHOMY pa3yioXeHuIo npu dactore 2,45 I'To u
moiHoct IiasMel 30...60 Bt. Ilepea ocaxaeHuem
JlerupoBaHHbIe 60poM noanoxKu Si (100) conpoTus-
geHneM 10 OM * cM cHavana oOpabarbiBaid B pacT-
sope H,O:H,0,:NH,OH = 100:20:1 ¢ nocnenyio-
muM norpyxenrueM B DHF 1 mpoMBIBKOI B 1eMOHM-
30BaHHOI Bojae B TedeHue 1 muH. Takass obpaboTka
MO3BOJIsIIa MOJHOCTbIO TEPMUHUPOBATH MOBEPXHOCTh
BomopoaoM. HekoTopble mapamMeTpsl IIPOIIECCOB TIPH-
BelleHbl B Tabsulie. JaUTeIbHOCTh 9KCITO3ULIMU B AU~
xjopcuiiaHe cocrasisuia 45...450 ¢, onTumanbHas —
90 c. Beixoa peakiimy Ha HACBIIIEHHE CO CKOPOCTHIO
okoJ10 0,09 HM/LMKII UMEeJI MECTO B OOJIBILIMHCTBE 3K-
CIIEpMMEHTAJIbHO TIPOBEPEHHBIX YCIOBUI B MHTEPBa-
se Temnepatyp 200...400 °C. I1pu Oonbnx TeMIiepa-
Typax CKOPOCTh OCaXKIEeHWsI HauyMHaJIa pPe3KO BO3pac-
tath. Hecrexuomerpuunsle TI1 umenu n = 1,6...1,7;
[O] 7 % (0OGBsICHEHO BO3MOXHBIM pPaCIbLICHUEM
KBaplLIeBBIX CTEHOK reHepaTtopa Tasmel), [H] = 13 %;
xiop ([Cl] ar. %) =~ 0,5 %.

ABTOpBEI paboThl [24] wmcciiemoBaad oOcaXacHUE
TITHK npu 375 °C ¢ ucnojbp3oBaHUeM IMPUHYIUTEIb-
Ho#i akTMBauMu Ha Harpetoil 1o 1700 °C Boabdpamo-
BOI1 JIEHTE UMITYJIbCHO ITOJaBaeMOTr0 aMMH1aKka (MeTo/I,
HaszeiBaeMblii Catalytic CVD, Cat-CVD unu Hot-Wire
CVD, HWCVD). IIpu 3TOM UMMyJabC YaCTUYHO AUC-
COLIMMPOBAaHHOIO aMMKaka ObuUI IepBbIM. TTommoxkKu
JierupoBaHHoro 6opom Si (100) obpadarsiBasii B DHF
JUTST TEPMUHUPOBAHUS TIOBEPXHOCTU BOIOPOAOM; JJISI
cpaBHeHus: ucnonb3oBaniu C-TITHK, BeipallieHHbIE
npu XOI'D. OcHOBHBIE pe3yJIbTaThl MPUBEICHBI BbI-
e B Tabauie. HachllieHMe CKOpoCcTH pocTa HabJIto-
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JaJIoch TIpU MMITyJIbcax auxjiopcuiaHa 6osiee 90 ¢ u
JIUCCOLIMUPOBAHHOTIO aMMuaka — 6osee 20 c. ABTOpbI
OOHAPYXWIN paguKaJbHO OTIIMIHBINA POCT TJICHOK Ha
MOMIOXKAaX KPeMHUSI (JIMHEHHBIM POCT OT YMCia LIUK-
JIOB) 1 HUTPHIA KPEeMHHS, Ha KOTOPOM HMMEJI MECTO
IUTeNbHBINA (~30 IMKIIOB) MHKYOALIMOHHBIN TIepUOLI
(HykJleallMOHHAs1 3aJepxKKa), OOBSICHEHHBIM HEmI0-
cratkoM Ha mosepxHocty C-TITHK rpynn Si—H,,
UMEIOIIMXCSI Ha TEPMUHUPOBAHHOU MOBEPXHOCTU
KpeMHUs. KoHIIeHTpaliuy KMCIOpoaa M XJIopa B TUIEH-
Ke cocTaBisuiM okouo 2 aT. %. [lokasaTenb mpeaoM-
JieHust 6611 okoso 1,85; cKOpoCcTbh pacTBOpeHUs B pac-
tBopax HF npubnuxkanacek Kk Takopoit niasg C-TITHK.

Hoegvie peazenmvt oaa noayuenus naenox TIIHK.
Hosbimu BeliecTBamMu 1S TOJTYYEHUST HUTPUIA KPEM-
Hua cranu onuromepsl SiyClg [25, 26], SizHg [27] n
SisClg [28].

ABTOpBI paboThl [25] uccaemposanu poct TII B 3K-
CIIEpUMEHTAJILHOM peakTope ¢ yyactueM SiyClg v rua-
pasuHa N,H, npu temneparype 427...700 °C (onrtu-
ManbHast — 600 °C). a1 TepMUHUPOBAHUS TOBEPX-
HOCTM CHayajla TiomaBayics ruapasuH. [lo MHeHUIo
aBTOpOB, peanu3anus pexuma ACO (HachlllleHue 110
obouM peareHTaM) umesna mecto npu P, < 133 Ila.
IMpu P; > 133 Ila cKOpOCTb OCaxIeHUsl BO3pacrajia
BIBOE U OoJiee, UTO OOBSICHEHO peakliMeil B ra3oBoi
daze ocratkoB peareHToB. B TITHK, no cocraBy 6su3-
KHUX K CTEXMOMETPHYHBIM, oOHapyxeHbl [O] = 4 %
(0OBSICHEH TIPUCYTCTBAEM B THApPAa3WHE YUCTOTOM 98 %
cienoB Bogwl), [H] < 1 %, [Cl] — Huxe nipenena o06-
HapyXeHUs.

ABTOpHI paboTHl [26] wuccraemoBasM  CUCTEMY
Si;Clg—NH3 B peakTope ¢ XOIOAHBIMU CTEHKAMU IIPU
Temrneparype npouecca 515...573 °C u go3ax pearcH-
ToB (0,1...3)+ 108 L ma Si,Clg m (1...10) - 10® L ans
NH; (cM. Tabuuiy). O6HapyKeHO, YTO peajbHas TeM-
nepaTypa noajnoxku T,, uaMepeHHas KaluOpOBaHHbI-
MM TepMoIapaMu, pu UMIYJIbCHOM HaIyCcKe peareH-
TOB CYIIIECTBEHHO MEHBIIIE, YeM 3amaBaeMast "TeMIre-
paTypa mpoiecca”: 453, 496 u 513 °C nmporus 515, 557
u 573 °C, coorBeTcTBeHHO. Mcnosb3oBaiu Jiernpo-
BaHHBIe 60poM TomtoxXku Si (100), obpaboTaHHBIE B
BOE ¢ nocnenyoleit IpoMBIBKOI B IeMOHM30BaHHOMI
Boze. HachlllieHre CKOpOCTH OCaXKIEHUS MMEJIO MeC-
TO TIpu go3ax > 1+ 108 L 11 obomux peareHTOB. [Ipu
T; > 513 °C cKOpOCTb OCaXIeHUsI PE3KO BO3pacraia,
COOTBETCTBYSI Mepexoay OoT objactu 3 K obmactu 5
(cM. pucyHok). ITo mHenuio aBTopos, npu 7, > 500 °C
ocaxnenue TII upet nBymst nytsamu: ACO u a30Tupo-
BaHueM KpemHueBoil TI1 — mpoaykra TepMopacnazna
Si,Clg (ero Hayano oueHeno B 500 °C). Hecrexuomer-
puuHbIe TUTeHKW uMenu 7 = 1,7...1,8, [O] = ~8 % (pe-
3yJIbTaT OKUCJIEHUSI BO3MyXOM I1ociie mpoiecca), [Cl] —
HUXe Mpeaena 00HapyKeHMUS.

B paborte [27] mpMMeHUTEIHHO K IIPOMBILIICHHOMY
00BbEMHOMY PEaKTOPY HU3KOTO NABJIEHUS C TOPSIINMU
CTeHKaMM (CM. PUCYHOK a B paboTte [1]) paccMoTpeH
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MpUMEpP CUHTE3a TIJIEHOK IPU HU3KOM TeMmIlepaType U
LMKJIMYECKON OpraHu3aluy mnpoluecca ¢ UCMoJb30Ba-
HueM SizHg. TIpouecc W< 0,01 HM/UMKI He ABIAETCA
ACO Kak TakOBbIM M OCYILECTBJISJICS MYTEM TePMO-
pacnana SisHg ¢ mocnenyoieit Konsepcueii 06paso-
BaBILErocs: aMOp(pHOro KpeMHHUSI B HUTPUI KPEMHMUSI
C TIOMOIIIBI0 HECKOJNBKNX BapMAaHTOB aKTUBUPOBAHMS
MJa3MOi a30TcoAepKalluX peareHToB. IlokazaTenu
MpeoMJIeHUs IS 00OTrallleHHBIX MO0 KPEeMHMIO TLjie-
HOK cocTaByisiii: st Ny n= 2,1, ninst N, + NH3 (Hus-
KO# KoHueHTpauuu) n = 2,18, g N, + NHjy (Bbico-
KO KOHUEeHTpauuu) n = 2,77.

ABTOpHI paboTel [28] WuccaegoBaJiM  CUCTEMY
SizClg—NHj3 (cM. ycroBus B TaOIUIIE) Ha MOMLIOXKAX CO
CTPYKTYpaMHM C aCIIEKTHBIM OTHOILIEHHEM, PaBHBIM 60,
U €CTECTBEHHBIM OKCHUIOM KpeMHUs 0e3 00paboToK.
B uHTepBase ucciaenoBaHHBIX 103 peareHTOB HACHIIIIe-
Hue He oOHapyxeHo. HaGnoganachk oopaTHasi 3aBUCH-
moctb Wor T ;: ot 0,6 Hm/uuxit npu 310 °C ¢ BeIxogoM
Ha TMOCTOsSIHHOEe 3HaueHue okoyio 0,027 HM/LUKI npu
440...500 °C. BeposiTHO Takoil BUI 3aBUCUMOCTU CO-
OTBETCTBYET Iepexoay OT obyactu 2 K objactu 3, no-
Ka3aHHOMY BHIIIe Ha pucyHKe. Ha 3T0, B YacTHOCTH,
yKa3bIBaeT ITOJIHOE OKHucIeHue Ha Bo3ayxe TII, moiy-
yeHHbIX Tipu 310 °C, 1 pe3Koe Bo3pacTaHue CKOPOCTU
pactBopenuss B DHF. OcHoBHOI1I BbIBOA pabOThl —
poct TII mumer o peakunu XOT'D. INpu Temmeparty-
pax nonyyeHust Huxe 400 °C TTI OblIM CUIBHO HEcTe-
xuomeTrpuyHbiMu ¢ [O] 1o 65 %; npu T, = 500 °C —
[O] =20 %, [Cl] =2 %. KoH(hOPMHOCTh OCaXKAEHUS
olicHeHa Ha ypoBHe > 80 %.

3akmoueHue

OCHOBHOE HalpaBJieHUe pPa3BUTUSI TEXHOJOTUM
nojgyyeHust TITHK nipu tepMuyeckoii akTUBaLMU pe-
areHTOB B pEaKTOpPax LIMKJINYECKOIo ASMUCTBUS — CHU-
>keHue TeMmnepaTypbl npoiieccoB Ha 200—300 °C or-
HOCHUTEJIbHO TTPOMBIIUIEHHBIX MPOIIECCOB TMOJYyYEHUS
C-TITHK B peakropax mpoTouyHoro tuma. B uensix
M3yYeHUST BOSMOXKHOCTU pealu3ali PeKMMOB aTOM-
HO-CJIOEBOTO OCaXKAECHUSI MCCIENOBAHbI MPOLIECCHI C
UCIIONb30BaHUEM TPOMBIIIIEHHBIX peareHToB SiCly,
SiH,Cl, ¢ NH3, a Takxe HOBBIX UCXOIHBIX KPEMHUI-
cozepxKalmx peareHToB — onuromepos Si,Clg, SizClg.
K coxaneHuio, B penkux MyOIMKaLUSIX IPUBEACHBI
TTOJTHBIE KWHETUYEeCKNE TaHHBIe, HA OCHOBaHWUH KOTO-
PBIX MOXHO OBLIO OBl CYIUThb O peaJu3alluid PeXXUMOB
ACO. U3 mpoaHanm3MpoOBaHHBIX ITyOJIMKALMUA BO3-
MoxHbIl pocT TITHK B pexxume ACO MOXHO CUMTATh
BEepOSITHBIM B pabotax [12, 23, 25]. [IpyuHUMIIMATIBEHO
BaXXHBIM YCJIOBHEM POCTa B TAKHUX PEXXUMAX SBIISICTCS
TOBBILLIEHHOE BHUMAaHUE K BOIIPOCaM IOATOTOBKU IO~
BEPXHOCTH TIOIJIOXKKM IIJIT MCKITIOUECHUS] WHKYOaIl-
OHHOro Tiepuoja Npu ocaxineHuu. OcoOEeHHOCThIO
MPOLECCOB SIBJISIETCSI HEOOXOAUMOCTh OOJIBIIUX M-
MyJIBCHBIX 03 pPeareHTOB (BBICOKOTO MABJICHUS WU
JUTUTETbHOCTU MMITYJIbCA), YTO HE SIBJISIETCS MpPUEM-




JIEMBIM JUTSI TIPOMBIIIJIEHHOTO MCITOJIb30BaHUS TaKMX
npoueccoB. [Ipu 3ToM aBTOpHI psiga paboT oTMevaIu
BJIMSTHUE MMITYJIbCa TP OCAXICHUM Ha TEMIIEpaTypy
MOJUIOXKKK B peakTope, YTO HEOOXOAWMO YUUTHIBATDH
Mpu pa3paboTke mMeToauk ocaxneHust TII.

Cyns 1o TIpYMBEIEHHBIM JaHHBIM, B OCTaJIbHBIX
nyonukauusax poct TITHK Obu1, maxe npu LHUKIKU-
YeCKOM peayin3aluy MpoIeccoB, CKOPee BCETo, 1o Me-
xaHn3MaM peakunit XOI'D ¢ ygactreM TTOBEpXHOCTH
MOJMJIOXKM. B OOJILIIMHCTBE MCCIENOBAaHUI COCTaB
MOJyyaeMbIX IIJIEHOK ObLT HECTEXMOMETPUYHBIM B
MoJIb3y oOoralleHus KpeMHueM. B coctaBe HU3BKOTeM-
[epaTypHBIX TUIEHOK B CYLIECTBEHHBIX KOHLEHTpALIU-
SIX TIPUCYTCTBOBAJI KUCJIOPOA, MTPUBOAS K MOKa3aTeo
npejaomieHus Ha yposHe 1,6...1,8. TTo coBokymHocTH
pe3yJIbTaToOB, MIPUBEIEHHBIX B TaOaulIe, IS Moayde-
Husa onm3kux K crexuomerpun TITHK temmepatypa
ocaxnaeHus nokHa obiTh He Hike 500 °C. Ilpu aToM,
OIHAKO, HEOOXOMMMO YUMTBIBATH BO3MOXHOCTH IIPO-
TEeKaHUsl peakluii TepMopacraga HCXOAHBIX KpeM-
HUlicomepXallluX peareHTOB ¢ a30TMpPOBaHUEM oOpa-
30BaBLIETOCS aMOPGHOTO KPEeMHUSI.

B nHacTosgmmii MOMEHT HAaHHBIX O PaIgUKaTEHOM
VAYYIIEHNH KOH(MOPMHOCTU OCaXACHUS METOIaMM
ACO mng TITHK nHe npuBeneHo.
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Introduction

The work [1] analyzed the state of the technologies for obtaining
of thin films (TF) of silicon nitride (SNTF) for application in the
technologies of the integrated circuits (IC) and nano- and microe-
lectromechanical systems (MEMS). The following aspects were
considered: a) The state of the industrial processes of the chemical
deposition from the gas phase (CVD) close by composition to sto-
ichiometric SizN, with ratio of Si : N =1 : 1.33 and value of the
refractive index #n = 2.02 £ 0.02 of high-temperature SNTF (here-
inafter — S-SNTF) in the low-pressure CVD reactors (LPCVD) of
a flow type with a thermal activation of the chemical reactions of
ammonolysis of the initial silicon-containing reagents (SiH4, SiCly
and SiH,Cl,); b) Directions for development of the thermally ac-
tivated processes of CVD S-SNTF; ¢) The results of the search for
new initial reagents, conditions of the processes, and new designs of
reactors for CVD.

The developing integrated technologies require new methods for
obtaining of TF, in particular, allowing us to solve the task of ob-
taining of the conformal TF in modern devices with high aspect ra-
tios. With reference to the elementary case of a relief in the form of
a deepening of a rectangular form with vertical walls on a flat surface
of the relief, the aspect ratio is the ratio of the height of the deepening
to its width. In the most general case, the conformality of TF depo-
sition is understood as the expressed in percentage ratio of the thick-
ness of a film on a side-wall of the relief deepening to the thickness
of the film on the top flat surface near the deepening. The method-
ology and characterization of the conformality for the CVD TF proc-
esses are considered by the author in the works [2—4], the interre-
lation of TF growth conformality and the kinetic characteristics of the
CVD processes is systematized in the work [5]. In particular, the au-
thor demonstrated that in case of obtaining of TF by the activated
methods, during a Plasma-Enhanced CVD (PECVD), for example,
it was impossible to achieve a satisfactory conformality of TF growth
in the high-aspect ratio structures. In more detail this case was con-
sidered in the work [6].
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For solving of the tasks of creation of the conformal coatings on
the high-aspect ratio structures of modern IC and MEMS it appears
to be promising to use a version of the cyclic organization of the proc-
esses, in which the reagents are supplied to the typical reactors for
CVD as the consecutive dosed pulses. In a general case such cyclic
processes, for example, are dubbed as "pulsed-CVD". One of the ver-
sions of such a process is the so-called method of Atomic Layer Dep-
osition (ALD) [7], based on realization in some cases of the effect of
the self-limiting adsorption of one of the reagents on the surface of
a substrate with its subsequent reaction with the second reagent in-
jected into the reactor. Technically this is ensured by separation of the
pulses of the reagents by pulses of an inert gas or vacuum pumping
for a complete removal of the remains of one reagent before injection
of another one, which absolutely excludes probability of the chemical
processes in the gas phase. If the effect of the self-limiting adsorption
is realized, the ALD process is carried out strictly on the surface of
the substrate, while the diffusion processes are not limiting. Thus, the
conditions for the growth of considerably more conformal coatings
on the high-aspect ratio structures are created.

In recent years the ALD method has also been considered for
deposition of SNTF mainly in two directions: at relatively high (al-
though lower than the traditional CVD) temperatures with a thermal
activation of the reagents, and at low temperatures, as a rule, with a
plasma activation of the nitrogen-containing reagent. At a low-tem-
perature ALD with the activation, the conformality of growth on the
high-aspect ratio structures is not satisfactory [6, 8, 9], while the
composition of the films is not stoichiometric. In the work [1] such
films are characterized as "silicon-nitrogen-hydrogen-containing thin
films" (SiNH-TF). Such films are of separate interest and we will not
consider them in the present review.

The aim of Part 2 of the review of the publications in recent two
decades is an analysis of the state and directions for development of
the technologies for obtaining of SNTF in the cycle-type reactors
with a thermal activation of the chemical reactions. As of the end of
2017, no generalizing works on this topic were available.




General characteristic of the cyclic thermally activated
CVD processes

For realization of ALD on the effect of the self-limiting adsorp-
tion of one of the initial reagents, this "first" reagent (also called
"predecessor”, "precursor”) is injected into the reactor by dosed pulses
with the concentration of molecules, sufficient for realization of the
self-limiting adsorption of the reagent without its thermally activated
decomposition on the surface. Then, the remains of the first reagent
are deleted by a pulse of an inert gas or vacuum pumping, and a dosed
pulse injection of the "second” reagent with the concentration, suf-
ficient for realization of the chemical reaction, is carried out. The
molecules of the second reagent interact with the molecules of the
first reagent adsorbed on the surface of the substrate directly, without
formation of any intermediate products, forming, in an ideal case,
one monolayer of the end-product in one deposition cycle. After re-
moval of the surplus of the second reagent and the by-products of the
chemical reaction, the process cycle comes to the end. Thus, forma-
tion of a product of the chemical reaction distinguishes ALD directly
and in principle from CVD in the flow reactors, where a simultaneous
injection of the initial reagents causes formation of the intermediate
products of reaction of the initial reagents.

In case of ALD, a layer-by-layer growth can be realized under
certain conditions. The figure presents schematic versions of the tem-
perature dependences of the growth of films in case of CVD [10]. The
ALD growth mode (in case of its realization) is localized in a rather
narrow range of the nearly constant temperature (AT = T, — T}),
called "ALD window", designated as 3 in the figure. This mode may
be preceded by the areas of limitation of the growth process of film /
by a low reactionary ability and condensation 2. After "ALD window"
the areas of limitation of the growth process can be realized by des-
orption of the initial precursor 4 or the reaction of the thermal de-
composition of the precursor according to a mechanism of CVD re-
actions with participation of the processes in the gas phase 5. For reg-
ular CVD processes the areas / and 5 are typical. "ALD windows" can
appear in case, when the CVD process actively involves the surface
of the substrate, on which the heterogeneous reactions of TF forma-
tion may take place.

We should point out that "ALD window" is located in the field
of the temperatures below those ones for the CVD processes, while
the growth rates of TF at CVD repeatedly exceed those at ALD in one
process cycle, which do not surpass the thickness of the monolayer.
We should also point out that the above considered case of the self-
limiting adsorption is an idealized one, because in a number of cases
of the cyclic organization of the process the thermal decomposition
of the adsorbed reagent is possible and then the growth of TF occurs
in accordance with the heterogeneous mechanisms of CVD.

Thus, during deposition of concrete TF, the aim of the research
is detection and quantitative characterization of "ALD windows". At
that, the cyclic organization of the process with the consecutive-pulse
injection of the reagents is compulsory for realization of the effect of
the self-limiting adsorption.

Directions of technologies for obtaining of SNTF
in the cycle-type reactors

Unfortunately, most of the information sources wrongly under-
stand "ALD method" as all the cyclically organized TF deposition
processes, including the ones, which cannot be considered as such.
Development of the cyclic processes for obtaining of SNTF (just like
for the CVD processes in the flow reactors [1]) goes in two directions.

Direction 1 includes research of the possibilities for realization of
the ALD method in case of the thermal activation of the reagents at
a lowered temperature in relation to the industrial processes of CVD
S-SNTF [1]. In this case of interest is a possibility of the use of both
the traditional industrial reagents and the new reagents. Exactly this
direction is of a great interest for the promising developments of IC
and MEMS with the high aspect ratio structures.

Direction 2 includes the low-temperature methods for obtaining
of TF with application, as a rule, of various versions of additional
plasma activation of the nitrogen-containing reagents. Development
of this direction is determined by new, mainly low-temperature di-

rections for application of TF. When the author worked on the
present review, a considerable by volume [9] publication appeared,
the authors of which made an attempt to cover a large array of data
concerning mainly the plasma-activated SiNH-TF. The authors con-
sidered the films received in the traditional plasma reactors, in high
density plasma, and also the ALD methods with the plasma activa-
tion. Here, it is also necessary to underline that, notwithstanding the
numerous assertions that the plasma methods for obtaining of TF allow
us to solve the tasks of obtaining of the conformal coatings, so far, there
are no convincing experimental proofs of that [6]. More than that, the
conclusions made by the author in the earlier publications [3—5] sub-
stantiated directly the potential impossibility of obtaining of the con-
formal coatings by the methods with activation of the gas phase at
CVD, to which the activated ALD methods can also be referred to.
Since the low-temperature methods for obtaining of TF demand a spe-
cial hardware realization, strictly speaking, the deposition processes are
not chemical processes and for them there are no gross-reaction proc-
esses, no generalizing ideas about the schemes and mechanisms of the
processes, while SINH-TF have a lot of restrictions concerning their
applicability in view of the potential nonconformality, in the given re-
view the results of the research in direction 2 are not considered.

Analysis of versions of direction 7

Use of the traditional industrial reagents. The industrial processes
for obtaining of S-SNTF for IC and MEMS are realized in the flow
LPCVD in the ammonolysis reactions of SiH,, SiCl, and SiH,Cl,
(basic reagent) [1]. In view of the thermal decomposition of SiH, at
temperatures above 520 °C [11], the research concerning the feasi-
bility of realization of the ALD mode was done only for SiCl, and
SiH,Cl, [12—16].

The authors of the work [12] did their research at 427...627 °C in
a high-vacuum individual chamber at different temperatures (7},) and
pressures (P;). The substrate of Si (100) was cleaned by methanol, ac-
etone and de-ionized water, then it was blown by the air cleaned from
the microparticles, warmed up in a reactor at 602 °C during 1 minute
and then it was subjected to the influence of H,O plasma for removal
of carbon, which as a result made it possible to receive SiO, with thick-
ness of about 2 nm and with a hydroxylated surface (SiOH"). Then,
at the desirable temperature of the substrate, a dose of SiClg was in-
jected >2- 10° L (L — Langmuir unit of measure = 1076 torr-s,
product of pressure P;on duration of pulse of reagent #), the reaction
of which with the surface is described by the following scheme:
SiOH" + SiCly — SiOSiCly* + HCI (here and below the surface
groups are designated with asterisks). During the next injection of
ammonia, the dose >1.8 - 1010 L, the following reaction was as-
sumed: SiOSiCl;" + NH; — SiOSiH," + HCI. After several consec-
utive cycles of injection of SiCly and NHj the surface was trans-
formed from SiO, into Si3;N, (the corresponding schemes are not
presented). This, according to the authors, made it possible to carry
out the growth research on the in-situ generated S-SNTF. As an ex-
planation of the schemes of the process, the authors assumed the
course of two reactions at the corresponding pulses of SiCl, and NHj:
SiNH" + SiCl, — SiNSiSl;* + HCl and SiCI" + NH; — SiNH," + HCL
At the parameters presented in the Table here, S-SNTF were formed
without a nucleation delay by the linear dependence on the number
of the cycles of deposition with the constant rate W, with the refrac-
tion index n = 2.01 *+ 0.05 and with a very small surface roughness
equal to 0.3 nm. The authors explained the twice as little W at the
lower temperatures by a lower reactionary ability of the surface. Prob-
ably, this corresponds to the transition from area / to area 3 in the
figure presented above.

Research of the work [13] was done in an experimental reactor
of a small size. The data concerning preparation of the substrate sur-
face are not available. Specific features of the research are the use of
different 7}, during injection of SiCly and NH3 and of intermediate
high-temperature annealing (900...1050 °C) between the moments of
injection of the reagents. The annealing revealed selectivity of the
deposition rate on the surfaces of Si and SiO,: the correlation was 2 : 1
at 900 °C and 20 : 1 at 1050 °C. The effect of annealing was explained
by SiO," and the adsorbed atom of Si* according to the scheme
SiO," + Si* — 2 SiO (volatile product). The films were nonstoichi-
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ometric, the concentration of oxygen (hereinafter, [O], at. %) was
about 20 %, the residual gases or impurities in the initial reagents
were considered as the source of oxygen. The topic was developed in
a number of publications [14—19], the authors of which studied the
transistor structures with SNTF on Si (001) substrates doped with bo-
ron with resistance of 15 [15, 17] and 10 [14, 16] Q cm. Proceeding
from a brief review of the totality of the data from these publications
on the deposition process we will note the following: a) The data on
the used equipment are not presented; b) Processing of the surfaces
was done in the solution of NH,OH : H,0, : H,O with the propor-
tion of 0.15 : 3 : 7 at 80 °C during 10 minutes and the subsequent sat-
uration (so called termination) of the surface with hydrogen in the so-
lution of HF (hereinafter DHF) diluted by water down to 0.5 % for
prevention of formation of a natural oxide; ¢) Injection of the rea-
gents was done with the parameters specified in the Table; d) The
thickness of the films was about 0.4 nm [14, 18], 3.5 nm (20 cycles)
[15] and 4.5 nm (30 cycles) [19]; e) After the process the films were
annealed in NH3 at 550...600 °C during 1.5 h.

Growth of TF on the substrates of Ge (100) [20], preliminary
processed in DHF and annealed in NH; at 500 °C during 10 min just
before the deposition process, demonstrated a very low deposition
rate (Table).

Comparison of the efficiency of the reagents of SiCl, and
SiH,Cl, with the use of NH; was done in the work [21] in the volume
reactors (see figure @ in the work [1]) on the Si (100) substrates doped
with boron and preliminary processed by BOE (Buffered Oxide Etch-
ant). The deposition rate of the nonstoichiometric TF depended lin-
early, without saturation, on the doses of the reagents within intervals
of (0.2...5.8) - 10'° L and (0.8...3.2) - 10° L for pairs of SiCl,—NH;
and SiH,Cl,—NHj, accordingly, reaching the values specified in the
Table. The higher speeds of dissolution of the thin films obtained
from SiH,Cl,—NHj; were connected with the higher concentration of
hydrogen ([H], at. %) in them in view of its presence in SiH,Cl,. In
the work [22] the same authors studied the system of SiH,Cl,—NHj;
and considered the structure and properties of TF within the range of
450...550 °C in more detail. The deposition rate resulted in the satura-
tion with the value of about 0.08 nm/cycle took place only at 450 °C
and the doses of the reagents of (0.6...6) - 10!% L. However, such TF
turned out to be 40 times more quick-dissolving in DHF as compared
to S-SNTF, and unstable in time. During the two days of exposition
to the open air, a 20 % growth of the film thickness and lowering of
the value of # from 2.3 down to 1.8 were observed. The films grown
at higher temperatures also turned out to be more stable and resistant
to solutions of DHF. However, at 7,;> 450 °C and all the studied dos-
es of the reagents (from 0.3 - 1019 L up to 61010 L) there was no sat-
uration testifying in favor of the ALD mode, while the value of W
reached 0.4...0.45 nm/cycle, exceeding the monolayer considerably.

In conclusion we will mention the first by time and the most fre-
quently cited works [23, 24], although they present not a strictly ther-
mally activated reception of TF from dichlorosilane. In the work [23]
the system of SiH,Cl,—NHj; was used at temperature of 200...550 °C,
however, the ammonia, injected into the reactor by pulses as the first
reagent, was subjected to a preliminary remotely plasma-activated
decomposition at the frequency of 2.45 GHz and plasma power of
30...60 W. Before the deposition the substrates of Si (100) doped with
boron and resistance of 10 Q - cm were first processed in the solution
of H,0 : H,O, : NH4OH =100 : 20 : 1 with the subsequent immer-
sion in DHF and rinsing in the de-ionized water within 1 minute. Such
a processing made it possible to terminate completely the surface by
hydrogen. Certain parameters of the processes are presented in the
Table. Duration of the exposition in dichlorosilane was 45...450 s, the
optimal was 90 s. The reaction resulted in saturation with the rate of
about 0.09 nm/cycle in most of the experimentally verified conditions
within the range of temperatures of 200...400 °C. At high tempera-
tures the rate of deposition started to increase sharply. The nonstoi-
chiometric TF had n = 1.6...1.7; [O] =7 % (which was explained by
a possible dispersion of the quartz walls of the generator of plasma),
[H] ~ 13 %, chlorine ([Cl] at. %) ~ 0.5 %.

The authors of the work [24] investigated the deposition of SNTF
at 375 °C with the use of a forced activation on a heated up to 1700 °C
tungsten tape of the pulse injected ammonia (the method is called
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Catalytic CVD, Cat-CVD, or Hot-Wire CVD, HWCVD). At that,
the pulse of the partially dissociated ammonia was the first. The sub-
strates doped with boron Si (100) were processed in DHF for termi-
nation of the surface by hydrogen; for comparison the substrates and
S-SNTF grown at CVD were used. The basic results are presented
above, in the Table. Growth rate saturation was observed during the
pulses of dichlorosilane over 90 s and of the dissociated ammonia —
over 20 s. The authors discovered a considerably different growth of
the films on the silicon substrates (linear growth of the number of cy-
cles) and silicon nitride, on which a prolonged (~30 cycles) incubation
period (nucleation delay) took place, explained by a lack of Si—H,
groups on the S-SNTF surface, which are available on the terminated
silicon surface. The concentrations of oxygen and chlorine in the film
were about 2 at. %. The refraction index was about 1.85, the speed
of dissolution in HF solutions approached to that of S-SNTF.

New reagents for obtaining of SNTF. The new substances for re-
ception of the nitride of silicon became the oligomers of Si,Clg [25, 26],
SizHg [27], and Si;Clg [28].

The authors of the work [25] studied the growth of TF in an ex-
perimental reactor with participation of Si,Clg and hydrazine N,H,
at temperature of 427...700 °C (optimal — 600 °C). The hydrazine
was supplied first for the termination of the surface. According to the
authors, realization of the ALD mode (saturation by both reagents)
took place at P; < 133 Pa. At P, > 133 Pa the speed of the deposition
increased twice and over, which was explained by the reaction in the
gas phase of the remains of the reagents. In SNTF, close by compo-
sition to the stoichiometric ones, [O] = 4 % was found (explained by
the presence in the hydrazine with cleanliness of 98 % of the traces
of water), as well as [H] < 1 %, [Cl] — below the detection limit.

The authors of the work [26] studied the Si,Clc—NHj system in a
reactor with cold walls at the temperature of the grocess of 515...573 °C
and doses of the reagents of (0.1...3)-10° L for Si,Clg and
(1...10) - 108 L for NHj (see the Table). It was revealed, that the real
temperature of substrate 7,; measured by the calibrated thermocou-
ples, in case of a pulse injection of the reagents is essentially less than
the set "process temperature": 453, 496 and 513 °C against 515, 557
and 573 °C, accordingly. Si (100) substrates doped with boron and
processed in BOE with the subsequent washing in the de-ionized
water were used. Saturation of the deposition speed took place at
doses >1x108 L for both reagents. At 7, > 513 °C the deposition
speed increased sharply, corresponding to the transition from area 3
to area 5 (see figure). According to the authors, at 7, > 500 °C the
deposition of TF goes in two directions: ALD and nitridation of the
silicon TF — a product of the thermal decomposition of Si,Clg (its
beginning is estimated at 500 °C). The nonstoichiometric films had
n=1.7...1.8, [O] = ~8 % (the result of oxidation by the air after the
process), [Cl] — below the detection limit.

In the work [27] with reference to the industrial volume low pres-
sure reactor with hot walls (see figure @ in the work [1]) an example
of synthesis of the films was considered at a low temperature and cy-
clic organization of the process with the use of Si;Hg. The process of
W < 0.01 nm/cycle is not an ALD as such, and it was carried out by
the thermal decomposition of Si;Hg with the subsequent conversion
of the formed amorphous silicon into the silicon nitride by means of
several versions of activation by plasma of the nitrogen-containing re-
agents. The refraction indexes for the films enriched with silicon
were: for N, n = 2.1, for N, + NH; (low concentration) n = 2.18,
for N, + NHj (high concentration) n = 2.77.

The authors of the work [28] investigated Si;Clg—NH; system
(see conditions in the Table) on the substrates with the structures with
the aspect ratio equal to 60 and natural silicon oxide without process-
ing. In the range of the investigated doses of the reagents no satura-
tion was discovered. An inverse dependence of Won T,was observed:
from 0.6 nm/cycle at 310 °C with a resulting constant value of about
0.027 nm/cycle at 440...500 °C. That kind of dependence, probably,
corresponds to the transition from area 2 to area 3 in the figure. This
is confirmed, in particular, by a complete oxidation in the air of TF
obtained at 310 °C and a sharp increase of the speed of dissolution
in DHF. The main conclusion from the work is that the growth of TF
proceeds according to CVD reaction. At the temperatures of obtain-
ing below 400 °C, TF were very nonstoichiometric with [O] up to




65 %; at T;= 500 °C — [O] =20 %, [Cl] = 2 %. The conformality
of the deposition was estimated at the level of > 80 %.

Conclusion

The main direction in development of the technologies for ob-
taining of SNTF at a thermal activation of the reagents in the cycle-
type reactors is a decrease of the temperature of the processes by
200—300 °C compared with the industrial processes for obtaining of
S-SNTF in the flow-type reactors. With a view of studying of the fea-
sibility of realization of the atomic-layer deposition modes, the proc-
esses were investigated with the use of the industrial reagents of SiCly,
SiH,Cl,, NHj3, and also new initial silicon-containing reagents-oli-
gomers of Si,Clg, Si;Clg. Unfortunately, rare publications present full
kinetic data, on the basis of which it would be possible to judge about
the realization of the ALD modes. From the analyzed publications,
a growth of SNTF in ALD mode can be considered possible in the
works [12, 23, 25]. An essentially important condition for the growth
in such modes is a special attention to the aspects of preparation of
the substrate surface for elimination of the incubation period during
the deposition. A specific feature of the processes is the necessity for
large pulse doses of the reagents (high pressure or long duration of a
pulse), which is not acceptable for the industrial use of such proc-
esses. At that, the authors of certain works pointed out the influence
of a pulse on the substrate temperature during the deposition in the
reactor, which should be taken into account in development of the
techniques of TF deposition.

Judging by the presented data, in the other publications the
growth of SNTF was present, even during the cyclic realization of the
processes, most likely, according to the mechanisms of the CVD reac-
tions with participation of the substrate surface. In most of the research
works the composition of the obtained films was nonstoichiometric in
favor of the enrichment with silicon. The composition of the low-tem-
perature films included oxygen in essential concentrations, which re-
sulted in the refraction index at the level of 1.6...1.8. By the totality of
the results presented in the Table, for obtaining of SNTF close to sto-
ichiometry the deposition temperature should be not less than 500 °C.
However, at that, it is necessary to consider a possibility of the course
of the reactions of the thermal decomposition of the initial silicon-con-
tained reagents with nitridation of the formed amorphous silicon.

At the moment, there are no available data about a radical im-
provement of the conformality of the deposition by ALD methods for
SNTF.
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Karouesnie croea: onmuyeckuii kKoavyeeoi pe3oHamop, 20hpupo8anHblii 60AH0800, UHMESPANbHO-ONMUYECKUe YYECMEUmMeNnt-
Hble 21eMeHmbl 0aMYUK08 (PU3UUECKUX 6eAUtUH, 0am1UK memnepamypol

BBenenune

KonbleBoii pe3oHaTOp — WHTETPaJIbHO-ONTUYEC-
koe (MO) ycrpoiicTBO, Tpeacrapiasitollee codboil 3a-
MKHYTBI BOJTHOBOJ, (P€30HATOPHBINA KOHTYP), BBOA U
BBIBOJI ONITUYECKOTO CUTHAJIA B KOTOPBII OCYIIECTBIIS -
€TCsl C TIOMOILbIO KAHATBHBIX BOJTHOBOJOB, ONTUYECKU
CBSI3aHHBIX C 3aMKHYTHIM BOJTHOBOZIOM, UTO TTO3BOJISIET
SHEPruu 2JEKTPOMArHUTHON BOJIHBI TIEPEXOAUTh U3
BOJIHOBOZOB B KOJIbILIEBOI PE30HATOP U OOPATHO.

Konbuesrsie pe3oHaTophl npumeHsorcs B MO ycr-
poMcTBax B KauecTBe (DUILTPOB, IEMYJIbTUILIEKCOPOB,
YYBCTBUTEJIbHBIX 2JIEMEHTOB NATYMKOB (PU3MYECKUX
BeJIMUMH U OuoceHcopoB. JlaTunku Ha ocHoBe MO
YYBCTBUTEIBHBIX 3JIEMEHTOB 00J1alal0T MPEeUMYyIlecT-
BaMM BOJIOKOHHO-ONTHYecKUX gaTdyukoB (BOJI) Ha
ocHoBe OparroBckux peietok (BP): oHu cTtabuiabHBI
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BO BPEMEHM, KOMIAKTHBI, 3JIEKTPO-, B3PBIBO- U IMO-
KapoOe3onacHbl, HEBOCIIPUMMUMBEI K MAarHUTHBIM U
BIIEKTpUUYECKUM TT0JIsIM. Kpome Toro, OHM MO3BOJISIIOT
MPOBOJUTH MOHMUTOPUHI Habopa (U3MYECKUX BEIU-
YUH (TeMIiepaTyphbl, 1aBleHuUs], BUOpalluu, yrjia IoBo-
poTa, XMMUYECKOro cocTaBa) "B Touke" Giarogapst Ma-
JIBIM pa3Mepam U4yBCTBUTEIbHBIX 371eMeHTOB (0T 300 HM
B IMaMeTpe) M BO3MOXKHOCTH WX MHTETpALIMU Ha IO~
JIOXXKe TiIolanabio MeHee | CM2, TOTAa KaK KOMMeEp-
yecku moctyrmabie BO/I TTO3BOMSIIOT M3MEPSITh TOJIBKO
1...2 GU3UUYECKUX BETUYMHBI U UMEIOT pa3MepPhbI OT 5 CM.
Jatunkn Ha ocHoBe MO 351eMeHTOB 00J1a1aloT BBICO-
KO 4YYBCTBUTEJIbHOCTBIO K U3MEHEHUIO0 (PU3NYECKUX
BeIMYMH IO cpaBHeHUI0 ¢ BOJI: Tak, BOJOKOHHBIN
JaT4uK TeMmepaTrypbl Ha ocHOoBe BP umeeT 4yyBCTBU-
TEJIbHOCTb K U3MeHeHU1o TeMnepatypbl 10...15 nm/°C
[1], wyBcTBUTEIBHOCTD 371eMeHTa Ha ocHoBe MO KoJb-




LIeBoro pe3oHatopa coctapisier 83 mM/°C U MOXeT
OBITH CYIIECTBEHHO YBEJMUEHA 3a CYET He3HAUUTEIb-
HOI'0 M3MEHEHMSI KOHCTPYKLUH [2].

IMpuHLMIT pabOTHI JaTYUKOB (PU3UUECKUX BEIMIMH
Ha OCHOBE KOJBLIEBbIX PE30HATOPOB 3aKJIIOYaeTCs B
TOM, YTO MPU U3MEHEHUU COCTOSIHUSI OKpYXKalolleit
CUCTEMBI MPOUCXOAUT U3MEHEHUE ONMTUUYECKOTrO MyTU
CUTHaJIa B YyBCTBUTEILHOM 3JIEMEHTE 3a CUET U3Me-
HeHUs 3 (hEKTUBHOTO MTOKa3aTesl MpeIoMJIeHUs B 3a-
MKHYTOM OIITUYECKOM BOJIHOBOJE WJIU 3a CUET JIPYTrUX
¢usnueckux a¢pdexkros (Hanpumep, apdekra CaHbsi-
Ka), UTO B KOHEUHOM MTOTre CKAa3hIBaeTCsl Ha M3MEHe-
HUU XapaKTePUCTUK ONMTUYECKOTO UBJIyUeHUSI, TTPOXO-
JSIEro WM OTPakarollerocs OT YYBCTBUTEJIbHOIO
BJIEMEHTA.

J1s MOBBILIEHUST TOYHOCTH M YYBCTBUTEIBHOCTHU
JaTYUKOB YACTO YBEJIMYMBAETCSI PaJuyC KOJbLEBOIO
pe3oHaTopa WM Ha OJIHOM KpPUCTajlle UHTErpupyeTcs
MAacCUB TaKUX ONTUYECKU CBI3aHHBIX PE30HATOPOB,
YTO BJICUET yBEJIMUYEHUE rabapuUTHBIX pa3MepoOB UyBC-
TBUTEJIBHBIX 3JIeMEHTOB. [lepClIeKTUBHBIM METOIOM
YBEJIMUYEHUS] TOYHOCTU M YYBCTBUTEJIbHOCTU JTaTYUKOB
Ha OCHOBE PE30HATOPOB SIBJISIETCS] CO3AHUE B €ro pe-
30HATOPHOM KOHTYpe OJTHOMEPHOT0 (hPOTOHHOIO KPUC-
tayuta (DPK), xapakTepm3ayrolierocss mepruogndecKuM
M3MEHEHUEM ITOKa3aTessl TpeJIOMIICHUS B HarmpasJie-
HUM pacnpocTpaHeHus1 usiaydyeHus |3, 4]. TeopeTu-
YyecKMe pacyeThl MOKA3bIBAIOT, UTO TOUHOCTh JaTUMKa
VIJIOBOM CKOPOCTH, OCHOBAaHHOI'O Ha TaKOM BUJIE pe-
30HaTOPOB, MoXeT nocturarh 0,01°/4, Takxke B 1000 pa3
MOBHIIIAETCA NOOPOTHOCTh PE30HAHCHOTO KOHTYpa
[3, 4]. DkcniepuMeHTaILHOTO ITOATBEPXKIACHMS JaHHBIX
pacyeToB B UCTOYHUKAX HE OOHAPYKEHO. DTO MOXKET
OBITh CBSI3aHO C TeM, UTO DKCIIepUMEHTaJbHAasI peaiu-
3alIMsI TAKUX CJIOKHBIX TOITOJIOTHI TpeOyeT MmpuBJeye-
HUSI BBICOKOTEXHOJIOTMYHON MHCTPYMEHTAIbHOI 0Oa-
3bl, OCYILIECTBJIEHUS Mpoliecca U3rOTOBJEHUS B yCJIO-
BUSIX UMCTBHIX MOMEIIEHU, KOTOPHIMU OOJBIIMHCTBO
KCCJIeN0BaTeIbCKUX TPYIIN He o0a-

JIaerT. ittt

CKaHUPYIOILLIEro 3JIeKTPOHHOTO MUKPOCKOIIA; IIPUBE-
JEHBI Pe3yJIbTaThl UCCICIOBAHUS ONITUISCKUX U (DYyHK-
LIMOHAJIBHBIX XapaKTEPUCTUK B KAYECTBE UyBCTBUTE/Ib-
HOTO 3JIEMEHTa TaTYMKa TeMIIePaTyphl.

HpOGKTHpOBaHHe H 0COOEHHOCTH M3TOTOBJIEHHUS
YYBCTBUTECJIBHOI'O 3JICMCHTA

Hust mpoexTpoBanust MO snemeHTa OBUIO IPOBE-
JIEHO MOJEJIMPOBAHNE PACIIPOCTPAHEHUS U3TYYECHUS U
pacyeT TOMOJIOTMM 0a30BBIX B3JIEMEHTOB Ha OCHOBE
JAHHBIX 00 MCIOJB3yeMBIX MaTepuagax U reOMeTpUM
MOIePEeYHOro CeueHUsi BOJHOBOJA C 00sI3aTebHBIM
Y4ETOM OCOOEHHOCTE! TeXHOJOTMYECKOro LMKJIa U3-
rotoBieHusi. MO siaeMeHThl, OMUCAHHbIE B JAHHOM
pabote, paspabaTbiBaiyd C y4ETOM TEXHOJIOTUM M3TO-
TOBJICHUSI HA OCHOBE BOJIHOBOIAHBIX CTPYKTYp M3 HUT-
puna KpeMHHs. MopennpyeMblii Ipoib Momeped-
HOTO CeUYEHUsI MPUIIOJHSTOrO0 BOJHOBOAA IMPEICTaB-
JIEH Ha puc. 1, a.

7151 TIpOeKTUPOBAHUST TOIIOJIOTUN KOJIBIIEBOTO pe-
30HaTOpa ObLUIO MPOBEICHO MOACJIUPOBAHUE KaHAJb-
HBIX BOJTHOBOIOB M 00JIACTU ONTUYECKOM CBSI3H, OIIC-
HEHbl CIEKTpaJbHble XapaKTePUCTUKU PE30HATOpA.
MopenmupoBaHUe pacIpoOCTPaHEHHST ONITUIECKOTO N3~
JIy4eHUS OCYIIECTBIISNIOCh C IPUMEHEHNEM IIPOrpaM-
MHBIX TIPOIYKTOB, B KOTOPBIX PEIIAIOTCS YpaBHEHUS
MakcBenna M MarepuajbHBIe YpaBHEHHMS METOIXaMU
KOHEYHBIX pa3HOCTeil BO BpEeMEHHOI 00J1acTU M pac-
npocTtpaHsomerocs jyda (Hanpumep, FreeFDTD u
FreeBPM, OptiGrating ot Optiwave u 1p.).

71T TIpOeKTUPOBAaHUST KAaHAJIBHOTO ONTUYECKOTO
BOJIHOBOJA OBLIM 3aJaHbl IMapaMeTphl MONEPEeYHOro
CeYeHUs CTPYKTYphHl (puc. 1, a), mokazaTeau mpeaom-
JIEHWs MaTepUaIoB CepALEBUHBI BOJHOBOMA (SisNy) 1
o6onouku (SiO,) nmpu 7' = 20 °C B nuanasoHe AJIMH
BoiH A oT 1,50 g0 1,60 mxm ¢ marom 0,1 MxMm. Tlpn
5TOM MOKAa3aTeNu MpeJoMJICHUs MaTepUaOB BOJHO-
BOJIa U O0OJIOYKHU OT JJIMHBI BOJHEI (A, HM) pacIpo-

B naHHO# paboTe onucaHbl MpoO-
€KTHPOBAaHME YyBCTBUTEIBHOTO 3JIe-
MEHTa JaTYMKOB Ha OCHOBE KOJIb-
LIEBOr0 OMNTUYECKOIO0 pe30oHaropa,
WHTETPUPOBAHHOIO C OJTHOMEPHBIM
@K, Ha OCHOBE pe3yJBTATOB YWC-
JICHHOTO M MaTeMaTU4YeCKOTO MOJe-
JIMPOBaHUSI MHTETrpajbHO-ONTUYEC-
KHX BOJTHOBOJOB C MCIIOJIb30BAaHUEM
MeTOJa KOHEUHBIX pa3HOCTell BO
BpeMeHHoOU obnactu (aHri. Finite

Difference Time Domain, FDTD)u = +--------

METOJa PaCIpOCTPAHSIOLLErOCs JIyya
(anrn. Beam Propagation Method,
BPM); 0cOGEHHOCTU €ro U3roTOB-
JIeHusT U chOpMUPOBAHHAS TOIIO-

JIOTHS, UCCJIEIOBAHHAsI C TIOMOIIBIO waveguides

1,5 pm

3,0 pm

500 pm

Puc. 1. CxemaTnyHoe npeacTaBjiCeHue MOICJIUPYEMBIX U PACCYUTBIBAECMBIX CTPYKTYP: @ — I10-
TIEpEYHOC CEYECHNE KaHAJIbHOTIO BOJIHOBO/A, b — Bug u nmapamMeETpbl 00J1aCTH ONTUYECKOM
CBA3M KaHaJIbHBIX BOJIHOBOJIOB

Fig. 1. Schematic presentation of the modeled and calculated structures: a — cross-section of
a channel waveguide; b — view and parameters of the area of the optical coupling of the channel
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cTpaHsmwolerocs usiydeHus TE mMombl ornpenesiioTcs
dopmynamu [5]:

2
1,098771
nsio, M) = [5————+1,
A" —92,4317
2
SiaNs * 7\.22’8?25);72 o

s MUHUMU3AIMM BO3MOXHBIX OTKJIOHEHMI MC-
MOJIb3yeMON MOJIeId BOJHOBOAA OT BOJIHOBOAA, Hop-
MHUPYEMOTO B pPEaJIlbHOM TEXHOJIOTMYECKOM IIMKJIE,
MPU MPOEKTUPOBAHUU ObLIM YYTEHBI OTKJIOHEHUE 0O0-
KOBBIX CTEHOK OT BEPTHKAJIBHOCTH, XapaKTepHas IIe-
pPOXOBAaTOCTh OOKOBBIX CTEHOK U OOKOBBIE pacTpPaBhI.
B xone HecKoJbKUX UTepalUil MPOEKTUPOBAHUS, W3-
TOTOBJIEHMS M UBMEPEHUI MapaMeTPOB CTPYKTYP OBLIO
OIpeaeIeHO, YTO BOJIHOBO/, LIMPUHOM 1 MKM SIBJISIETCS
MHOTOMOJIOBBIM (COTJIACHO pe3yIbTaTaM MOIEIMPOBa-
HUSI), HO MOJIbl BBICIIUX MOPSIAKOB (KpoMe (hyHIaMEeH -
TaJbHOM) paccenBaIOTCS Ha IIEPOXOBATOCTIX M HEOI-
HOPOAHOCTSIX OOKOBBIX CTEHOK BOJIHOBOJOB. Bce pac-
YeTbl B JaHHOU paboTe MpOBEAEHbBI /s ONTUYECKOTO
uznydyeHus TE monpl.

ITpu MoaeMpoBaHMHU ONTUYECKOTO BOJTHOBO/A IMO-
JIydeHbl XapakTepHble 3¢ (GeKTUBHbBIC TOKAa3aTeIU Mpe-
JOMIICHUsT DYHIAMEHTAIBHOIN MOMBI A IISI PA3INY-
HBIX A W IIMPUHBI BOJIHOBOAA W (i1 AajibHeMIlero
poekTupoBaHms omHoMepHOTro PK) (cMm. Tabnuiry).

st co3panus gyBcTBUTENbHOro MO sneMmeHTa mc-
MOJIL3YIOTCSI ONITUYECKHME Pe30HATOPBI, B KOTOPBIX OII-
TUYECKUI CUTHAJI paclpoOCTpaHsIeTCs MO0 3aMKHYTOMY
KOHTYPY C MUHMMAJIbHBIMU MOTepsMU. [ aToro mpu
MPOEKTUPOBAHUHU BJIEMEHTA 3aKJaJbIBAIOTCS MWHM-
MaJbHO BO3MOXHbIE 3HAYCHUST KOI(PPUILIMEHTa CBSI3U
K — nepekauku OoNnTUYECKOro U3JIy4yeHus B pe30HaTOP
U3 TIOABOSIIIETO BOJTHOBOAA (MJIK U3 Pe30HATOpa B OT-
BOASIINI BOJHOBOA). OObIYHO K BBHIOUPAIOT PAaBHBIM
0,01...0,15 B 3aBUCUMOCTH OT XapaKTepHbIX ONTUYEC-
KHUX IMOTEPhb B 3aMKHYTOM BOJTHOBOJE U PACCUMTHIBAIOT
no ¢opmyiie [6]

L
= 1 2 7} e
K = sin (ZL_IJ , (D)

3asucumocTb 3()(PeKTHBHOTO MOKa3aTes MpeJoMIeHHs] BOJHOBOAA
OT JUTMHBI BOJIHBI ¥ IIMPHHBI BOJHOBOJA
Dependence of the effective refraction index of the waveguide
on the wavelength and width of the waveguide

ey
W, um
Ay = 1540 nm | Ay = 1550 nm | A3 = 1560 nm
1,000 1,5790 1,5768 1,5746
1,050 1,5849 1,5827 1,5804
1,100 1,5888 1,5866 1,5844
1,150 1,5953 1,5930 1,5909

342 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 6, 2018

rae L, — uiHa OueHuii (nepekayku), paBHas

L,= _05% , )
R0~ Mo 1

T Mg U Moy | — 9PGEKTUBHBIC MOKA3ATENHM Mpe-
JIOMJIEHMS MOJ HyJieBoro mnopsiaka (pyHaaMeHTalb-
HOI) M TEepBOTO MOPSIIKA COOTBETCTBEHHO, pacipo-
CTPaHSIONIMXCSI MO 00JIaCTU JBYX OJIM3KOPACIO0-
JKEHHBIX BOJIHOBOJOB, pacCUMTaHHbIE IJIs1 3alaHHON
JUTMHBI BOJIHBI M TeMmepatyphl. Ilpu miuHe oGnactu
CBs3U, paBHOIi L;/2, K~ 1, T.e. 100 % mowHocTH (63
y4yeTa MoTephb) ONTUYECKOTO M3MYYeHMS Tepeitmer u3
OIHOTO BOJIHOBOJZIA B APYroii 0J1M3KOPACIOI0XEHHbIN.
ITpu sTOM L, — >(pdhexTrBHAA Aa1HA 00IACTU ONTH-
YeCcKOU CBSI3M — NJIMHA, ITPY KOTOPOH Ba O1M3Kopac-
MOJIOKEHHBIX BOJHOBOMA €lle SIBJISIOTCS ONTUYECKU
CBSI3aHHBIMU (00J1aCTh ONTUYECKOMN CBSI3M YacTO Ipe-
BBILLIAET 001aCTh MPAMOJIMHERHOTO yyacTka L, Ha oc-
HOBE KOTOpPOIO ITpOeKTHpyeTcst dsaemeHT) [6]. s
obecrieueHUsT TpeOyeMOil ONTUYECKON CBSI3W M Hau-
MEHBIIIEH ee BapvalluM TIPU IPOEKTUPOBAHUU TOIIO-
JIOTMM 3aKijajbiBajach X-oOpa3Hasi dbopMa o0nacTu
cBsi3u (puc. 1, b)) ¢ MUHUMaIBLHO BO3MOXHBIMU pa-
JUyCaMM PpacXoXIeHUsl BOJHOBOIOB ITOCJEe OO0JACTH
cBs13u (R = 50 MKM Tpu XapaKTepHBbIX TMOTepPsIX s
A = 1,55 MKM, paBHBIX 5 107 1B Ha 1moBopoT Ha 90°).

IIpu MomenupoBaHUU PACIIPOCTPAHEHUS U3TyYe-
Husg TE Moapl ¢ aauHOW BOJAHBI A = 1,55 MKM 110
IBYM TIPSIMOJIMHEHMHBIM TPUTIOTHSATHIM BOJTHOBOIAM
mrpuHON W = 1 MKM, pacrojio)KeHHbIM Ha paccTosi-
Hun d = 0,6 MKM, ObLIM MOMYYEHBI Ay = 1,58239 u
Ry = 1,56908, Boruncnena L, = 58,22 mxm. I1pu npo-
€KTUPOBaHUM ObL BbIOpAaH MaKCUMaJIbHbIN KO3 pu-
uueHT cBa3u K = 0,15 mis rapantuu paboTocnoco0-
HOCTH pe3oHaTopa, CHIKeHMsT BeposTHocTH 100 %-r0
paccessHMSI BBEIEHHOTO CHTHaJla Ha HEOXHOPOIHOC-
TAX, 03TOMY L, = 15 MKM.

st obecnieyeHUs1 (DUKCUPOBAHHON ONTUYECKOM
CBSI3U C TOABOASIIIMMU U OTBOASIIIMMY BOJHOBOAAMU
MIPOCKTUPOBAJICI TPEKOBBIV PE30HATOP C IJIMHOMN Mps-
MOJIMHEeMHOro yyactka 15 MKM U paguycamMu COEau-
HSIOLUX MOJyoKpyxHocTeil 500 MKM.

KoadduumeHnrsl npoxoxaeHust (L) = /1 - K(L)
OINTUYECKOTO U3JIyYEHUSs 1O BOJTHOBOAY U MEpeKaukKu
ONTUYECKOTO u3nydeHus k(1) =  K(L) paBHbI 1Jis Ha-
mero ciydast t = 0,92 u k = 0,39.

OlLieHKa CIEeKTPaJbHBIX XapaKTepUCTUK PEe30HATO-
pa OCYIIECTBJISIETCS] C YYETOM TOro hakTa, YTo IO pe3o-
HAaHCHOMY KOHTYPY MOXKET PacIpOCTPAHATHCS TOIBKO
OINTUYECKUI CUTHAJ C IJIMHAMU BOJIH, YKJIabIBAIOIIIU-
MMUCSI 1IEJI0€ YKUCIIO pa3 Ha ONTUYECKON IJIMHE KOHTYpa
Lyyr [7], Tak utO L) = M, TOE A, ABISETCS PE30-
HAHCHOW JIJIMHOM BOJIHBI U M — TIOJOXUTEIbHOE 1ie-
J10e 4ucio (mopsnok). Bmecre ¢ teM Ly, = 2nR,.nq,
rae R. — paanyc KOJIbLIEBOIO Pe30HaTOpa U A, F— ad-
(beKTUBHBII ITOKa3aTeb IPEJIOMJIEHUS BOJTHOBOAA JIJIST
3alaHHOI TeMIlepaTypbl U JUIMHBI BOJHBI. UTOOBI OM-




TUYECKUI CUTHAJI pacIpOCTPaHSUICS B KOJIBIIEBOM pe-
30HATOpPEe, HEOOXOAUMO BBITIOJIHEHUE YCIOBUS

2R, Ny = M, 3)

T. €. U151 (PMKCUPOBAHHOIO pajuyca pe3oHaTopa Cy-
IIECTBYET LIeJbIA PsiJl IJIMH BOJIH, YAOBJIETBOPSIOLIMX
yCJIOBMIO pe3oHaHca. PazHulia MexXay navHaMu BOJIH
COCEIHUX PE30HAHCHBIX MMUKOB AL pgp MOPSANKOB m U
m + 1 (obnactb cBOOOAHOI Aucnepcuu (aHri. Free
Spectral Range, FSR)) [7] onpenensiercst (popmynoii

M= 4
g

on (A
rae ng = neﬁo(k) —A —‘g;(L) — IpYIIIOBOM MOKAa3aTe/b

npejgoMieHus, paBHbiid 1,9178 mis BoaHOBOIA IIK-
punoit 1,0 Mmxm u A= 1,55 MM, L = 2zR,. + 2L, =
= 3171,6 MKM, Toraa A geg ~ 0,39 HM.

Takke MOTYT OBITh OLIEHEHBI IIMPUHA OAMHOYHOTO
pE30HAHCHOTrO NMuKa Ha noJryBbicote (aHr1. Full Width
at Half Maximum, FWHM), pe3kocTb onTHYeCKOro
pe3oHatopa (F) — Mepa IUMPUHBI pe30HAHCaA MO
CpaBHEHHUIO C 00JacTbl0O CBOOOAHOI OMCHEpPCUU U
JI0OpOoTHOCTD (), ompeaensiolias IUPUHY Mm-ro pe-
30HaHca [7]:

2 2

FWHM = — > 1= (5)
nLorrrneﬂ t
FSR mt
F: = . 6
FWHM 1 t2 ’ ©)
L L
0= neﬂ}L ont p_ nnef}; ont [ 5 7)

1-¢

s paccuMThIBAEMOrO KOJIBLIEBOTO PE30HATOpA:
FWHM = 0,025 um; F=15,6; 0=0,5" 10°. J11s1 BBI-
COKOYYBCTBUTEJbHBIX D3JIEMEHTOB NAaTYUKOB (U3U-
YEeCKHUX BEJIWYMH TpeOyIOTCs pe30HaTophl C J00po-
tHOCTBIO 10°...10°. Paccuuranubie XapaKTEepUCTUKU
COBMNANAIOT CO CIEKTPaIbHBIMU XapaKTepPUCTUKAMU
KOJIbLIEBOTO pe30HATOpa, CMOJAEIMPOBAHHOTO C IMOMO-
wbio FreeFDTD (Optiwave) u FreeBPM.

s MUHMMU3ALUUA CIOXKHOCTU U3TOTOBJIEHUS Of1-
HoMmepHoro @K Ha pe3oHaTOPHOM KOHTYpe M CHIKE-
HUS yucia TEXHOJOTMYECKUX 111aroB aBTOpPCKas TpyIina
npuoerja K MpoeKTUPOBAHUIO U CO3IaHUI0 TOGpUpO-
BaHHOTO ONTUYECKOTrO BOJTHOBOAA, KOTOPBIH SIBJISIETCS
YaCTHBIM ciTydaeMm ogHoMepHoro @K u mpemcraBisieT
co00i1 ONTUYECKYIO CTPYKTYPY C MOOyJIsILmein apdek-
TUBHOTO NOKa3aTeJisl MpeoMJIeHUs B IPOJOJILHOM Ha-
MpaBJieHUY, BbI3BAHHOW MEpUOAMYECKON Bapualuei
IIUPUHBI BOJHOBOAA. CxeMaTUUYHO roGpupoBaHHBIN
BOJIHOBOJI MpEJICTaBJIeH Ha puc. 2.

IMepuon nudpakuum A paccuuTbhiBaeTcsl 1Mo ¢Gop-
myie [8]

_ Mipg

A ,
2”€ff

M=1,2,3, .., (8)

Puc. 2. CxemaTnunblii BuA ropupoBannoro Bosmosona: Wy, — 1u-
puna cermenTa T, a Wy, — mmpuna cermeHta Ty, Tppy 1
T'Higy, — HOPMUPOBAHHBIC HA A INIMHBI CETMEHTOB, 17, + Tppep = 1
Fig. 2. Schematic presentation of the corrugated waveguide: Wy, —
width of segment T, and Wypg, — width of segment Tygy, Ty, and
Thign — normalized on A lengths of segments, Ty, + Ty =1

rne M — mopsaok audpakiiuy Ha ropUupOBaHHOM
BOJIHOBOIIE; A g; — paboyad IJIMHA BOJHBI B BAKYYME.
Hns hbyHaaMeHTaabHON MOJbI ONTUYECKOTO CUTHaJIa ¢
A = 1,55 MKM, pacnpOCTpaHSIOIIErocs IO BOJIHOBOLY
¢ mmpuHoit 1,0 mxm, A = 0,4915M.

B naHHoI1 paboTe ¢ yyeToM HEeA0CTaTOUHOI TOYHOC-
TU Mpoliecca JuTorpaduu B pe30HATOPHBIN KOHTYP IS
CHIDKEHMSI TIOTepb B KOHTYpPE ObLT MHTErPUPOBAH rogd-
pupoBaHHBIN BoHOBOO ¢ M = 3, A = 1,4745, Tak KaK
npu M = 1 c 3agaHHOI MOIYJISILIMEN TTOKa3aress Mnpe-
JIOMJIEHUSI TO(PUPOBAHHBIN BOJHOBOJ ITPEACTaBJISLI
cob6oii 100 %-Hoe oTpaxarolliee 3epKajlo, MPeaoTBpa-
11arpolee MHOTOKPATHOE PaclpOCTpaHEHUE OMNTUYEC-
KOTO U3JTyYEHUS TI0 PE30OHATOPHOMY KOHTYpPY, a TaKXKe
B XOJe MOJEIMPOBAHMST PACIIPOCTPAHEHUsI U3TyUEHUSI
MO HEMY HabJI0NaIUCh OOJIbIINE ONTUYECKUE TTIOTEPHU.

MHTerpaiius roppupoBaHHOTO BOJHOBOAA C KOJb-
1IEBBIM PE3OHATOPOM KOMILJIEKCHO CKa3bIBA€TCS Ha
CHEeKTpaJbHbIX XapakTepuctukax MO sjgeMeHTa: BO-
MEPBbIX, ONTUYECKOE U3TYYEHUE, PACIIPOCTPaHSIOIIIEe-
CA B PE30OHAHCHOM KOHTYPE C JJIMHOM BOJHBI A g; MHO-
TOKpPaTHO OTPaXKaeTcsl OT TO(PpUPOBAHHOTO BOJHOBOJA
U MEHSIET HAITPaBJIEHUE PACTIPOCTPAHEHUS, BO-BTOPBbIX,
IS A # A IPU MHTErpaluuu ropprupoBaHHOTO BOJI-
HOBOJIa B P€30HATOPHOM KOHTYPE U3MEHSETCS ONTH-
YECKUiA MyTh 33 CYCT UBMEHCHUSI Ny, COOTBETCTBEH-
HO, 7, KOHTYPa, YTO CKa3bIBACTCS HA Ak pgp [9, 10].

OueHka u3MeHeHUA AL pgp (30€Ch HE NMPUBEIEHA)
IoKasana, 4To AMpgr KOJBLIEBOTO PE30HATOpPA, MH-
TerpUpPOBAHHOTO ¢ TO()pUPOBAHHBIM BOJTHOBOJOM, OT-
JIMYAETCH OT AL gp KOJIBLEBOIO pe3oHaTopa 6e3 rog-
PUPOBAHHOIO BOJHOBOJA B Mpeaesax MOrpelHOCTU
MaTeMaTUYEeCKOTO pacuera, a TakxKe B Ipejaesax Mor-
PELIHOCTY MPOBEAEHHBIX B XO[e JaHHOU pabOThl 13-
mepenuit (0,02 HM).

Takxe npoBeneHa oleHKa (PYHKIIMOHAIbHbBIX Xa-
pPaKTEepPUCTUK KOJBLIEBOTO pe30HAaTopa B KauyecTBe
YyBCTBUTEJILHOTO 3JIEeMEHTa JaTYUKOB TeMIepaTyphl.
TemneparypHasi YyBCTBUTEIbHOCTh KOJIbILIEBOTO PE30-
Hatopa S [11]
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Puc. 3. O0muii BUI CNPOEKTUPOBAHHBIX MHTETPAJbHO-ONTHYECKHX IJIEMEHTOB: ¢ — HAOOP TECTOBBIX 3JIEMEHTOB; H — BUI KOJIbLIEBOTO Pe30-
HaTopa ¢ 4acTbl0 PE30HATOPHOIO KOHTYpA, BBIMOJHEHHON B BUAE TOopUPOBAHHOTO BOJIHOBOIA

Fig. 3. General view of the designed integral-optical elements: a — a set of testing elements; b — a corrugated (Bragg) waveguide of the resonator
with a part of a resonator contour made in the form of a corrugated waveguide

e agi N, = 3,3 100K ! — Koa(ULIMEHT TeMIIepa-

on 5
TYPHOTO paciumpeHus SisNy, a F;éf =245-10 K

[12] — TepmoonTUUecKuii KO3(MEPUILIMEHT BOJIHOBOA.

S§S=24 HM/K_I JJISI IPOEKTUPYEMOTO B JAHHOM paboTe
pe3oHaropa.

Ha ocHoBe pe3yabTaToB MOAECIMPOBAHUS U TIPOBE-
JIEHHBIX pacyeToB ObLI CIpoeKTupoBaH Habop MO
TECTOBBIX 2JIEMEHTOB C BapHallell 3aJI0;KEHHBIX TTapa-
METPOB M, COOTBETCTBEHHO, Tomnonoruii (puc. 3, a). Ha
Bxoze U Bbixoae MO a1eMeHTOB ObLITU CIIPOEKTUPOBAHBI
MOJISIpU3YIOLIME 3JIeMEeHThl, B KoTopbix TE Moaa pac-
MPOCTPaHsJIaCh ¢ HAUMEHBIIUMU ONTUYECKMMM TOTe-
psimu, TM Mopaa umena norepu 6osee 40 nb/cm (mox-
TBEPXKIEHO MOIETUPOBAaHUEM U SKCIIEPUMEHTAIBHO).

B xonme mpoexktupoBaHusi MO ajeMEeHTOB U MO-
IEeTUPOBAHUS PACIIPOCTPAHEHUS OTI-
THUYECKOTO M3JTYYeHMs] HE TIpUHMMA-
JIOCh BO BHUMaHHE OTKJIOHEHHUE CTe-
XUOMETPUU COCTaBOB (DOPMUPYEMBIX
cnoeB SiO, u SizNy, paccyuTaHHON
TOMNOJIOTMU 3JIEMEHTOB OT C(hOPMUPO-
BaHHOM B XOIE TEXHOJOTUUYECKOTO
LIMKJIa U3rOTOBJIEHUS. Takue OTKIIO-
HEHUS W Bapyally TIPUBOASIT K TOMY,
YTO XapaKTePUCTUKU M3TOTOBJIECH-
HbIX 1O 3/1eMEHTOB HECKOJbKO OT-
JINYAIOTCS OT XapaKTepPUCTUK, 3aJ0-
>KEHHBIX Ha 3Tarne MpoeKTUPOBaHUSI.

OTKJIIOHEHUSI CTEXUOMETpUU Gop-
mupyeMbix cinoeB SiO, u SisNy aB-
TOpCKas rpymma He uccaenonaia. OT-
KJIOHEHME TOTIOJIOTUY C(DOPMUPOBAH-
HBIX JIEMEHTOB HanboJee SIBHO OBbLIO
BBISIBJICHO Ha yJacTKaX IpeOeHYaThIX
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BOJIHOBOZIOB, B "OKHax" MOKpbITUA U3 SiO,, co3naH-
HBIX JUIS1 UCTIBITAHUI UHTETPajbHO-OMNTUYECKOIO 3Jie-
MEHTa B KaueCTBe UyBCTBUTEIbHOIO JIeMEHTa OMOCEH-
copa: Ha U3rOTOBJIEHHBIX TOGPUPOBAHHBIX BOJTHOBOAAX
HabomaeTcs "criaaxkuBaHue" MOAYISUMU IIUPUHBI
CerMeHTa M, KaK CJeACTBUE, CHUXKEHUE MOAYJISLUUU
rokKazartesisi IpeJOMJICHUSI, YTO, XOTS U SIBJIIEeTCS OT-
KJIOHEHUEM OT CIIPOCKTHPOBAHHOI TOITOJOTMU 3Jie-
MEHTOB, BBITOAHO IJISI pabOUMX XapaKTepUCTUK pa3-
pabaThIBAEMOIr0 BHICOKOUYYBCTBUTEJIBHOIO 3JIEMEHTA,
CHIXEHUSI ONTUYECKUX MOTePh PACCEeSIHUS U Yaydlle-
HUSL €r0 CIEKTPaAIbHOW CEEKTUBHOCTHU.
M306paxeHne M3roTOBIEHHOrO 4uma ¢ HabopoMm
TECTOBBIX CTPYKTYP U CHUMOK U3TOTOBJIECHHOTO ropu-
POBaHHOIO BOJIHOBOAA CO "CITIaXKeHHOM" Momynsuueit
LIIUPUHBI BOJHOBO/IA, MOJYUYEHHbIN ¢ MOMOILBIO CKa-
HUPYIOWIETO 3JIEKTPOHHOIO MUKPOCKOIIA, MPeACTaB-
JieHbl Ha puc. 4. IIpy npoeKTUpoBaHUM BOJHOBOIA,

Puc. 4. N3o0paxenus n3rorosiennsix 1O cTpykTyp: @ — yuna ¢ HaGOPOM TECTOBBIX dJIe-
MEHTOB; b — ro)prupOBaHHOTO BOJTHOBO/A, IMOJYYEHHOE C TOMOLIbIO CKAHHUPYIOILETO K-
TPOHHOTO MMKPOCKOITa (CyMMa pa3MepoB, OTMeUeHHBIX Ha n3oopaxenun (D1 + D2), co-
OTBETCTBYET MOJIYJISILIMU IIMPUHBI BOJIHOBOJIA)

Fig. 4. Images of the manufactured 10 structures: a — a chip with a set of the testing elements;
b — corrugated waveguide, received by means of a scanning electron microscope (the sum of the
sizes marked on the image (D1 + D2) corresponds to the modulation of the width of the waveguide)
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Puc. 5. Cxema cTbIKOBKH BOJHOBOAOB O ynna ¢ onTH4ecKUM BOJIOKHOM: ¢ — Ha 3Tare op-
raHM3alMy BBOAA U BBIBOJIA ONITUYECKOTO U3TYYEHUST; b — NPU U3MEPEHUSIX CIIEKTPATIbHBIX
1 QYHKIMOHAIBHBIX XapaKTepPUCTUK KOJBIEBOTO pe30HATOpa "Ha MpocBeT”

Fig. 5. Scheme of joining of the waveguides of 10 chip with an optical fiber: a — at the stage
of organization of input and output of the optical radiation; b — during measurements of the
spectral and functional characteristics of the ring resonator " at through port"

n300pakeHHOTO Ha puc. 4, b, 3aKIanbIBaIach MOIYJISI-
LYs IMpUHBI BojHOBoga 150 HM crymeH4yaTooOpas3-
HOI1 (DOpMBI, KaK Ha pHC. 2, ¥ ObLIA TTOJIyYeHa CUHYCO-
uaaabHass MOLYJISILIMS INUPUHBI ¢ aMIIUTYaA0# 130 HM.

HUccaenoBanusa onTHYECKHX ¥ (PYHKIMOHAIbHbBIX
XapaAKTEePUCTHK MHTErPAJbHO-ONTHYECKOTO IJIeMEHTa

st uccnenoBaHUl ONTUYECKUX U (PYHKIIMOHAIIb-
HBIX XapaKTepUCTUK co3aaHHbIX MO 371eMeHTOB BBOJ
Y BBIBOJ U3JTYYECHUSI B ONTUYECKIE BOJTHOBOIBI MAJIBIX
pa3MepoB OCYILECTBIISICS ¢ TOMOILbIO TMH30BAHHOTO
BOJIOKHA, TIPEICTaBIISIONIETO COO0 YTOHEHHOE ONTH-
Yyeckoe BOJIOKHO, MMeIolllee Ha KOHIIE JIMH3Y, XapakK-
TEPU3YIOLLYIOCS AUaMETPOM TIO0JISI MOJbl BBIXOMASILETO
ornruyeckoro myudka 2,0...2,5 MKM.

st mpoBeaeHUsT (QYHKIMOHAIBbHBIX WCHbITAaHUI
JIMH30BaHHOE BOJIOKHO KPEMNUJIOCh K TOPILY YWIIa C TeC-
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TOBBIMHM 3JIeMeHTaMM Ha Y@ OoTBepK-
JIaeMbIi1 KJIel, CO31aBajIOCh YCTOMYM -
BO€ K MEXaHUYEeCKUM BO3ICUCTBUSIM
coemuHeHue (puc. 5, a). Xapakrep-
HbIE IOTEPU IIPU BBOJIE 1 BEIBOJIE OTI-
TUYECKOTO M3JIyYeHUSI COCTaBIISIIIN
10 nb.

Hng uccnegoBaHusl CIEKTpab-
HBIX XapaKTePUCTUK KOJBLEBBIX pe-
30HaTopoB Ha Bxoja MO snemeHTa
MOJABaJIOCh M3JIy4eHUE C IIMPOKO-
MMOJIOCHOTO HWCTOYHHWKA JIa3epHOTO
W3TyIeHUS THIA YCUJIUTENS CITOH-
taHHOU sMmuccumn (YCOM, mnpowus-
BoactBo ITAO "ITHIIITK"), a BEIXOM-
HOM OINTUYECKU CUTHAJI CHUMAJICS C
TMIOMOINBIO  aHajaM3aTopa  CIIeKTpa
Yokogawa AQ6370D (puc. 5, b).
MOIITHOCTD ONTUYECKOTO N3TYYSHUS NCIIOIBb30BaHHO-
ro YCOM cocrasnsna 3,6 MBT, npu 3TOM Xapakrep-
HBIC ONTUYECKNE MOTEepH Ha CTHIKOBKY Obun 10 nb.

Ha puc. 6, a mpeacrtasieHa xapakTepHasl CITEKT-
palibHasl XapaKTepMCTUKAa KOJBLLIEBOIrO pe3oHaTopa
"Ha mpocBet". 19 cpaBHeHMs Ha 3TOM K€ rpaduke
MIpUBEICHA CIIEKTpabHAasA XapaKTepUCTHUKA PE30HATO-
pa, TOJydyeHHasd Ha STale IPOEKTUPOBAHUA; A pgp
M3TOTOBJICHHOTO ONTHUYECKOTO Pe30HATOpa COCTABIISI-
er 0,42 nm. OTKIIOHEHUE AL fgg OT CMOJETMPOBAHHbBIX
NapamMeTpoB MOXKET OBbITb BbI3BAHO OTKJIOHCHHUEM g
M3TOTOBJIIEHHBIX BOJHOBOIOB OT pPAacYeTHHIX 3Haye-
HUil. Bo3MOXHO, 10 3TO XXe MpuYKrHe HabI0aal0TCs
BBICOKME OINTUYECKUE ITOoTepu Ipu mpoxoxaeHuu MO
BJIEMEHTA.

ITpu nccnenoBaHUM CHEKTPATbHBIX XapaKTePUCTUK
pPE30HATOPOB C MHTETPUPOBAHHBIMU TOGPUPOBAHHBI-
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Puc. 6. XapakrepHble ClieKTPaJibHbIe XaPAKTEPUCTUKH PE3OHATOPOB: @ — CPAaBHEHUE DKCIIEPUMEHTATILHBIX PE3YJIbTaTOB (MOLLHOCTb ONTUYEC-
KOro CHMTHaJjla yKa3aHa Ha IpaBoii 111KaJie) ¢ pe3yJbTaTaMUu MOAEIMPOBaHUSI (MOLIIHOCTh ONTUYECKOIO CUTHAJIa yKa3aHa Ha JIEeBOM 1IKaje); b —
CpaBHEHHE CIIEKTPOB Pe30HATOPOB ¢ MHTerpupoBaHHbIM PK 1 6e3 Hero

Fig. 6. Typical spectral characteristics of the resonators: a — comparison of the experimental results (power of the optical signal is indicated on the
right scale) with the results of modeling (power of the optical signal is indicated on the left scale); b — comparison of the spectra of the resonators

with the integrated PC and without it
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Puc. 7. i3MeHeHHe NO/I0KEHUsI PE30HAHCHBIX MUKOB CIEKTPAJIBHBIX
XapaKTePUCTHK KOJIbLEBOro pe3oHaTopa 0e3 roppupoBaHHOTO BOJ-
HOBOJA NMPH U3MEHEHUH TemmepaTypsl BOM3u A = 1,55 Mkm

Fig. 7. Variation of the position of the resonant peaks of the spectral
characteristics of the ring resonator without the corrugated waveguide in
case of a temperature change close to A = 1.55 um

MM BOJIHOBOJIAMM B CIIEKTPAX BBISIBJICHA TOMOJIHUTEIb-
Hasl CIIEKTPaJIbHO CeJIeKTUBHAS Mepuoanka (puc. 6, b)
BO BCEM HCCIIEIOBAHHOM IMAara30He JUTMH BOJH.

Onsa wmccremoBaHusT (PYHKIIMOHATBHBIX XapaKTe-
PUCTHK CIIPOEKTHPOBAHHBIX KOJIBLIEBBIX PE30HATOPOB
B KayecTBE UYBCTBUTECIHHBIX JJIEMEHTOB IATYMKOB
TeMIepaTypbl COCThIKOBaHHBIN MO yuIl nmoMeiaaiu B
tepmokamepy Espec MC-712. TIpu temrieparypax oT
10 1o 50 °C c marom 5 °C cHMManu CrieKTpaabHbIEC Xa-
pPaKTEepUCTUKHU KOJbLIEBOI'O pe30HaTOpa MO cxeMe "Ha
mpocBeT'. Ha Kaxkmom 1rare m3aMepeHui 3aIiCh CIeK-
Tpa ocyluecTBasiaach yepe3 30 MUH TocJie U3MEeHEeHUs
TEeMIIepaTypbl KaMepHI.

B manHoIt paboTte McciieqoBatach 3aBUCUMOCTD TT0O-
JIOXKEHUSI TTMKa CITEKTPaIIbHON XapaKTepUCTUKI BOJIH-
31 1550 HM OT TeMmepaTyphsl JIJId KOJbLEBBIX pe30Ha-
TOPOB C MHTETPUPOBAHHBIM TOGPUPOBAHHBIM BOJTHOBO-
JIoM 1 6e3 Hero (puc. 7). CMellleHUe TOJIOXKEHUSI TTMKa
B 3aBMCHMOCTH OT TeMITepaTyphl BBI3BAHO M3MEHEHUEM
OITUYECKOM UIMHBI PE30HATOPHOIO KOHTYPA U A\ fgg.

M3mMeHeHne TOI0OXeHUsT Pe30HAHCHOTO MUKa WH-
TerpajibHO-ONTUYECKOr0 pe3oHaTopa 0e3 MHTerpu-
pPOBAaHHOTO TO(MPUPOBAHHOIO BOJHOBOAA COCTABUIIO
12...14 nm/°C; nns pe3oHaTOPOB C MHTETPUPOBAHHBI-
MU To¢pUpOBaHHBIMU BoTHOBogamMu — 29...32 m/°C.
Takum 00pa3oM, PKCIEPUMEHTAJbHO MOKAa3aHO yBe-
JIMYEHNE YIyBCTBUTEIHLHOCTH KOJIBIIEBOTO pPe30HaTopa
K M3MEHEHUIO IapaMeTPOB OKPYXKAIOIIEH CUCTEMBI
IIPH €ro UHTETPALUy ¢ TOGPUPOBAHHBEIM BOJTHOBOIOM.
Bapuanus cnekTpanbHbIX M (YHKIIMOHAIBHBIX XapaK-
TEPUCTUK OT YUIMA K YUMY U MEXIY dJIeMEeHTaMU MO-
XeT OBbITh OOBSICHEHA BapHUallel ImapaMeTpa mpolecca
M3rOTOBJIEHUS B Tpenesax Beidepa.

3akmouenne

B nanHoit paboTte BepBbie 3KCIIEPUMEHTAILHO IIPO-
JNIEMOHCTPUPOBAHA BO3MOXHOCTb YAY4YLIEHUST (PYHK-
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LMOHATBHBIX XapakTepucTuk MO dyBCTBUTEIHLHOTO
5JIEMEHTA Ha OCHOBE KOJIBLIEBOTO PE30HATOPA 34 CUET
ero mHrerpauuu ¢ omHoMepHbIM PK. YiyuineHue
(DYHKIIMOHABHBIX XapaKTepUCTUK SIBISIETCSI CIIEICT-
BUEM KOMILIEKCHOIO M3MEHEHUsI ONTHUYECKUX XapaK-
TEPUCTUK TIpU MHTErpalMy ABYX pe3oHaHcHbIx MO
3JIEMEHTOB, TEOPETUUECKU OMUCAHHOIO B OMYOJIMKO-
BaHHKIX paHee pabortax [4, 9, 10].

YaydieHre GyHKIIMOHAIBHBIX XapaKTEPUCTUK pa3-
padotanHoro MO snemMeHTa K UBMEHEHUIO COCTOSIHUS
OKpY2KaloIllell CUCTeMbl MOKa3aHO Ha MPUMEpPEe YBEIU-
YEHUSI €ro YyBCTBUTEJbHOCTU K U3BMEHEHUIO TeMIIepa-
TYPBI BCJIEACTBHE MPOCTOTHI KOHCTPYKIIMU U OTCYTCT-
BUSI HEOOXOAMMOCTM pPa3pabOTKU AOMOJHUTEIbHBIX
CITOCOOOB MHTEPIIPETALIUUA PE3YIbTATOB M3MEPEHMIA.
Paspaborannbie u n3rorosiieHHbIe 1O 3516 MEHTHI MO-
I'YT OBITH TaKXKe MCIOJb30BAaHBI B KAYECTBE UYBCTBU-
TeJbHBIX 2JIEMEHTOB AATYMKOB NAaBJIEHUsI, BUOpaALIUU,
yrja rmoBopoTa U OMOCEHCOPOB.

TemneparypHasi 4yBCTBUTEJIBHOCTh M3TOTOBJEH-
HBIX KOJIbLIEBBIX PE30HATOPOB HE COBMANAET C Teope-
TUYECKU PACCUMTAHHOM, a TAK:Ke U3MEHEHUE YYBCTBU -
teapHOocTH MO pe3oHaTtopa Npu e€ro MHTErpauuu C
roppupoBaHHEIM BOJIHOBOIOM HAaOJII0HAETCS TOJBKO
B 2 pa3a BMECTO HECKOJIbKMX ThICSY pa3 (COIJacHoO
pacuetaMm, MPUBEIEHHBIM B LIMTUPYEMOM CIMCKE JIM-
Tepatypsl). JJaHHBINA (paKT MOXET ObITh BbI3BAaH HECO-
BEPILEHCTBOM TEXHOJOTMYECKOIo Mpolecca U3roToB-
nenust MO snementoB. Ilpenmosnaraercst, 4To Ipu
YCOBEPILIEHCTBOBAHWM TEXHOJIOTMYECKOTro Mpoliecca u
y4eTe Bapualuy IapaMeTPOB TEXHOJIOTUIECKOTO K-
Jla B MOIEJIW KOJIbLIEBOTO pe3oHaTopa MOIYT ObITh
CIIPOEKTUPOBAHBI M M3TOTOBJICHBI 3JIEMEHTHI ¢ OoJee
BBICOKOI TOOPOTHOCTHIO, a CleAOBaTeNbHO, U C yIyd-
IIEHHbIMUA pabOYMMU XapaKTepUCTUKAMU UHTeTpasb-
HO-ONTUYECKUX YYBCTBUTEIbHBIX 3JIEMEHTOB.

Paboma evinoanena npu nodoepicke Munucmepcmea
obpazoeanus u Hayku P® (npoexm No 02.G25.31.0113),
a makoce npu noddepicke Munucmepcmea 06pa3oeanus
u Hayku Ilepmckoeo kpas (C-26/004.02).
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Sensitive Element Based on the Integrated Optical Ring Resonator
and One-dimensional Photonic Crystal for the Sensors of the Physical Values
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To reduce the dimensions and expand the functional characteristics, the optical sensors of the physical values are being developed
with the use of the integrated photonics technologies. For a higher accuracy of measurements, the sensing element can be designed
on the basis of an array of the integrated optical (10) elements, the optical characteristics of which depend on the physical-chemical
parameters of the surrounding system. This paper describes the designing and specific features of manufacturing of the sensing el-
ement based on the integrated optical ring resonator with D photonic crystal (PC). For the first time experimental studies were car-
ried out of the optical and functional characteristics of the manufactured element. The authors demonstrated experimentally that
the ring resonator integrated with 1D photonic crystal had a two times better sensitivity to the temperature variation. Improvement
of the manufacturing process is expected to increase significantly the operating characteristics of the sensing element.
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Introduction

A ring resonator is an integrated-optical (IO) device, a closed
waveguide (resonator contour), the input and output of the optical
signal in which is carried out by means of the channel waveguides,
optically coupled with a closed waveguide, which allows the energy
of an electromagnetic wave to be transferred from the waveguides into
the ring resonator, and back.

The ring resonators are applied in 10 devices as filters, demulti-
plexers, sensitive elements of the sensors of the physical values and
biosensors. The sensors based on 1O sensitive elements have the ad-
vantages of the fiber-optical sensors (FOS) on the basis of the Bragg
gratings (BG): they are stable in time, compact, electro-, explosive-
and fireproof, resistant to the magnetic and electric fields. Besides,
they allow us to monitor a set of the physical values (temperature,
pressure, vibrations, rotation angle, chemical composition) "in a
point" thanks to the small dimensions of the sensitive elements (from
300 nm in diameter) and possibility of their integration on a substrate
with the area less than 1 cmz, whereas the commercially available
FOS allow us to measure only 1...2 physical values and have dimen-

sions from 5 cm. Compared with FOS, the sensors based on 10 el-
ements have higher sensitivity to variation of the physical values, thus,
a fiber temperature sensor on the basis of BG has sensitivity to var-
iation of temperature of 10...15 pm/°C [1], while the sensitivity of an
element on the basis of 10 ring resonator equals to 83 pm/°C and can
be essentially increased due to a minor alteration of its design [2].
The operating principle of the physical values sensors based on
the ring resonators is: during a variation of the state of the surround-
ing system, a change of the optical way of a signal occurs in a sensitive
element due to a change of the effective refractive index in a closed
optical waveguide or due to the other physical effects (Sagnac effect,
for example), which eventually tells on the characteristics of the op-
tical radiation, passing through or reflecting from a sensitive element.
In order to increase the accuracy and sensitivity of the sensors,
the radius of a ring resonator is often increased or an array of the op-
tically coupled resonators is integrated on one crystal, which means
bigger overall dimensions of the sensitive elements. A promising
method for increasing the accuracy and sensitivity of the sensors
based on resonators is creation in its resonator contour of a one-di-
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mensional photon crystal (PC), characterized by a periodic variation
of the refraction index in the direction of propagation of the radiation
|3, 4]. Theoretical calculations show, that the accuracy of the angular
speed sensor based on such kind of the resonators can reach 0.01°/h,
and the Q-factor of the resonant contour is increased 1000 times [3, 4].
No experimental proof of the given calculations has been found in the
sources. This can be explained by the fact that an experimental real-
ization of such complex topologies demands attraction of hi-tech tool
base, and realization of the manufacturing process in clean room fa-
cilities, which are not available for most of the research groups.

The given work describes the designing of the sensitive element
of the sensors based on the ring optical resonator integrated with one-
dimensional PC, on the basis of the results of the numerical and
mathematical modeling of the integrated-optical waveguides with the
use of the method of Finite Difference Time Domain (FDTD) and
the Beam Propagation Method (BPM); the specific features of its
manufacturing and the generated topology investigated by means of
the scanning electronic microscope; the results of the research of the
optical and functional characteristics as the sensitive element of the
temperature sensor.

Designing and specific features of manufacturing
of the sensitive element

In the process of the 10 element designing the following work was
done: modeling of propagation of the radiation and calculation of the
topology of the main elements on the basis of the data about the used
materials and the geometry of the cross-section of the waveguide with
a compulsory account of the features of the technological manufac-
turing cycle. The 10 elements described in given work were developed
with account of the manufacturing technology based on the
waveguide structures from the silicon nitride. The modeled profile of
the cross-section of a raised waveguide is presented in fig. 1, a.

For designing of the topology of the ring resonator, the modeling
was done of the channel waveguides and of the area of the optical
coupling, and the resonator spectral characteristics were evaluated.
The modeling of propagation of the optical radiation was carried out
with application of the software products, in which the Maxwell
equations and the material equations were solved with FDTD and
BPM methods (for example, FreeFDTD and FreeBPM, OptiGrating
from Optiwave, etc.).

For designing of the channel optical waveguide the parameters
were set for the cross-section of the structure (fig. 1, a), as well as the
indexes of refraction of the materials of the core of the waveguide
(SizNy) and the cladding (SiO,) at T = 20 °C in the range of the
wavelengths of A from 1.50 up to 1.60 um, with a step of 0.1 um. The
indexes of the refraction of the materials of the waveguide and of the
cladding depending on the wavelength (A, nm) of the propagating ra-
diation of TE mode are defined by the following formula [5]:

2 2
/ 1.098775. | 2.8936
Hao. W) = |22l g g ) = =220
3102 22 -92.4317 SisNq 22~ 139.67°

For minimization of the possible deviations of the used model of
a waveguide from the waveguide formed in a real technological cycle,
the designers took into consideration the deviation of the side walls
from the vertical position, the characteristic roughness of the side
walls and the overetching. During several iterations of designing,
manufacturing and measurements of the parameters of the structures
it was revealed, that a waveguide with the width of 1 micrometer is
a multimode one (according to the results of modeling), but the
modes of the higher levels (except the fundamental one) dissipate on
the roughnesses and heterogeneities of the side walls of the waveguides.
All the calculations in the given work were done for the optical ra-
diation of the TE mode.

During the modeling of the optical waveguide the characteristic
effective indexes of refraction of the fundamental mode of n,; were
received for various values of A and width of the waveguide W (for the
further designing of one-dimensional PC) (see the table).

For creation of a sensitive 10 element the optical resonators are
used, in which the optical signal is propagated via a closed contour
with minimal losses. For this purpose the designers set the minimal
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possible values of the coupling coefficient K for transfer the optical
irradiation from input to close waveguide (or from the resonator to
output waveguide). Usually K is selected as equal to 0.01...0.15 de-
pending on the characteristic optical losses in the closed waveguide
and is calculated according to the following formula [6]:

L
= gin2| T e
K Sm[ZL]’ (1)

b
where L, — beating length, equal to

L= 0.50 ’ Q)
M0~ Mepr 1
where ngy and n,y | — effective refraction indexes of the modes of

the zero order (fundamental) and the first order, accordingly, prop-
agating in the area of two closely located waveguides and calculated
for the set wavelength and temperature. At the coupling length equal
to L,/2, K~ 1,i.e. 100 % of the power (without account of the losses)
of the optical radiation will be transferred from one waveguide into
another, closely located one. At that, L, — effective length of the area
of the optical coupling — the length, at which two closely located
waveguides are still optically coupled (the area of the optical coupling
often exceeds the area of the straight waveguide L on the basis of
which the element is designed) [6]. In order to ensure the required
optical coupling and its minimal variation, during the designing of the
topology, the X-shaped coupling area was set (fig. 1, b) with the min-
imal possible radiuses of divergence of the waveguides the coupling
area (R = 50 um at the characteristic losses for A = 1.55 um, equal
to 5-107% dB per a turn of 90°).

During modeling of propagation of the TE mode with the wave-
length A = 1.55 um via two straight ridge waveguides with the width
of W= 1 um, located at the distance of d = 0.6 um, the following results
were received and calculated: 5o = 1.58239, n,; | = 1.56908, and
L, = 58.22 um. During designing the maximal coupling coefficient
K = 0.15 was selected in order to guarantee the workability of the res-
onator and decrease the probability of 100 % dispersion of the intro-
duced signal on the heterogeneities, therefore, L, ~ 15 um.

In order to ensure a fixed optical coupling with the input and out-
put waveguides, a track resonator was designed with the length of the
straight waveguides of 15 um and the radiuses of the connecting sem-
icircles of 500 um.

In our case the transmission coefficients #(A) = /1 - K()1) of the
optical radiation via the waveguide and coupling of the optical radi-
ation k(1) = JK(1) are equal to = 0.92 and k = 0.39.

Estimation of the spectral characteristics of the resonator is imple-
mented with account of the fact that only an optical signal with the
wavelengths, which can fit an even number of times into the optical
length of the closed waveguide, can propagate via the resonance con-
tour [7], so Ly = mh,,, where 1, is the resonant wavelength and m is
a positive integral number (order). At the same time Ly = 2nR,ne/f,
where R, — radius of the ring resonator and n,— effective refraction
index of the waveguide for the set temperature and wavelength. In or-
der to make the optical signal propagate in the ring resonator, the fol-
lowing condition should be met:

2nR noy= mh,y, 3)
i.e. for the fixed radius of the resonator there is a variety of the wave-
lengths, meeting the resonance condition. The difference between the
wavelengths of the neighboring resonant peaks of AL gp of orders m

and m + 1 (Free Spectral Range (FSR)) [7] is defined by the follow-
ing formula:

7\‘2
A)\,FSR = n N (4)
4

0 A
where ng = neﬁ(x) — kiem(lu — group refraction index equal to

1.9178 for the waveguide with the width of 1.0 pm and A = 1.55 pum,
L =2nR.+2L,=3171.6 um, and then A ggg = 0.39 nm.

We can also estimate the width of a single resonant peak at the
Full Width at Half Maximum, (FWHM), the finesse of the optical
resonator (F) — a measure of the width of the resonance in compar-




ison with the area of a free dispersion, and the quality factor (Q), de-
fining the width of the m-resonance [7].

FWHM = ___7“_2___ _:_’_2; 3)
Loy 1
_ FSR _ =mt .
r= FWHM — |_p2’ ©)
0= "l po Vgl 1 »
1-1

For the calculated ring resonator: FWHM = 0.025 nm; F= 15.6;
and 0= 0.5-10°. The highly sensitive elements of the sensors of the
physical values require the resonators with the Q-factor of 10°...10°.
The calculated characteristics match the spectral characteristics of
the ring resonator simulated by means of FreeFDTD (Optiwave) and
FreeBPM.

In order to minimize the complexity of manufacturing of the one-
dimensional PC on a resonator contour and decrease the number of
the technological steps, the authors’ group did the design and created
a corrugated optical waveguide, a particular case of the one-dimen-
sional PC, that is, an optical structure with modulation of the effec-
tive refraction index in the longitudinal direction, caused by a peri-
odic variation of the width of the waveguide. Schematically the cor-
rugated waveguide is presented in fig. 2.

The diffraction period of A is calculated according to the formula [8]

M
A= BG’
2neﬂ

M=1,2,3, .. (8)

where M — diffraction order on the corrugated waveguide, A g; —
working wavelength in vacuum. For the fundamental mode of the op-
tical signal with A = 1.55 um, propagating via a waveguide with the
width of 1.0 um, A = 0.4915M.

In the given work, taking into account the insufficient accuracy
of the process of lithography in the resonator contour, in order to re-
duce the losses in the contour, a corrugated waveguide was integrated
with M =3, A = 1.4745. As at M = 1 with the set modulation of the
refraction index, the corrugated waveguide was a 100 % reflecting
mirror preventing a repeated propagation of the optical radiation via
the resonator contour, and during the modeling of propagation of ra-
diation via it big optical losses were also observed.

Integration of the corrugated waveguide with the ring resonator
has a complex affect on the spectral characteristics of the 10 element:
firstly, the optical radiation propagating in the resonant contour with
the wavelength of Apg; reflects repeatedly from the corrugated
waveguide and changes the direction of its propagation, in case of
corrugated waveguide in the ring resonator, for A # Ap. the optical
way changes due to variation of Hegps correspondingly, of n, contour,
which tells on Ak ggp [9, 10].

An estimation of the change of AA g (not presented here) dem-
onstrated, that AL ggp of the ring resonator integrated with the cor-
rugated waveguide, differed from A\ gp of the ring resonator without
a corrugated waveguide within the limit of an error of a mathematical
calculation, and also within an error of the measurements taken dur-
ing the given work (0.02 nm).

Also an estimation was done of the functional characteristics of
the ring resonator as a sensitive element of the temperature sensors.
The temperature sensitivity of the ring resonator S [11]:

_ dhy _ hy (Ongy
S§=—F = 1y (aT +nef0‘Si3N4) ; ®
where og; N, = 3.3 1076 K~! — coefficient of thermal expansion of

0 s
SizNy, while ai;ff =245-105 K ! [12] — thermo-optical coeftfi-

cient of the waveguide. § = 24 prn/K71 for the resonator, which is
being designed in the given work.

On the basis of the results of modeling and of the implemented
calculations a set of 10 testing elements with a variation of the pa-
rameters set in it and, accordingly, topology (fig. 3, a) were designed.
At the input and output of the IO elements the polarizing elements

were designed, in which TE mode propagated with the minimal op-
tical losses, while TM mode had losses over 40 dB/cm (confirmed by
the experiments and modeling).

During designing of the 10 elements and modeling of propaga-
tion of the optical radiation, the deviation of the stoichiometry of the
compositions of the formed layers of SiO, and SizNy, of the calcu-
lated topology of the elements from the one generated during the
manufacturing work cycle, were not taken into consideration. Such
deviations and variations lead to the fact that the characteristics of the
manufactured 10 elements somewhat differ from the characteristics,
set at the designing stage.

The deviations of the stoichiometry formed by SiO, and SizNy
layers were not investigated by authors’ group. The deviation of the
topology of the generated elements was most obviously revealed on
the sites of the ridge waveguides, in the "windows" of SiO, cladding,
created for testing of the integrated-optical element as a sensitive ele-
ment of the biosensor control: on the manufactured corrugated
waveguides "a smoothing” of modulation of the segment’s width is ob-
served, and, as consequence, a decrease of the modulation of the re-
fraction index, which although is a deviation from the designed topol-
ogy of the elements, nevertheless is favorable for the operating charac-
teristics of the developed highly sensitive element, reduction of the op-
tical losses of dispersion and improvement of its spectral selectivity.

An image of the manufactured chip with a set of the testing struc-
tures and a picture of the manufactured corrugated waveguide with
the "smoothed" modulation of the width of the waveguide, received
by means of a scanning electronic microscope, are presented in fig. 4.
In the design of the waveguide presented in fig. 4, b, the set modu-
lation of the width of the waveguide of 150 nm was of a stepped form
as in fig. 2, and the sinusoidal modulation of the width with the am-
plitude of 130 nm was received.

Research of the optical and functional characteristics
of the integrated-optical element

For the research of the optical and functional characteristics of
the created 10 elements, the input and output of the radiation in the
optical waveguides of small dimensions was carried out by means of
a lensed fiber, which was a thinned optical fiber with a lens on its end,
characterized by the diameter of the mode field of the outgoing op-
tical beam of 2.0...2.5 pm.

For carrying out of the functional tests, the lensed fiber was fas-
tened to the butt end of a chip with the testing elements by an UV
cured glue, and thus a compound was created resistant to the me-
chanical influences (fig. 5, @). The characteristic losses at the input
and output of the optical radiation were equal to 10 dB.

For research of the spectral characteristics of the ring resonators,
to the input of 10 element a radiation was supplied from a broadband
source of a laser radiation of the type of an amplifier of a spontaneous
emission (ASE from PAO PNPPK), while the output optical signal was
taken by means of Yokogawa AQ6370D spectrum analyzer (fig. 5, b).
The power of the optical radiation of the used ASE was 3.6 mW, at
that, the characteristic optical losses on joining were 10 dB.

Fig. 6, a presents the typical spectral characteristics of the ring
resonator "at the trough port". For the comparison purpose, the same
diagram presents the spectral characteristics of the resonator received
at the stage of designing; Ak pgp of the manufactured optical resonator
equals to 0.42 nm. The deviation of A\ ggp from the simulated pa-
rameters can be caused a deviation of n,r of the manufactured
waveguides from the calculated values. Probably, the high optical losses
are observed during passage of 10 element due to the same reason.

During research of the spectral characteristics of the resonators
with the integrated corrugated waveguides, an additional spectral-se-
lective periodicity was revealed (fig. 6, b) in the spectra, in all the in-
vestigated range of the wavelengths.

For research of the functional characteristics of the designed ring
resonators as the sensitive elements of the temperature sensors, a
butt-coupled 10 chip was placed into Espec MC-712 heat chamber.
At temperatures from 10 up to 50 °C with a step of 5 °C the spectral
characteristics of the ring resonator at the through port were record-
ed. At each step the measurements of the spectrum were recorded in
30 min. after a change of the temperature in the chamber.
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The given work presents the research of the dependence of the
position of the peak of the spectral characteristics near 1550 nm on
the temperature for the ring resonators with the integrated corrugated
waveguide and without it (fig. 7). Displacement of the position of the
peak depending on the temperature was caused by a change of the op-
tical length of the resonator contour and Ak ggp.

The variation of the position of the resonant peak of the inte-
grated-optical resonator without the integrated corrugated waveguide
was 12...14 pm/°C; for the resonators with the integrated corrugated
waveguides it was 29...32 pm/°C. Thus, an increase of the sensitivity
of the ring resonator to variation of the parameters of the surrounding
system during its integration with the corrugated waveguide was dem-
onstrated experimentally. The variation of the spectral and functional
characteristics from a chip to chip and between the elements can be
explained by a variation of the manufacturing process parameter
within the limits of a wafer.

Conclusion

The given work for the first time demonstrated experimentally a
possibility of improvement of the functional characteristics of 1O sen-
sitive element based on a ring resonator due to its integration with a
one-dimensional PC. The improvement of the functional character-
istics is a consequence of a complex change of the optical character-
istics due to integration of two resonant 10 elements, theoretically
described in the works published earlier [4, 9, 10].

Improvement of the functional characteristics of the developed
IO element to variation of the state of the surrounding system is
shown on the example of an increase of its sensitivity to the variation
of temperature due to simplicity of its design and absence of the ne-
cessity for development of additional ways for interpretation of the re-
sults of measurements. The developed and manufactured 10 elements
can also be used as the sensitive elements of the sensors of pressure,
vibration, turning angle and biosensors.

The temperature sensitivity of the manufactured ring resonators
does not match with the theoretically calculated data, and, besides,
a change of sensitivity of 1O of the resonator in case of its integration
with the corrugated waveguide is only two times, instead of several
thousand times (according to the calculations presented in the quoted
list of literature). The given fact can be caused by imperfection of the
technological manufacturing process of 10 elements. It is expected,
that due to improvement of the technological process and with ac-
count of the variation of the parameters of the technological cycle in
the model of the ring resonator, the elements with higher Q-factor,

and consequently, improved characteristics of the integrated-optical
sensitive elements can be designed and manufactured.

The work was done with support of the Ministry of Education and
Science of the Russian Federation (project Ne 02.G25.31.0113), and al-
so with support of the Ministry of Education and Science of Perm Region
(S-26/004.02).
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MATHUTOSAEKTPUYECKMIA AATYUK MOCTOAHHbIX MATHUTHbIX MOAEN
KOMITEHCAUMOHHOTIO THINA C PACIULMPEHHDBIM

AUHEMHBIM AUMATTASOHOM

Ilocmynuaa 6 pedaxyuro 08.12.2017

Onucan 0amuuk NOCMOAHHbIX MACHUMHbIX NOAeU KOMIEHCAUUOHHO20 MUNA, UCHOAb3YIOWUL MACHUMOod1eKmpuyeckull d¢pgpexm
6 NAAHAPHOU KOMNO3UMHOU CMpYyKmype geppomazHemux — nve3oanekmpux. Maenumoanexmpuueckuil 3¢pgekm 6 cmpykmype 603-
HUKaem 6 pe3yavmame KOMOUHAUUU MASHUMOCMPUKYUU (PEPPOMACHUMHO20 CA05 U Nbe303¢)heKma 6 nve3091eKmpuueckKom cioe.
Jlamuuxk: codepaicum KOMNOZUMHYIO CIPYKMYPY, NPe08apumenbHblil yCUiumens, 2eHepamop NepeMeHH020 HanPsANCeHUs U CUHXPOHHbIIL
OemeKmop U UcCnoab3yem 3a8UcUMOCHs AMHAUMYObl HANPAJICEHUS, 2eHEPUPYEMO20 CIPYKNIYPOIL, NOMEUeHHOU 6 8030yicoaioujee ne-
DeMeHHOe MacHUMHoe noAe U usmepsemoe HOCMOsHHOe MASHUMHOe noje, Om 3HaYeHus NoCmoaHHo20 noas. Ilokaszano, umo eéeedeHue
8 cxemy 0amuuka yenu ompuyamenHou o0pamuou céa3u, cooepicausell YCUAument NOCMOAHHO20 HaANPANCEHUs U KOMNEHCUpY-
WY Kamywxy, npueooum K AUHeapu3ayuy XapaKkmepucmux u pacuuperuro ouanasona pabouux noaeii damuuxa. [lupuna pa-
60ueco duanazona noaeil damuuka 3agucum om Kodpouyuenma 00pamHol céa3U CXeMbl U Y8eAUHUBACMCS 6 0eCAMKU pas3.
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H3zeomoeaen makem damuuka Ha OCHO8e nAaHapHou cmpykmypsl Metglas — nve308040koHHbII Komnosum — Metglas, ko-
mopulii 06aadaem yyecmeumenvHocmoio 27 MB/D u nozeossem peeucmpuposams noOCMOsHHble MACHUMHbIE NOAS 8 OUANA30HE

om ~0,2 do ~70 5.

Karoueevie caosa: damuux macHuUmMHO20 NOAsl, MACHUMOINEKMPUYECKUT dhheKm, MacHUMOCMPUKYUS, Nbe303(pgexm, Kom-

NeHCcauuoHHas cxema

BBenenune

JaTymKky MarHUTHBIX TIOJIeH, MCTIOMB3YIOIINE Mar-
HuTosJekTpuueckuii (M3D) adekT B KOMIO3UTHBIX
IUTAHAPHBIX CTPYKTypax (peppoMarHeTMK — IIbe30-
a5eKTpuK (PM—I1D), ”HTEHCUBHO MUCCIIEAYIOT B TTOC-
JIEAHUE TOABI B CBSI3M C TIEPCIIEKTUBAMU IIPUMEHEHUI
B 3HEpPreTUKe, Ha TpaHCIOpTE, B CUCTeMaxX HaBWra-
LMY, B Teopusnke u mMeauimHe [1—S8].

IMpyHuMIT padoTel MO 1aTYMKOB CAEAYIOIINIA: TP
BO3IEMCTBMU Ha CTPYKTYPY NEPEMEHHOIO MarHUTHOTO
noJist A(f) ¢ 4acToToil f MarHUTOCTPUKIIMSI BbI3bIBAET
Jedopmanuio @M-ciost, sTa aedopmalus mnepeaa-
ercst [19-cino0 U Mexay dBAeKTpoaaMu MOCEeIHEro
BCJIEACTBUE IMbEe303JIEKTPUUECKOro addeKkTa reHepu-
pyercsi TepeMeHHoe HampstkeHue u(f). AMIuuTyaa
HaNpsDKEHUST ¥ TIPOMOPIIMOHAbHA MOJII0 /4 U KpoMe
TOTO 3aBUCHUT OT 3HAYCHUS ITOCTOSSHHOTO Tois H,
MPWJIOXKEHHOTOo K cTpyKType. IToatomy MO sddekr B
KOMITO3UTHBIX CTPYKTYpaX MOXeT OBITh TPUMEHEH JIJIST
pa3pabOTKM TaTYMKOB KaK MEePeMEHHBIX, TaK U MOCTO-
STHHBIX TIOJICHA.

CoszaaHHbIe K HacToOsILIeMY BpeMeHU MDD gaTuuku
MTO3BOJISTIOT U3MEPSITh IIOCTOSTHHBIE MAarHUTHBIE MOJIsT H
sHaueHueM ot ~1073 10 ~2...100 D [9—12]. 3nauenue
MMHUMAaJIbHOTO PETUCTPUPYEMOTO TOJISI OTIpeAeIsIeTCs
B OCHOBHOM MarHUTHbIMU ImymamMu @M-ciog [13], a
BEpXHsIS TpaHUla paboyero auamna3oHa JaTYMKOB OT-
paHMYeHa TIoJIeM HachllleHnsT Matepuana ®M-ciosa
CTPYKTYpHI [14]. 3aBUCHMOCTb BBIXOMHOTO curHaia MO
JATINKOB OT H ompenensieTcss BUIOM TIOJIEBOM 3aBU-
CUMOCTU MarHuTocTpukuuu A(H) ®M-ciosa u, Kak
MIpaBUJIO, UMeeT HeJuHelHbli Bug [15]. B cBsasu ¢
9THUM BeCbMa aKTyaJIbHOM 3amadeit sBsieTcs pa3padboT-
Ka METOAO0B JIMHeapu3aluu XapakTepucTuk MO nar-
YHKOB IMOCTOSIHHBIX MOJIEH M pacIIMpeHust ux paboye-
ro IMara3oHa.

B nHacroseit pabore BITepBBEIe U3TOTOBJICH U WC-
ciaenoBaH MD naTYMK MOCTOSTHHBIX MATHUTHBIX MOJIEH
KOMITeHCAIMOHHOTO Thma. [Toka3zaHO, 4TO BBeACHHE
LIENM OTpULIATeIbHOW OOpaTHOW CBSI3W, COAEpXKallei
YCWJINTENh TTOCTOSHHOTO HAIPSDKeHUS M KOMITEHCH-
PYIOIILYIO KaTYyIIKY, TTIPUBOIUT K JIMHEApU3aLIMH XapaK-
TEPUCTUKH M PACHIMPEHUIO B IECITKHU pa3 auama3oHa
paboyux MoJjieit 1aTymka.

quCTBI/lTe.ﬂbHHﬁ JJICMCHT JAaTYHKaA

KOHCTPYKLII/IH YYBCTBUTCJIBHOI'O JICMCHTA JdTYMNKA
Ha ocHOBe MD CTPYKTYPbI CXEMAaTUYCCKHM IMOKa3aHa Ha

puc. 1 (cM. TpeTblo CTOPOHY 00J10kKH1). OH COAEPXKUT
nBa GM-cosT 13 MAarHUTOCTPUKIITMOHHOTO aMOpGHO-
ro crutaBa cocraBa FeBSiC (Metglas 2605S3A Mag-
netic Alloy) [16] pasmepamu 10 X 40 MM M TONIIMHOMN
30 MKM, MEXIy KOTOpPbIMU pacriojoxeH I[1D-cioii.
Marnautoctpukiiuss @M-cinoeB JOCTUTAET HACHIILCHMS
hg=22- 1070 B moe Hg~100 B, a nbe30MarHuTHBbI
K03 PUIIMEHT, pacCUMTAHHBINA MO M3MEpPEHHOM 3a-
Bucumoctu A(H), umeeT MakcumMyMm ¢ = OA/ OH =~
~3-107% 97! npu none H, =10 3. B kauectse [19-
CJI0SI MCMOJIb30BAIN IhE30BOJOKOHHBIA KOMITO3UT
(ITBK) (M4010-P1, Smart Materials) [17] pazamepamu
10 x 40 MM u TomuuHoi 0,3 mM. I1BK comepxxut Ha-
0Op BOJIOKOH M3 LIMpKOHaTa-TUTaHata cBuHua (PZT-
BOJIOKHA), PaCTIOIOKEHHBIX MEXIY BCTPEUHO-IITHIPE-
BBIMU IIpeoOpasoBaTesiMu ¢ nepuoaom 1 mm. EMKocTb
u conpotubieHue INBK Ha yactore 1 kI’ paBHSITMCH
0,96 H® u 93 kOM coorBercTBeHHO. PZT-BosoKHA
MOJISIPU30BaHbl B TIPOAOJBHOM HAIlpaBIeHUH, W TIPU
aedopmannu paboTaeT mbe3oMonyib dyy = 460 nK/H.
ITpumenenne I1BK BMecTo monepeyHo oS pru30BaH-
Hoii PZT-11acTUHBI MO3BOJISIET B HECKOJILKO pa3 I1o-
BBICUTb BBIXOJAHOE HaIpPsDKEHUE YyBCTBUTEIBHOTO 3Jie-
meHTa. CIIOM CTPYKTYpBI OBUIM COEOWHEHBI C TTOMO-
wmblo Kies "Loctite". Ha cTpyKTypy IUIOTHO HaMOTaHa
BO30y:Kmarolass KaTylllkKa COIpOTUBIeHUEM 6,7 Ow.
[Mpu mponyckaHnM Yepe3 KaTyIKy TTepeMeHHOTO TOKa
¢ 4acToToii foHa cozpaet B @M -ciosix Bo30yKaarolee
MarHutHoe 1ojie A(f) ¢ ammutynoit o 1 9. Usmepsi-
€MOe MOCTOSTHHOE MarHuTHoe mnoJie H npukiaabiBaeT-
Csl BOOJb OCH CTPYKTyphl. Ilpu Bo3aeiicTBun Ha MO
CTPYKTYpYy IepeMeHHOro noiust A(f) U TOCTOSIHHOIO
nonst H ona, BciaencrBue MO addekra, reHepupyer
HanpsikeHue u(f).

Ha puc. 2 npuBeneHa m3MepeHHas] 3aBUCHUMOCTh
HanpsDKeHUs U, TCHEPUPYEMOI'0 YYBCTBUTEJIbHBIM 3J1e-
MEHTOM JaTyhKa, OT MOCTOSTHHOTO IOt H TIpy BO3-
OyxxnaroleM IoJjie ¢ yacroroil f= 1 kI’ u ammutynoi
h = 1 O. 3aBUCUMOCTh UMEET TUNUYHBIN miga MDD
CcTpyKTyp BuA [18]: HanpsikeHue ¥ BHavYaje IpUMEPHO
JIMHEWHO pacTeT C yBeIMIeHueM H, mocThraeT Makcu-
MyMa 1ipu nosie H| ~ 10 B, cOOTBETCTBYIOLIEM MAKCH-
MyMY IIb€30MarHUTHOTO Ko duuureHTa ¢ = or/0H, a
3aTeM IUIABHO CTPEMUTCS K HYIIO IPHM HACBIIICHUU
MarHutoctpukiuu A ®M-cnos. Ha puc. 2 BUgHO, 4TO
IUIST U3MepeHnsT H MOXHO MCITOJIb30BaTh TOJBKO Ha-
YaJIbHBIA YIaCTOK KPUBOI B 00JIaCTH MAaTHUTHBIX TTOJICH
0 < H< H,, rie HaNpsXXEHNE U ONHO3HAYHO 3aBUCUT
oT H. [Ing omvcaHHOIO 4YyBCTBUTEIBLHOIO 3JEMEHTa
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Puc. 2. 3aBHCHMOCTD aMILIMTY/Ibl HANPSDKEHHs, reHepupyemoro MD
3JIeMEHTOM, OT MOCTOSIHHOTO MATHUTHOrO moJs H

Fig. 2. Dependence of the amplitude of the voltage generated by the ME
element on the constant magnetic field H

BEpXHUIi Jrana3oH U3MepsieMbIX MOJIei He TpeBbIlal
H, ~5 D. Ilpu 5TOM naxe B yKa3aHHOM JIMara3oHe
MoJieil 3HaUYeHWe U HEeJIMHENHO 3aBUCUT OT mous H,
YyTO TpeOyeT MPUMEHEHUSI KOPPEKTUPYIOIIMX CXEM LIS
JIMHeapu3aluu XapakTepucTuk MO matdyuka.

Cxema JaTyMKa moJieii KOMIEHCAIMOHHOr0 THIIA

Hnsg nuHeapu3aluMy XapaKTEePUCTUKU UYYBCTBU-
TeJbHOro MO 3jeMeHTa UCIOJb30BaHa cXeMa KOM-
neHcauroHHoro tumna [19]. Cxema marynka nokazaHa
Ha puc. 3. OH COAEPXKUT: YyBCTBUTEIbHbIN 2JIEMEHT Ha
ocHoBe cTpyKTyphl Metglas—IIBK—Metglas; nmpensa-
PUTEJbHBI YCUIUTEb; CUHXPOHHBIN NETeKTOp; re-
HepaTop NePeMEeHHOTO HaMpPsKeHUS; YCUIUTEb TTOC-
TOSIHHOTO HAIpsKEHUST U KOMIIEHCHUPYIOLIYIO KaTylll-
Ky, BKJIIOYEHHBIE B LIelb OTPHUILATEJbHOU 0OpaTHON
CBsI3U. MaJloLIyMSIIUI YCUIIMTENb C BXOIHBIM COIPO-
tuBieHueM 1 MOM Ha OCHOBE MHTETpPaJIbHOI MUKPO-
cxembl AD620 oGecrieunBacT HEOOXOIMMOE COTJIACO-
BaHue ¢ I1BK u nonosHuTeIbHOE YCUJICHUE CUTHAJIa B
K, = 3 pasza. YcuIeHHbI CUTHaJI IOJAETCSA HA CUHX-
POHHBIN JETeKTOp, pa3padOTaHHBIA HA OCHOBE MUK-
pocxeMbl AD630. OmHOBpeMeHHO Ha CUHXPOHHBI Je-
TEKTOP MNOCTYNAeT TAPMOHUYECKUIA CUTHAJ C YaCTOTOMU
1 k' oT reHepatopa Ha Mukpocxeme AD8656. I'eHe-
paTop MOIKIIOUYEH TakXke K BO30YXKIalolleil KaTyIlKe
YYBCTBUTEJILHOTO 3JIEMEHTA, KOTOpPasi CO3AaeT BO30YX-
Jampoliee MarHuTHoe 1oJe. ITockonbky MO cTpykTypa
paboTaeT Ha 4acToTe, JAJEKOW OT YacTOTHI €€ cOOCT-
BEHHOI'0 MEXaHMYECKOTO pe30HaHca, CABUT (a3 MEeXIy
BXOJHBIM M OTTIOPHBIM CUTHaJJaMM CUHXPOHHOTO JeTeK-
Topa otcyTcTByeT [20]. B aTOM ciyuae metekTop ocy-
LIECTBSIET ABYXITOJIYIEPUOAHOE BBIMPSIMIEHUE BXO-
HOro curHajia. GuIbTp HMKHUX 4aCTOT, CTOSIIIIA Ha
BBIXOIE CUHXPOHHOTO JETEeKTOpa, BbIAEISET MOCTO-
SIHHYIO COCTaBJIsI0lIY10 curHaia U, mponopuyuoHaib-
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HYIO aMIUTMTYIe CHTHAJla ¥ C YYBCTBUTEIHHOTO 3Jie-
MmeHTa. CymMMapHbIi KO3(POULIUEHT yCUIeHUs MO Ha-
MIPSCKEHUIO CHHXPOHHOTO JIETEKTOpa M (OMIIBTPa paBeH
Ky, =12,7.

Ilens oTpuuaTeNbHONI OOpaTHOM CBSI3M OaT4YMKa
(bopmupyoT K104 K, yCcUIuTedb MOCTOSIHHOTO Ha-
MPSIKEHMST M KOMITEHCUPYIOIasi KaTylka. Y CUIUTeNb
Ha MukpocxeMe OPAS551 moBbIlIaeT MocTosIHHOE Ha-
npsekenue U eunte B Ky = 10 pa3 u obecrieynBaeT TOK
B Karymke g0 200 MA. Karyiika ¢ conpoTUBIeHHEM
Ry =105 OM n unaykTuBHOCTBIO 185 MI'H BKIIOUaeTc
TaKMM O0pa3oM, YTO CO3MAET B MECTE PACITOJOXEHUS
YyBCTBUTEJILHOTO 3JIEMEHTA TIOCTOSIHHOE ToJie H - Ha-
MPSIXKEHHOCTBIO 10 ~72 D, HanpaBJIeHHOEe HaBCTpeuy
usMmepsiemomy noswo H. KoadduiimeHT obOpaTHoOM
cBaA3M cxeMbl G = R)/(R + R;) peryaupoBaics B aua-
Ma3oHe OT HYyJSl N0 €IMHMIbl U3MEHEHUEM COMpPO-
TuBiAeHUS R (Ha puc. 3 He mMOKa3aHO), BKIIOYEHHOIO
MocJieAoBaTeIbHO € KaTylikoi. OTpuuarenabHas o00-
paTHas CBSI3b MPUBOAUT K TOMY, YTO UYBCTBUTEIb-
HbI 3JIEeMEHT MPU JIOObIX 3HAYEHUSIX U3MEPSIEMOIo
roJig paboraer B o6macti Masbix nosed H — H- < H,
YTO M TIO3BOJISIET JIMHEApM30BaTh XapaKTEPUCTUKY
JaTYnKa.

XapaKTepl/lCTPIKI/l JaT4uKa

Ha puc. 4 (cMm. TpeTbio CTOPOHY OOJIOKKM) TIPUBE-
JeHbl U3MEpPEeHHbIE 3aBUCUMOCTM HampsikeHus U Ha
BBIXOJIe JaTYMKA OT M3MEPSIeMOT0 MarHUTHOTO 10T H
NpU pa3IMYHBIX KoapduumreHTax oOpaTHON CBSI3M.
Kpusast 1151 G = 0 cOOTBETCTBYET OTCYTCTBUIO 00Opat-
HO CBSI3U B CXEM€ M IOJHOCThIO MOBTOPSIET (popmy
MoJIEBOM 3aBUCUMOCTU HampsixkeHus u(H), reHepu-
pyemoro M3 cTpykTypoit (cM. puc. 2). BuaHo, uto ¢

Puc. 3. Cxema MD aaTynka NOCTOSIHHBIX MATHHTHBIX MOJIEHl KOM-
NMEHCAIMOHHOTO THNA: / — KOMIIEHCHPYIOIAsl KaTylka; 2 — 4yBC-
TBUTEJIbHBIN 3JIEMEHT; 3 — MpeaBapUTEIbHbIN YCUIUTENb; 4 — CUH-
XpOHHBIN JETEKTOp; 5 — TeHepaTop NMepeMEHHOIO HaIPSLKEHMS
6 — YCWINTEJb MIOCTOSTHHOTO HATPSIKeHUST

Fig. 3. Diagram of the ME sensor of the permanent magnetic fields of
the compensation type: 1 — compensating coil; 2 — sensing element; 3 —
preliminary amplifier; 4 — synchronous detector; 5 — alternating voltage
generator;, 6 — constant voltage amplifier




yBeIMueHueM KoagduiueHTta oOpaTHoOi cBsI3u G
MaKCUMYM KPUBBIX CABUTAETCS B 00JIACTh OOJiee BBI-
COKMX MOJIEW M HAvyaJIbHBIN JUHEUHBIA yYaCTOK pac-
IITAPSIETCS.

dna G = 1 3aBUCUMOCTb BBIXOJJHOTO HaIPsIXKEHMUSI
JIaTYrKa OT IMoJisd H TuHeliHa BO BCEM IMAITa30He Mar-
HUTHBIX nojieit 0...72 D. C yBeandyeHUeM Koahdpu-
HueHTa oOpaTtHOil cBsA3M G OT HyAs OO0 €AWHUIIBI
YyBCTBUTEIBHOCTh AaT4YMKa (ompeaensieMast 1o HakJIo-
HY IITPUXOBBIX KPUBBIX Ha pUC. 4) YMEHbBIIAETCS OT
U/H ~ 620 mo 27 MB/9, 1. e. npumepHo B 23 paza. [1pu
5TOM ILIMPUHA AWANa30Ha II0JIEH JIMHEHHON 3aBUCHU-
MOCTH BEIXOITHOTO HATIPSLKEHUS OT U3MEPSIEMOTO TTOJIS
paciumpsieTcst oT ~1,5 no 72 B, 1. e. npumepHo B 50 pas.
AMIUTATYIA IIIyMOBOTO HATIPSDKEHWS Ha BBIXOJE IaT-
YyKa ¢ HauOOJIbIINM JUHEHHBIM TUAa30HOM COCTaB-
Jsina ~5 MB. TlpyHuMasi BO BHUMaHHWE YYBCTBUTEJb-
HOCTb JaTYMKa, MOJydaeM, YTO OH TMO3BOJISIET PEerucT-
pUpPOBAaTh MUHUMAJIbHBIE TTOAA 10 H ;) = 0,2 D.

3akimouyeHue

DKCIepUMEHTATBHO MPOIEMOHCTPUPOBAHO PACIIIN-
peHue JIMHEeMHOro Auana3oHa JaTYMKOB MOCTOSTHHBIX
MarHUTHBIX IIOJIeil, HCIOJb3yIInX MO addekr B
KOMITO3UTHBIX CTPYKTYpax, 3a CYCT IPUMEHEHHST KOM-
TTeHCAIIMOHHOM cXeMbl. B matunke, cogepkaiiem 4yBCT-
BUTEJIbHBII 3JIEMEHT Ha OCHOBE CTPYKTYphl Metglas—
IIBK—Metglas, CUHXpPOHHBIIA OE€TEKTOp, YCUJIUTEIb
MMOCTOSTHHOTO HATIPSDKeHUS] M KOMITCHCHPYIOIIYIO Ka-
TYLIKY B LIEMM OTpULATEIbHOII 0OpaTHOI CBSI3M, JO-
CTUTHYTO pacllMpeHMe Auara3oHa JUuHelHOoCTH ¢ ~1,5
no 72 B, 1. e. npumepHo B 50 pa3. Pacumupenue aua-
Ma3oHa JMHEHHOCTU COMPOBOXKAAETCS YMEHbIIEHUEM
YYBCTBUTEJILHOCTH JaTYMKa, YTO MOXHO KOMITEHCUPO-
BaTh MOBBIIIEHNEM KO3(MOUIIMEHTOB YCUJICHUS 3JICKT-
POHHBIX KOMITOHEHTOB CXeMbI. JIana3oH TMHEHHOCTH
MD paT4yMKOB OMUCAHHOIO THUIIA MOXET OBbITh ellle
paciMpeH B 06J1aCTh BHICOKHUX TOJIEH 3a CUeT UCMOJIb-
30BaHUs (heppOMArHUTHBIX MaTepUaJIOB ¢ Oojiee Bbl-
COKUM IT0JIEM HACBIIIEHUS ¥ ONITUMU3ALN KOHCTPYK-
MY KOMIIEHCUPYIOIIEH KaTYIIKH.

Paboma evinoanena npu noddepicke Munucmepcmea
obpaszosanus u nayku P® ¢ pamkax eoczadanus no npo-
exmy Ne 8.1183.2017/114.
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A compensation type sensor of permanent magnetic fields is described, using a magnetoelectric effect in the planar composite fer-
romagnetic-piezoelectric structure. The magnetoelectric effect in the structure arises due to combination of the magnetostriction of the
Sferromagnetic layer and the piezoelectric effect in the piezoelectric layer. The sensor contains a composite structure, a preamplifier, an
alternating voltage generator, and a lock-in amplifier. The sensor uses dependence of the amplitude of the voltage generated by the struc-
ture placed in the excitation magnetic field and the measured permanent magnetic field on the value of the permanent field.

1t is shown that introduction of a negative feedback circuit incorporating a constant voltage amplifier and a compensating coil
into the circuit of the sensor leads to the linearization of its characteristics and widening of its magnetic field operation region. The
width of the operation range of the sensor depends on the feedback factor of the circuit and is increased by tens of times. A prototype
of the sensor based on the planar metglas — piezo-fiber composite — metglas structure, has a sensitivity of 27 mV/E and allows
detection of permanent magnetic fields in the range from ~0.2 E to ~70 E.
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Introduction

Magnetic field sensors using the magnetoelectric (ME) effect in
composite planar ferromagnetic-piezoelectric structures (FM-PE)
are intensively investigated in connection with the prospects of ap-
plications in power engineering, in transport, in navigation systems,
in geophysics and medicine [1—8].

The principle of the ME sensor operation is as follows: when the
structure of an alternating magnetic field 4(f) with frequency fis in-
fluenced, the magnetostriction causes deformation of the FM layer,
this deformation is transferred to the PE layer and an alternating volt-
age u(f) is generated between the electrodes of the latter due to the
piezoelectric effect. The amplitude of the voltage u is proportional to
the field 4 and in addition depends on the value of the constant field
H applied to the structure. Therefore, the ME effect in composite
structures can be applied for the development of sensors of variables
and constant fields.

The sensors created by ME can measure constant magnetic
fields H from ~1073 to ~2...100 E [9—12]. The value of the minimum
recorded field is determined mainly by the magnetic noise of the FM
layer [13], and the upper limit of the operating range of the sensors
is limited by the saturation field of the FM material of the structure
[14]. The dependence of the output signal of ME detectors on H is
determined by the form of the field dependence of the magnetostric-
tion M(H) FM-layer and, as a rule, has a nonlinear form [15]. In this
connection, a very urgent task is to develop methods for linearizing
the characteristics of ME sensors of constant fields and expanding
their operating range.

In the present work, the ME sensor of constant magnetic fields
of the compensating type was first manufactured and investigated. It
has been shown that the introduction of a negative feedback circuit
comprising a constant voltage amplifier and a compensating coil re-
sults in the linearization of the characteristic and the widening of the
range of the sensor working fields.

Sensing element of the sensor

The sensor’s sensing design based on the ME structure is sche-
matically shown in fig. 1. It contains two FM layers from a magne-
tostrictive amorphous alloy of the composition FeBSiC (Metglas
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2605S3A Magnetic Alloy) [16], 10 X 40 mm in size and 30 um thick,
between which the PE layer was located. The magnetostriction of the
FM layers reaches saturation LS ~ 22 - 107 in the field H ¢~100 E,
and the piezomagnetic coefficient calculated from the measured A(H)
dependence has a maximum of ¢ = oA/oH ~ 3+ 107 B! at field
H, =10 E. A piezoelectric fiber composite (PFC) (M4010-P1, Smart
Materials) [17] measuring 10 X 40 mm and a thickness of 0.3 mm was
used as the PE layer. PFC contains a set of fibers from zirconate-ti-
tanate lead (PZT-fiber), located between the interdigital transducers
with a period of 1 mm. The capacitance and resistance of the PFC
at a frequency of 1 kHz were 0.96 nano F and 93 kQ, respectively.
The PZT-fibers are polarized in the longitudinal direction and the pi-
ezomodule ds3 = 460 piko K/N operates when deformed. The use of
PVC instead of a transversely polarized PZT plate allows several times
to increase the output voltage of the sensitive element. The layers of
the structure were connected by means of the adhesive "Loctite". An
exciting coil with a resistance of 6.7 ohms is tightly wound onto the
structure. When an alternating current flows through the coil with fre-
quency f, it creates in the FM-layers an exciting magnetic field A(f)
with an amplitude up to 1 E. The measured constant magnetic field H
is applied along the axis of the structure. When the structure of the
alternating field A(f) and the constant field H influenced on the ME,
it generates a voltage u(f) as a result of the ME effect.

Fig. 2 shows the measured dependence of the voltage u generated
by the sensitive element of the sensor against the constant field H,
with an exciting field of frequency /= 1 kHz and amplitude 42 = 1 Oe.
The dependence has the form typical for ME structures [18]: the volt-
age u initially increases approximately linearly with an increase in H,
reaches a maximum at a field H; = 10 E, corresponding to the max-
imum of the piezomagnetic coefficient, and then tends to zero
smoothly when the magnetostriction of the FM layer is saturated. It
can be seen that only the initial section of the curve in the magnetic
field region 0 < H < H,, can be used to measure H, where the voltage
u uniquely depends on H. For the described sensor element, the up-
per range of the measured fields did not exceed H,, =~ 5 E. Even in
this field range, the value of u is nonlinearly dependent on the field H,
which requires the use of corrective circuits for linearizing the ME
sensor characteristics.




Compensation type field sensor circuit

For the linearization of the characteristics of the sensitive ME el-
ement, a compensating type scheme was used [19]. The sensor circuit
is shown in fig. 3. It contains: sensor based on the Metglas-PFC-Met-
glas structure; preliminary amplifier; synchronous detector; alternating
voltage generator; constant voltage amplifier and compensating coil in-
cluded in the negative feedback circuit. A low-noise amplifier with an
input impedance of 1 MQ based on an integrated circuit AD620 pro-
vides the necessary matching with the PFC and additional amplification
of the signal in K| = 3 times. The amplified signal is fed to a synchro-
nous detector, developed on the basis of the AD630 chip. Simultane-
ously, a harmonic signal with a frequency of 1 kHz from the generator
on the AD8656 chip arrives at the synchronous detector. The generator
is also connected to the exciter coil of the sensing element, which cre-
ates an exciting magnetic field. Since the ME structure operates at a fre-
quency far from its own mechanical resonance frequency, there is no
phase shift between the input and reference signals of the synchronous
detector [20]. In this case, the detector performs a full-wave rectifica-
tion of the input signal. The low-pass filter at the output of the syn-
chronous detector produces a constant component of the signal U, pro-
portional to the amplitude of the signal u from the sensor element. The
total voltage gain of the synchronous detector and filter is K, = 12.7.

A negative feedback loop of the sensor forms a key K, a constant
voltage amplifier and a compensating coil. The amplifier on the OPAS551
chip raises the DC voltage U still in K3 = 10 times and provides current
in the coil to 200 mA. The coil with the resistance R, = 105 Ohm and
the inductance of 185 mH is switched on in such a way that it creates
a constant field of HC up to ~72 Oe in the location of the sensitive el-
ement, directed against the measured field H. The feedback coefficient
of the circuit G = Ry/(R + R,) was regulated in a range from zero to
one by a change in resistance R (not shown in fig. 3), connected in se-
ries with the coil. Negative feedback leads to the fact that the sensing
element works at low field values H—HC < H for any values of the
measured field, which allows linearizing the characteristic of the sensor.

Sensor specifications

Fig. 4 shows the measured dependences of the voltage U at the out-
put of the sensor on the measured magnetic field H for various feedback
factors. The curve for G = 0 corresponds to the absence of feedback in
the circuit and completely repeats the form of the field dependence
of the voltage u(H) generated by the ME structure (see fig. 2). It is
seen that as the feedback coefficient G increases, the maximum of the
curves shifts to higher fields and the initial linear portion expands.

For G= 1, the dependence of the sensor output voltage on the field
H is linear over the entire range of magnetic fields from 0 to 72 E.
With an increase in the feedback coefficient G from zero to unity, the
sensor sensitivity (determined from the slope of the dashed curves in
fig. 4) decreases from U/H ~ 620 to 27 mV/E, that is, approximately
23 times. At the same time, the width of the range of fields of the lin-
ear dependence of the output voltage on the measured field expands
from ~1.5 to 72 E, i.e., about 50 times. The amplitude of the noise
voltage at the output of the sensor with the largest linear range was
~5 mV. Taking into account the sensitivity of the sensor, we find that
it allows recording the minimum fields up to H,;, ~ 0.2 E.

Conclusion

Thus, the expansion of the linear range of sensors for permanent
magnetic fields using the ME effect in composite structures has been
demonstrated experimentally through the use of a compensation
scheme. In a sensor, containing a sensing element based on the met-
glas-PFC-metglas structure, a synchronous detector, a constant-volt-
age amplifier, and a compensating coil in the negative feedback cir-
cuit, an extension of the linearity range from ~1.5 E to 72 E is
achieved, i.e., about 50 times. The extension of the linearity range is
accompanied by a decrease in the sensitivity of the sensor, which can
be compensated for by increasing the gain of the electronic compo-
nents of the circuit. The linearity range of ME sensors of the de-
scribed type can be further extended to the field of high fields by using
ferromagnetic materials with a higher saturation field and optimizing
the construction of the compensating coil.

The work was supported by the Ministry of Education and Science
of the Russian Federation within the framework of the state project for
project 8.1183.2017/114.
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OLIEHKA MEPCNEKTUBbI MPUMEHEHUS BETA-DAEKTPUYECKUX BATAPEMA
B MUMKPOMOLLHbIX ABTOHOMHbIX YCTPOMUCTBAX
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Yenexu 6 obaacmu MUKpo- U HAHOINEKMPOHUKU NPUBEAU K CO30AHUIO MUKPOMOUHBIX ABMOHOMHbBIX YCMPOUCme coopa uH@pop-
Mauuu U ynpasaernus npoyeccamu 8 MuKpoobsemax, panee HeOOCMYNHbIX 045 UCCae008anus. B psde cayuaee ycmpoiicmea 3moeo
muna 00ANCHbL HAX00UMbCS 8 NOAHOU U30AAUUU OM GHeUlHell cpedbl 8 meueHue OnumenbHozo epemeru. OOHUM U3 NPUHUUNUANbHBIX
B0NPOCOB BbINCUBACMOCU MUHUAMIOPHBIX, 00A20HCUBYULUX ABMOHOMHBIX 006EKMO8 A6AAEMCs 8ONPOC UX IHEPONUMAHUSL.

Paccmampusaromes ceolicmea u nepcnekmugsl NPUMeHeHuUs Oema-saeKkmpu4eckux bamapell 6 Kavyecmee UCMOYHUKA nUma-
HUS, UHMESPUPOBAHHO20 8 MUKPOCXemy 00sekma. Buinoinena oueHKa MUHUMAABHO 603MOMNCHBIX PA3MEPO8 MOHOAUMHBIX YCHI-

policme ¢ bema-anekmpuieckoi 6amapeeil.

Karoueewie caosa: asmonommbie MUKDPOMOUWHbLE CUCMEMDbL, 6ema—3/1elcmpu11ec1€ue MUKDPOMOUWHbLE 6amapeu, HAHO3/1€eKMPOHUKA

BBenenue

K aBTOHOMHBIM ycTpoiicTBaM (najiee AY) OTHOCST
3JIEKTPOHHBIE CUCTEMBI, BBITTOHSIONINE 3a0a9H 10 T10-
JIydeHU10, 00paboTKe, XpaHEeHUIO U mepenaye uHdop-
Maruu 6e3 MOJyYeHUs] SHePTUX OT BHEIITHETOo MCTOY-
Huka [1]. ITepuon ¢yHKuMOHUpOBaHUS AY c 3Hep-
reTUYECKOM TOUYKU 3pEHUs MOXHO pa3leuTh Ha JBa
pexuma: MojluaHus (XpaHeHMs] MHGOpMalMu) U pa-
60Tl (cOOp U nepenada uHgopmaimu). Iepexom mex-
Iy 3TUMM PEXMMaMU IIPOUCXONNT B COOTBETCTBUU C
BHYTpEeHHE# POrpaMMOif MJIN TI0 BHEIITHEMY CUTHAITY.

B pabore peub maeT o0 yCTpOMCTBaxX, MOIIHOCTh
KOTOPBIX MOPSIIKA eNMHUIL MUKPOBATT, MPU 00beMe He
Gonee 1 cM> M BO3MOXHOM BPEMEHU AaBTOHOMHOTO
[IMKJIa IO HECKOJIbKUX COTeH JieT. Hu ommH mpyroii
TUI UCTOYHUKOB DHEPIUU, KPOME M3OTOIHBIX OeTa-
2JIEKTpUYECKNX TpeoOpasoBareneil (mamee BVB, ot
aHri. beta voltaic battery) He B COCTOSIHUU 00€CIIEUUTh
TaKue IapaMeTphl B HacTosIiee Bpems. B kauecTBe uc-
TouyHuKa 3Hepruu B BVB ucnonbiyercst B-usinydyeHue
OIIHOTO M3 M30TOIIOB, HANpUMeEp BOAOPOIA, HUKEJS
WIA IPYTOTO 3JIeMeHTa. MOIIHOCTh TTepBUIHOTO WC-
TOYHMKA MPAKTUYECKM HE 3aBUCUT OT BHEIIHUX BO3-
neficTBUll U Harpy3ku. AY moTpeOisieT 3Hepruto, mo-
JIy4EHHYIO MpeoOpa3oBaHNEM MeXaHNYECKOW SHEPTUHN
B-uznyyeHus (ObICTPbIE BJIEKTPOHbBI) B DJIIEKTPUUECT-
BO. B pabote paccmarpuBaeTCsT MCIIOB30BaHNE B Ka-
YyecTBe Mpeodpa3oBaTeisl SJIEKTPOHHO-IbIPOYHbIX TTe-
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PEXOIOB, U3TOTOBJAEHHBIX B MOHOKpHCTAUIaX Si B €1~
HOM TEXHOJOTMYECKOM IIMKJIe C MUKPOCXeMOM. DTa
TEXHOJIOTHS TTO3BOJISIET CO3aTh HAIEsKHOE YCTPOMCTBO
HeOOJIbIIIMX pPa3MepoB, IPUTOAHOE JISI MacCOBOIO
IIPOM3BOACTBA. MOHOJMTHBIE MHMKPOMOIIHBIE AY C
BVB B nmpoMmbllUIEHHBIX MacliTabax He BBIYCKAaloT.
OnHako BBINYCKAIOTCS W HAXOAST CIIPOC MUKPOMOIIL-
Hble BVB, u3roroBieHHbIe 10 TMOPUAHON TEXHOJOTUMN
[2]. ITpumepoM yCTPOMCTB 3TOrO TUMA SIBJISIOTCS Kap-
JTUOCTUMYJISITOPBI, KAYECTBO KOTOPBIX IO OT roja Io-
BBbIILIAETCSI, TIPY MOCTETIEHHOM YBEJIWYEHUM BpeMEHU
X paboThl, CHIKEHMU Pa3MepoB U IIEHBI, KOTOpas
MOKa ellle 0CTaeTCsl BhICOKOIA.

1. Bo3moxHble mapaMeTpbl HCTOYHUKOB MHATAHUSA
JUJIs1 aBTOHOMHBIX MUKPOYCTPOICTB

YMeHbllIeHe pa3MepoB 3JIEMEHTOB TOJYIIPOBOI-
HUKOBBIX MH(MOPMAIIMOHHEIX YCTPOMUCTB BEACT K ITOC-
TEIMIEHHOMY CHVKEHUIO CpeIHe MOIIIHOCTH, HE00X0-
IuMoit masg obpaboTku uHbopMauuu. CHUXEHUE
yIEeIbHON SHEPruy, HeoOXOOMMON ISl Iepe3anucu
onHoro outa, ¢ 1982 roma A0 HemaBHEro BpeMEHU
YMEHBIIIAJIOCh TTPUMEPHO B 3 pa3a KaXIble IBa Troaa
[1]. K HacTos1IeMy MOMEHTY 3HEprusi, Heooxoaumasi
JUIST 3aITHCH GUTa, YMEHBIIMIACh puMepHo ¢ 1077 10
10713 Ixx/6ut. OmHako AanbHeilee yMeHbIIEeHUe
SHEPTeTUIECKON IIeHBI OMTa ITOKHO OBITH CBSI3aHO C
HCTIOJIb30BAaHMEM HOBBIX TTPUHIIMATIOB 3aITMCH U XpaHe-
HUS MHOOPMAILIH.
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Puc. 1. 3aBucumoctb IHEProeMKOCTH UCTOYHUKA OT €ro MOIHOCTH B pacyeTe HA €AUHUIY 00bemMa: ¢ — OCHOBHOI HUICTOYHUK DJICKTPOSHECPIUU;

b — OydepHbIli UCTOYHMK DJIEKTPOIHEPIUHU

Fig. 1. Dependence of the energy consumption of a source on its power per a volume unit: a — basic source of the electric power; b — buffer source

of the electric power

ITo Mepe pa3BUTHUS KOMMOBIOTEPHBIX TEXHOJOTUM
MPOUCXOIUT MOCTEIIEHHOE YBEJMYEHHE KOJMYeCTBa
nHPOpMaLIM, KOTOPYIO MOXKHO XpaHUTh U 00pabaThl-
BaTh B €IMHUIIE 00BbEeMa, OMHAKO OOJIBIIYIO YaCTh 00b-
emMa AY NoJDKeH 3aHMMaTh MCTOYHUMK 3Hepruu. Ilo-
5TOMY TIpU MPOEKTUPOBAHUU COBPEMEHHBIX aBTO-
HOMHBIX HAHOCHCTEM 3aJaHHOTO 00bheMa HeOOXOINMO
pelaTh 3aJady IToMcKa ONTUMAJILHOTO COOTHOIICHUS
MEXIY KOJIMYECTBOM M Ka4eCTBOM COOpaHHOI MHGOP-
Mallii ¥ SHEPTreTUYECKUMU BO3MOXHOCTSIMHM MCTOY-
HUKA MTUTaHUS.

Ha puc. 1, a npencraBieHbl 3aBUCMMOCTH 3HEPTO-
€MKOCTH Pa3JIMYHbIX UCTOYHUKOB OT UX MOILIHOCTHU B
pacyeTe Ha equHUILY oobema [3]. 3 rpapukoB BUIHO,
YTO CaMOM BHICOKOI1 3HEProeMKOCTbIO MOTYT 001agaTh
BVB, omHako mOCKOJIbBKY OHM KCIIOJBL3YIOT SHEPIHUIO
YacTUIIL, U3JTydaeMbIX paIMOAKTUBHBIM U30TOIOM, OHU
HE CMOCOOHBI OTAABaTh PHEPTUIO OBICTPO, T. €. UMEIOT
HU3KYI0O MOLIHOCTb M, COOTBETCTBEHHO, MOIKIIOYEH-
Hble K HUM CXE€MbI JOJDKHbBI ObITh MENJIEHHBIMU. TakuM
o0pa3oM, 0CHOBHOI1 HegocTaToK BVB — upe3Bbiuaii-
HO Hu3Kue TokM. st obecneyeHuss paboTOCIoCco0-
HOCTHU 3JIEKTPOHHOU CXeMbl HEOOXOAUMO MCIOJIb30-
BaThb JOMOJHUTEJIbHBIM HAKOMUTEIb SHEPTUU, U COOT-
BETCTBEHHO, CXe€Ma IOJKHA padoTaTh MONEPEMEHHO B
pexXuMe HaKOIUIEHUsI M pacxoma sHepruu. s pac-
cMaTpMBaeMbIX AY ¢ TOUKM 3peHUsI MOJIYYECHUST MaK-
CUMaJIbHOM MH(pOpMaLIMK TTPY MUHUMAJIBHOM pPacxoie
SHEPruu ONTUMAJbHBIM SIBJISIETCSI PEXXUM OAHOKpAT-
HOI Tepenayu JaHHBIX, C TeM, YTOObI BCSI 3HEPTHUS,
MOCTYIMBILASL B PEXMME MOJYAaHMS, yIIUIa HA CYUTHI-
BaHWE W XpaHEeHUe UHGbOPMaLINH.
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3aBUCUMOCTb 3HEProeMKOCTM UCTOYHMKA OT €ro
MOIIHOCTH UIS1 BO3MOXHBIX Oy(epHbIX HaKOIMUTEeH
nokasaHbl Ha puc. 1, b [4]. Kak BUIHO U3 pucyHKa, B
Ka4yecTBE XOPOIIEro HAaKOIMTeJsI, 00eCIeunBaloero
JIOCTAaTOYHO BBICOKYIO MOIIIHOCTb, MOIJIM Obl CIYXKUThb
JIMTUEBBIE aKKyMmyJaupyloue Oatapeu. OmHaKO uC-
MOJb30BaHME JIIOOBIX XMMUYECKUX MCTOYHMKOB TOKA
HE TO3BOJIUT CO3aTh MOHOJUTHOE YCTPOMCTBO B €11~
HOM TEXHOJIOTUYeCKOM mpoliecce. K ToMy ke Xxumu-
yeckue OaTapeu MpU OAMHAKOBOW 3HEPrOEMKOCTU C
BVB wiu KoHaeHcaTopaMu B JECSTKM pa3 IIPEeBOCXO-
JST TOCeIHUEe Mo 00beMy U Becy. DTO CTaBUT Ipe-
rpamay Ha ITyTH MMHUATIOPU3AIMUA YCTPONCTB C XUMMU-
YECKMMU aKKyMYJISITOpaMU, W TPEANIOYTEHUE CIIeAyeT
OT/IaTh €eMKOCTHBIM HaKOMUTEJISIM.

2. OcHOBHbIE XaAPAKTEPHUCTHKH
0eTa-3JIeKTPHIECKOr0 HCTOYHAKA MATAHASA

bera-anekTpuyecKMiA 3J€MEHT IIPEACTABIISIET CO-
0oit BVB ¢ onHUM p—n-TiepexonoM, MOAKIYEHHbIM
K BbIBogaM Oatapeu. Ilo cTpykType M NpUHLMITY pa-
0OTBHl OH OJIM3OK K COJIHEYHOMY 3jeMeHTy. OTinuue
3aKJII0YAeTCsl B TOM, YTO CBOOOIHBIE HOCUTEIN 3apsiaa
B HEM TIOSBJISIIOTCS HE B pe3yJbTaTe MOTJIOIIEHUS
SHEPTUU CBETa, a B Pe3y/abTare MOIJIOIICHUS] SHEPTUN
OBICTPBIX JIEKTPOHOB (B-U3TY4YEeHHUSI), MOCTYNAIOIIEro
OT PaJOaKTUBHOIO UCTOUYHHUKA.

Hecmotpst Ha TOo UTO B HacTosilee BpeMsl JJIsl CO-
3gaHus BVB BenyTrcst MHTEHCUBHBIE MCCIIEIOBAaHUS B
00JIaCTH TaKMX LIMPOKO30HHBIX MaTepuaaoB Kak, Ha-
npumep, anmas, GaN, SiC u ap., mo-BUIUMOMY, BCe-
Taki HaubOosee OJvKallieil MepcrieKTUBOM CleayeT
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CUMTaTh OpPraHM3alMI0 MacCcoBOro IpousBoacrsa BVB
Ha OCHOBe Si, KaK Hanbojee TeXHOJOTUUHOTO U YHU-
BepcajibHOro Marepuaina. K Tomy Xe M3roTOBJIEHUE
WCTOYHMKA TUTAaHUS B TOM K€ TEXHOJOTHMYECKOM
npoiiecce, B KOTOPOM M3TrOTaBJIMBAETCS MUKpPOCXeMa
MO3BOJIUT OOECIeUUTh 3HAYUTENIbHOE YMEHbIIEHUE
pa3MepoB ycTpoiicTBa u ero crouMoctu. Ilocnegnui
¢akTop Upe3BbIUAHO BaXXeH, MOCKOJIbKY MUKPOMOIII-
HOE YCTPOMCTBO ¢ MHTerprpoBaHHBIM BVB mcrounu-
KOM SIBJISIETCS U3JEJIMEM OJHOPA30BOr0 JIEUCTBUS.

3HAYUTEbHOE BIUSIHAE Ha CTOUMOCTb YyCTPOMCTBA,
ero 6e30MacHOCTb U YTWIN3ALUIO MOXET OKa3aTh BbI-
0op MCTOYHMKA B-u3nyyeHus. B Tabnuiie npuBeaeH
CMHCOK MUCTOYHUKOB, KOTOPbIE YACTO MCIOJIb3YIOTCS
B Garapesx BVB [5, 6]. Bo Bcex mepeuyncieHHBIX B
TabJulIe Caydasix MUCMOJb3yeTcsl reHepalysi ObICTPOro
9JIeKTpOHa (B-4acTULbl), KOTOpasi MPOUCXOIUT TpU
MpeBpallleHUU TPOTOHA B HEUTPOH C MCITyCKaHUEM
B-uacTuubl — aHTUHEUTpUHO. [Tpu 3TOM MpOUCXOAUT
MpeBpalleHne UCXOAHOTO aToMa B aTOM JIPYroro aJje-
MeHTa. Tak, HanpuMmep, I TPUTUS 3Ta peaklusl Bbl-
DJISIAUT CIENYIOIIUM 00pa3oMm:

SH »3Het + B + v, (1)

rae B — P-yacTtuiia; v — aHTUHEUTPUHO.

Kak BMIHO M3 TaGJMIbl SHEPreTUYECKUI CIEKTp
UCITyCKaeMbIX 3-4acTUIl U BpeMs MoJiypaciiaaa pas3iu-
yalpTCcs sl pa3HbIX M30TOMOB. PaznuuaroTcs Takxke
JJIMHA TOPMOXEHUS B-4aCTULIbl U 3HAYEHUE IHEPTUH,
BBIZCIISIONIEHCS B TOJYIIPOBOIHUKOBOM MaTepuale.
B HacTtosiiiee Bpemst BeayTcsl pabOTHI IO CO3IaHUIO
BVB co BcemMu npuBeaeHHBIMU B TaOJULE UCTOYHU-
KaMU, OAHAKO HauOOJIbIIME YCHEXU AOCTUTHYTHI C
TputueM. BVB ¢ TpuTtHeM U3roToBISIIOT B KOpHycax,
AHAJIOTMIHBIX KOpPITycaM MHUKPOCXEeM, U OHU HaXOIsAT
KoMmMepueckuii cripoc [2]. TpuTuii MoOXeT HUCIIOJIb30-
BaTbCsl KaK B KPUCTAUIMYECKMX, TaK U B TOHKOILIE-
HOUHBIX KPEMHHUEBBIX IpeoOpasoBaTesisx [B-usmyye-
Hus [7]. CpenHssl IMHA TOPMOXEHUST 3JEKTPOHOB,
HUCITyCKaeMbIX TpuTHeM, B Si coctapisaeT 0,2 MkMm [§],
TaK YTO MPAKTUIECKU BCS KHHETHUECKAasi SHEPTHS Yac-
TUIBI BBIIEJISIETCS] B ITOJYIIPOBOAHUKOBOW TUICHKE.

IIpu ycnoBuu MmoaHOro mpeoOpa3oBaHUS 3TOUM 3HEP-
TMY yaeabHas 3HepreTudyeckas eMkoctb BVB B pac-
yeTe Ha eauHMIly obbema Oblia Obl paBHA MPUMEPHO
10 KBT-q/CM3. B monb3y TpuTHsl CBUAECTEIbCTBYIOT
crenyiomme @akTel. TpuTwii SBIAsSETCS MOOOYHBIM
MPONYKTOM IIPU MPOU3BOJACTBE 3JIEKTPOIHEPIMU aTOM-
HBIMU CTAHLUSIMU U CTOMMOCTbH €ro HeBeJuKa II0
CPaBHEHUIO C APYIrMMU M30TOIIaMU, IPUTOAHBIMU B
KayecTBE MCTOYHUKOB B-u3nydyeHus. BoaMmoxHoe no-
MMajaHue TPUTHUSI B OKPYXKAIOIIYIO Cpedy, a BeposT-
HOCTb 3TOTO CYIIIECTBYET BCEIJa, MOXET HAHECTH Ye-
JIOBEKY MEHBIIWIA BpEIl MO0 CPABHCHUIO C IPYTUM THU-
TOM TrOpIOYEro, KOTOPoe MOXKET ObITh MCIOJb30BAHO B
MU30TOIHBIX TeHepaTopax. TpuTuii IBisieTcsl U30TONIOM
BOZOpOMA, U TMOMNagaHWe €ro B OpraHU3M YejioBeKa B
HeOOJIbIIIMX KOJMYECTBaX, TaK Xe KaK U JAedTepusi, He
MPUBOAUT K KaKMM-JINOO CEPbE3HBIM IMOCIEACTBUSIM,
MOCKOJIbKY OH C BOAOU JOBOJILHO OBICTPO BBHIBOAUTCS
Hapyxy. K IOoCTOMHCTBaM OpyrMX WMCTOYHUKOB, IIO
CPaBHEHMIO C TPUTUEM, CJIEAYET OTHECTH 0OJiee BbICO-
KyI0 BHEPIUI0 YacTUll, U COOTBETCTBEHHO BO3MOX-
HOCTb TTOJIYYUTD OOJBIIYIO AMEKTPUUYECKYIO MOIIIHOCTbD.
M3 nepeuncieHHBIX B TaOJUlIe MaTepUATIOB YaCTO UC-
MOJIb3YIOTCS O3Ni [9]. BiOOp oqHOrO U3 NMEPEUYNCIICH-
HBIX B TaOJIMIIE MaTepUaoB OCYIIECTBISETCS UCXOMs
13 OCOOEHHOCTE!l KOHCTPYKIIMM U TexHoaoruu BVB.
OpHako cjienyetT UMeTh B BUIY, UTO 3Ni B gecsitku pas
JIOpOXE 3H. Hpyrue martepuanbl U3 TaOJULbI e€lle
3HAYUTEIBHO IOPOXE, YeM 3N

Ha puc. 2 nokazaHa ogHa M3 BO3MOXHBIX KOHC-
Tpykuuii BVB [10]. DnexTpoabl, OCYILECTBISIOLINE
KOHTaKT K o0iacTsaM p+ 1 p—, B 3TOM Ipubope U3ro-
TaBJIMBAlOT U3 MaTepualla, couepxkaiiero uzoromn. [y-
OMHa KaHaJOB W PACCTOSIHWE MEXIY HUMU TOJIKHBI
ObITb HE MEHee JUIMHbI TOPMOXeHUs B-yacTtul. Hanu-
yye MMKPOKAHAJIOB 3HAYMTEIbLHO YBEJIUYUBAET OOJY-
YyaeMylo IUIOIIAb U COOTBETCTBEHHO BBIXOJHOM TOK.

Puc. 3 mimocTpupyeT OCHOBHBIE IIPOLIECCHI, IPO-
ucxomsiMe Mpu Ipeodpa3oBaHUMU MEXaHUYECKOM
SHEpPruu 4YacTull B ajieKTpuuecTBo. Ha puc. 3 aTomsbl,
HCIyCKalolllMe B-4acTHUILibl, COAEPKATCs B MaTepuae
3JIeKTpOA0B. TOHKMMU JIMHUSIMU HA PUCYHKE TTOKa3a-
HBI TPAEKTOPUM BTOPUYHBIX 3JIEKTPOHOB, BOZHUKAIO-

OcHOBHbIE HCTOYHHKH, HCNOab3yeMble B BVB Garapesx
Main sources used in the BVB batteries

CpenHss SHEprust MaxkcumanbHast
Hzoton Ilepuon nmonypacnana, Jiet| AKTUBHOCTb, Ku/T pacnama, k3B 9HEeprus pacrnanga, k3B
Isotopes Half-life period, years Activity, Ci/g Average disintegration Maximal disintegration
energy, keV energy, keV
Tpurwit (;H) 12 9,8 5,7 18,5
Tritium (°H)
Hukens-63 (43Ni) 100,1 10 17,3 67
Nickel-63 (%>Ni)
Kanmuii-113m (113mCd) 14 240 57 190
Cadmium-113m (1" Cd)
Mpometuii-147 (147Pm) 2,64 12,5 65 220
Promethium-147 (147 Pm)
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Puc. 2. Oana u3 Bo3MOXKHbIX KOHCTPYKuuii BVB
Fig. 2. One of the possible BVB designs

Puc. 3. Cxema npoueccoB reHepanuy 3apsaoB H UX pa3aeaeHus:

Fig. 3. Circuit of the processes of generation of the charges and their
separation

LIMX MPU TOPMOXEHUU B-4acTull. DJIEKTPOHBI U IbIP-
KM, Bo3HuKawlue B BVB, o0o3HaueHbl KpyxXKaMu
CO 3HaKOM, CTpeJKaMyd O00O3HAuYeHO HaIlpaBJIeHUE WX
npeiida, BBI3BAHHOTO BHYTPeHHUM noyieM E B obiactu
MPOCTPAHCTBEHHOTO 3apsina p—rn-nepexona. O6iacTb
Oapbepa 0003HaUeHA MYHKTUPOM. DJIEKTPOHBI U IbIP-
KM, BO3HUKAIOLIKME BHE Oapbepa, IepeMellarTcs aug-
¢y31MOHHBIM 00pa3oM, 1 B 00JIaCTh Oapbepa ITonagamT
TOJIBKO T€, KOTOPBIE PACIIOJNIOKEHBI OJIMKe K HEMY U
HE yCreBalT NPOpeKOMOMHUPOBaTh. YKCI0 TaKUX HO-
cuTesieil onpeaensieTcsl 3HaYeHUSIMU TUODY3MOHHOM
JUTMHBI, KOTOpas B Si MOXET JOCTUIaTh MUKPOMETPO-
BbIX 3HAUYEHUM.

IIpouecc npeobpa3zoBaHus SHEPIUU B IEPBOM IIpU-
OJIMKeHUMM MOXHO ONUCATh TPEMsI OCHOBHBIMU CTaJU -
SIMM, KaXmasi U3 KOTOPBIX MOXET XapaKTepH30BaThCs
HEKOTOPHIM KO03(hPULIMEeHTOM 3POEKTUBHOCTHU Tpe-
oOpaszoBaHus. Ha nepBoii craguy IMpouCXOauT MOIJIO-
IIEHUE B-4acTull, UCITyCKAaeMbIX HCTOYHUKOM, PacIo-
JioxkeHHbIM B BVB (He Bce). 1010 MOMIOIEHHbIX Yac-
TUIl, AOCTUTIIHUX Oapbepa, MOXHO XapaKTepH30BaTh
KO3 OULNEHTOM ng. IlorommenHbie B-4acTULB! IIPH
TOPMOXEHUM Pa30rpeBaloT KPUCTAUI U TEHEPHUPYIOT
3JIEKTPOHHO-bIPOYHbIE TTapbl. TakuM 00pa3oM, 4acThb

KMHETHYECKON dHEPIUU MEPEXOIUT B SHEPTUIO DJIeK-
TPOHHO-ABIPOYHBIX Tap. DHeprusi, HeodOxomumas i
TeHepaluuu OJHOW OBbICTpOM 4YacTUleld OAHON BJeKT-
POHHO-IBIPOYHOU Maphl, TPUMEPHO B 3 pa3za OoJbliie
Eg. [Toaromy K09 HULNEHTOM 1, KOTOPBIiA XapaKTe-
pU3YyeT AOJI0 3HEPTUM HEPABHOBECHBIX 3JIEKTPOHHO-
JBIPOYHBIX Map, "pOXAEHHBIX f-yacTULAMU", TIO OT-
HOIIIEHUIO K OOLIEeH SHEPruu B-4acTull, JOCTUTILINX Oa-
pbepHOI o0nacTu, He TpeBbiaeT ~0,3. DTo 3HaYeHUE
SIBIISIETCS TIPUOIU3UTENIBHBIM BEPXHUM IIpenesioM 3¢-
dekTUBHOCTH npeodpa3oBaHusl sHepruy B BVB.

Ha 3aximiouyuTenibHOM 3Tarne 3JeKTPOHHO-IbIPOY-
HBIE TTapbl, BO3HUKIIINE IO ACHCTBUEM P-U3ITydeHUS
1 TIOMNaBUIMe B 00JaCTh MPOCTPAHCTBEHHOTO 3apsiia,
pa3iensoTCsl MoJeM U CO3[al0T 3JEKTPUUYECKUN TOK
BO BHEIIHE! lienu, nepeaaBas Harpy3ke 4acTb dHep-
My B-usnydyeHus, norjaoueHHoro BVB. Paznenenue
BJIEKTPOHHO-IBIPOYHBIX Map 3IEKTPUUECKUM TT0JIEM B
00J1acTu p—n-niepexoaa MPOUCXOIUT TaKUM 00pa3oM,
YTO TIOJIOXKUTEIIFHO 3apsSLKeHHBIE TBIPKU TTOIAagaloT Ha
aHon BVB (obnactb, jermpoBaHHasl akleNTOpaMmu,
p-TUIT), BJIEKTPOHbI TomnanaiT Ha kKaton BVB (00-
JIacThb, JeTUPOBAaHHASI JOHOpPaMU, A-TUII).

Hns addexTuBHOCTU TpeoOpa3zoBaHUsI SHEPrUU
B-4acTUll B BJIEKTPUUECKYIO 3HEPTUIO, MPOXOISIIYIO
yepe3 HarpysKky, MOXHO 3arucaTh:

n= 5, (2

rae P; — MOUIHOCTD, NMOABIAIOLIAACA B HATPy3Ke NpU
BblIEeHUU B 00beme BVB sHepruu B-uactuil, norio-
ILIEHHBbIX B TeyeHue 1 c; Py — MOLIHOCTb MCTOYHUKA
B-uactuu, pacnonoxeHHoro B BVB.

Kaxnast u3 craguii mmeer cBoio 3(EPEeKTUBHOCTh
npeoOpa3oBaHusl, Tak YTO (2) MOXKHO 3amucaTh B CJie-
JYIOLIEM BUIE:

P
=5 = NEpnpnLs (3)
B

Ie Mg XapaKTepu3yeT NOJI0 SHepruy B-vacTull, I10-
MaBIlylO B aKTUBHYIO 00yiacTh BVB, B KoTOpoii numeeT
MECTO TeHepalus U pa3aeeHue 3JIeKTPOHHO-IbIPOY-
HBIX 11ap; Mg, XapaKTepu3yeT NO0JI0 SHEPTUH SJMEKT-
POHHO-IBIPOYHBIX TMap MO OTHOIIEHWIO K SHEPruu
BCeX MOMIOLIEHHBIX B-4acTUll; KOIDOUIUEHT N pnl Xa-
pakTepusyeT 3(PPEeKTUBHOCTb Mpeodpa3oBaHUs SHEP-
TUU 3JIEKTPOHHO-IBIPOYHBIX NIAp B 9HEPIUIO DJIEKTPO-
HOB, IMOCTYIAILIYIO B Harpy3Ky.

KoadpuuueHr Ng 3aBUCUT OT KOHCTPYKLMM NpU-
0opa 1 TOJOXEHUsT B Hell aTOMOB M30TOIAa OTHOCH-
TeJbHO akTUBHOI obyiactu BVB. Ero 3HaueHue mo-
KeT OBITh OJIM3KO K 1, ecJi aTOMBI M30TOIA HAXOASITCS
B 00JIACTM NPOCTPAHCTBEHHOIO 3apsaa Oapbepa [7].
DTOT KO3 GULIMEHT YMEHbIIAETCS 10 Mepe yAaJleHUs
WCTOYHMKA YacTUILL OT 00JacTh Oapbepa U yMeHble-
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HUS HEPruu YacTull. BenmunHa n ppn 3ABUCHT OT TOTO,
Kakasi 10J1s1 SHepruu TOJKHA ObITh IepeaaHa KpyucTa-
JIMYECKOM peleTKe OBICTPBIM 3JIEKTPOHOM IS POXK-
JIEHUsT OMHOU 2JIEKTPOHHO-IBIPOYHOM Mapbl. OOBIYHO
9Ta SHEPTUS COCTABIISIET TIPUMEPHO 3Eg.

DTO 03HAYaeT, YTO MPU reHepaluu JIEeKTPOHHO-
IBIPOYHEIX map mpuMepHO 70 % TOTIOMIEHHOTO W3-
JlydeHHusl TpeBpalllaeTcss B TeIuioTy. B Hammx pac-
yeTax MbI MoJjiaraju, 4YTo dHeprusi, Heooxoaumas st
OIHOM DJIEKTPOHHO-IBIPOYHOM Iaphl, COCTAaBJISIET
(2Eg + 0,5) aB [11]. KoadduimeHT NpnL XaPAKTEpU-
3yeT 3(OEKTUBHOCTh COOMpaHUs BJIEKTPOHHO-IbI-
DPOYHBIX Map p—A-TIEPEXOIOM, UX pa3leeHUs NEeKT-
PUYECKHM TI0JIEM U TPAHCIIOPTA 3JIEKTPOHOB M ABIPOK
K 00JlacTM aHOJa U KaToJa COOTBETCTBEHHO. OCHOB-
Hble MOTEPU CBSI3aHbI C pPeKOMOUHalMeil HepaBHO-
BECHBIX 3JIEKTPOHOB M ABIPOK, MOJOOHO TOMY, KakK
3TO UMEET MECTO B COJHEUHBIX 3jieMeHTax. [ToaTomy
BIOJIHE PE30HHO OXUIATh, YTO COJTHEUHbBIE DJIEMEHTHI,
nMelomme Beicokue 3HayeHuss KIT nmpu mpeodpa3o-
BaHWUM COJTHEYHOTO M3TYIeHUS, MOTYT UMETh BBICOKHE
3HaYeHMs1 Koo hUIIMeHTa 1 pn: OnHako obpaTHOeE He-
CcpaBeJIMBO, MTOCKOJbKY ISl 3((GEeKTUBHOTO Mpeood-
pa3oBaHMSI SHEPTUU B-4aCTHUIl MOTYT OBITh UCIOJIb30-
BaHbI 1IIMPOKO30HHBIE MaTepuasbl, KOTOpble, B IPUH-
LIUIIe, HE TMOIIOLIAIOT COJIHEUHOE U3TyYeHHe.

ITockonbKy mist nipeobpa3oBaHUsl SHEPTUU B-U3-
JIy4eHHUSI UCIIOJIb3YeTCsl TOT XK€ NMPUHLMWIM TeHepaluuu
3JIEKTPOHHO-IBIPOYHbIX T1ap, UTO U B COJTHEUHBIX 3Jie-
MEHTaXx, BbIxogHas xapakrepuctruka BVB onuceiBaer-
Csl ypaBHEHMEM, aHAJIOTUYHbBIM YPaBHEHUIO BOJIbT-aM-
MEPHOI XapaKTepUCTUKU COJIHEYHOIo 3jeMeHTa [12]:

U
I= Io(e"kT l] ~ I, )

[y — TeMHOBO# TOK p—n-niepexona; U — HampsoKkeHne
Ha p—n-Tiepexoe; 1 — Ko3(h( ULMEeHT HeuIeaabHOC-
TH TOKa rnepexoja; k — nmocrossHHas bonbumana; 7T —
abcomoTHas Temneparypa; /,, — MakCMMaJbHO BO3-
MOXHBII TOK B Harpy3ke (TOK KOPOTKOI'O 3aMbIKaHMsI
BBIXOJIHOM 11enu). YpaBHeHUe (4) sIBJsIeTCS HeJIUHEeH -
HbIM, TTO3TOMY BBIXOJHAsl MOIIIHOCTb M COOTBETCTBEH -
Ho KII/I mpeoOGpa3oBaHusi OyayT 3aBUCETh OT 3Haye-
HUS CONPOTUBJIEHUS Harpy3ku R;, T. €. OT 3HaUYeHUI
TOKa W HaTpsDKeHUS B Harpy3ke. MakcuManbHas BbI-
XOHasl MOLHOCTb B ONITUMU3MPOBAHHOM Harpyske P,
MoJyyaeTcsl Ipy COOJIIOJEHUM YCIOBUSI:

P,=V,I,FF, 4)

rne FF — koadduuneHT 3anonHeHns. OH TeM Bbllle,
yeM Oke ¢opma peajbHOU BBIXOTHOM XapaKTepuc-
ik BVB K npsamoyronsHoii. Tox 7, nponopuuoHa-
JIEH YMCJy JIEKTPOHHO-IBIPOYHBIX Map pa3AeeHHbIX
B p—H-TIEpeXoe:

N, E
I, = _ﬁbfiﬁ’ (6)
pn
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rue NBPn — YMCJI0 B-4yacTull, JOLIEAIIMX 10 Oapbepa 1
CO3JABIIMX Mapbl, KOTOPbIe ObUIM pa3ieieHbl 0apbe-
poM; EB — DHeprus B-yacTulibl; Epn — BHeprus o0-
pa3oBaHMsl DJEKTPOHHO-IBIPOYHOM Maphl, MOTJIOIIEH-
HO#l B-uactuueil. DddekTUBHOCTH Mpoliecca TeHepa-
uuu 1, XxapakTepusyeTcsl BhIpaxkeHueMm (2):

_ kT In
Voc qnln(loj’ @

roe k — mocrosiHHag BbosnbimMana; 7 — aOcoiroTHas
TeMmIeparypa;, n — KO3(MDUIIMEHT, 3aBUCIIIUNA OT
CBOWCTB Oapbepa (B pacyerax n = 1); [y — TerioBoi
TOK Gapbepa; ¢ — 3apsn 3JaekTpoHa. Tok [y 3aBUCUT OT
MeXaHu3Ma peKOMOUWHAIIMU HOcUTeNie B GapbepHOM
cJ0€, B KPEMHUEBBIX IUOAAX TOMUHUPYIOT PEKOMOU-
HallMOHHO-TE€HEePaLIMOHHbIE TTPOLIECCHI, TO3TOMY MOX-
Ho 3anmcarthb [13]:

I )

qnNW
= S— ,
T
rae S — miolank 6apbepa; #; — KOHLEHTpaLuUs coOCT-
BEHHBbIX HOcuTeneil 3apsiga; W — mupuHa obyacTu
MPOCTPAHCTBEHHOTO 3apsiia; T — BpeMs XKU3HU HepaB-
HOBECHBIX HOCHUTeNel B Oapbepe;

-E,/kT
n= NN ©)

rne N, N, — opdexTuBHad MIOTHOCTb COCTOSHMIA
B 30H€ MPOBOJMMOCTM U BaJEHTHOU 30He Si COOT-
BETCTBEHHO; B pacyeTax uis Si nmpuHumanoch N, =
=2,8-10" cm™3, N, = 1,0- 10" em 3 [14];

Ny4Np ’

10)

rIe &g — JAMDJIEKTPUMYECKAss IPOHMUAEMOCTh Si
(eg; = 11,8); U, — KOHTaKTHas pa3HOCTb NOTEHIIMA-
J10B; Ny u N — KOHIEHTpalluu aKUENTOPHON U IO-
HOPHOI MPUMECHU COOTBETCTBEHHO.

ITonoGHBIe pacueTsl NpUBEAEHHLI U B pabote [15].

JlerupoBaHue BbIOMpPAOT TaKUM OOpa3oM, YTOOBI
IIMpUHA 00J1aCTH ITPOCTPaHCTBEHHOTO 3apsiaa B BVB,
MO BO3MOXHOCTU, OblIa paBHa JJIMHE TOPMOXEHMS
B-uvactuu. ITosTomy B pacyetax mosiaragoch B BVB ¢
TputhEM W =1 MKM, C IpyTUMHU U30TOMaMU C OOJb-
el IIMHON TopMoXeHus B-yactull, 10 MKM.

Ha puc. 4 nmoka3zaHbl pacCUMTaHHBIE C MCIIOIb30-
BaHVEM IPUBEACHHBIX Bbllle (HOPMYJI U MapamMeTpoB
XapakTepucTuku aaeMeHToB BVB ¢ miomaabio 1 cm?
MpYU UCITO0JIb30BAaHUM M30TOIIOB, MapaMeTphl KOTOPBIX
MpeACcTaBIeHbl Bhllie B Tabauie. [1pu pacuere mosa-
rajloch, YTO BCE€ OMHOTUITHBIE CIIOU COEAMHEHBI BJIeK-
TPUYECKU (CM. PUC. 2) MeXIy cOOOi TaK, YTO TOKU OT
KaxJ0ro reHepupylollero oaprepa ckiiagbiBarorcs. Cam
M30TOMN HAXOMUTCSI BHYTPYM KOHTAKTHOIO MaTepuaia.
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Puc. 4. 3apucumocTb MomHOCTH oHOrO 6apbepa BVB ot nHanpsike-
HUsA Ha Harpy3ke. Kpuseie: / — 3H, 2 — 63Ni, 3 — 113mCd, 4 —
14713m

Fig. 4. Dependence of the power of a BVB barrier on the load voltage.
Curves: 1 —7H, 2 — %Ni, 3 — Bmcd, 4 — 7 pm

Co BpeMeHeM, IO Mepe MCTOLIEHUS M30TOITHOIO
WCTOYHMKA, WHTEHCUBHOCTb M3JIy4EHMS, TOCTYyIIalo-
1IeTO B aKTUBHYIO objacTs BVB, magaer, 4yTo cKa3bl-
BaeTCsl Ha MOIIHOCTM Oatapen. Bpemsi mosaypacnana
M30TOMNa XapakKTepu3yeT JUIUTEeJbHOCTh ITpoliecca, OMu-
CBIBA€MOTO CJICAYIOIIUM YpPaBHEHUEM:

t/‘cl/2

N(t) = Ny2 (11)

rae N, — HayaabHasd KOHUEHTpalMs aTOMOB H30-
TOIIOB.

ITockoabKy KaXIplii aTOM IIpU paclane UCITyCKaeT
OJIHY B-YacTHIly, MTHOBEHHAsl MOIIIHOCTh MCTOYHHMKA
OyIeT XxapaKTepHr30BaThCs YpaBHEHUEM

dN N011’12 71‘/'5]/2

OO11as sHeprus, KOTOPYI MCTOYHUK OTAAl K 3a-
JJaHHOMY MOMEHTY BPEMEHU B HATpy3Ky, OyaeT xapak-
TEPU30BATLCSI YpaBHEHUEM

-t
£(t) = naegNo(1 — 2777, (13)
TIe &g — HEPIus B-yactuubl. DPPeKTUBHOCTH Tpe-

00pa3oBaHUsI OIIPeNeIIsIeTCsI B COOTBETCTBUU C (hOpMY-
Joit (2).

3. Onenka npeaeaoB BO3MOXHOCTEH aBTOHOMHOIO
yCTpOﬁCTBa, HAKJIAJAbIBAEMbIX UCTOYHUKOM NMHUTAHUA

Ha puc. 5 moka3zaHa 3aBUCHUMOCTb dHEPIUU, IPO-
u3BeleHHOl ogHoOGapbepHbIM BVB, oT BpemeHu. Pac-
YeThl BBIMTOJIHEHDI U1 S = 1 CM2, V=1cMmn LI PUHBI
00J1acTU p—n-miepexoaa, paBHOM 1 MKM JJisl 2JIeKTpO-
OB ¢ TpuTtueM 1 10 MKM [JIsI 3JIEKTPOIOB C APYTUMU
HU30TOMaMMU.

Kak BumHO U3 puc. 5, yaeabHass 3HEProeMKOCThb
snemeHTa BVB nexxut B npenenax ot eauHuL (1151 3 H)
10 10° H)K/CM3 (mns 147Pm). Takum obpa3omM, 3a Bpe-
M nostypacrana usorona B 1 cM> AY 1oCTaTouHoO IS
TOTO, YTOOBI 3aIIUCATh OT 103 10 10'8 Gur. Moce mo-
Jlypacraga M30TOIa 3HEPTvsl MPOJOJIKAeT MPOM3BO-
JUThCSI, OJHAKO B OrpaHUYEHHOM KojinuecTBe. Molll-
HocTh BVB U KoIM4ecTBO IpOM3BEACHHON 3HEPruu
BO3PACTAIOT C POCTOM SHEPTUU B-YacCTHII.

OcHoBHasl 3ajgaya YCTpOWCTBA MOHMTOpPUHIa —
obecreyeHre MaKCMMaJlbHO BO3MOXKHOTO 00beMa UH-
(opMallum mpu MMHUMAJIBHO BO3MOXHOM pacxojie
SHEpPruu. DTa 3ajJadya MOXKeT pellIaThbcs TOJAbKO Ha 0ase
CYIIIECTBYIOLLIEH UM HaXOIsIIEhcs: B pa3paboTKe 3Jie-
MEHTHOM 0a3bl.

CpenHsist sHeprusi, KoTopash TpeOyeTcs CoBpe-
MEHHBIM 3JIEKTPOHHBIM YCTPOMCTBaM JJI1 00pabOTKuU
OogHOro O6uTa MHMOpPMAIUU, COCTaBJsSIEeT MPUMEPHO
10713 JIx. OmHako cjeayeT MMETh B BHUIY, YTO 3TO
3HaueHue nojydyeHo it KMOII-cTpykTyp ¢ UCTIONb-
30BaHMEM B KauyecTBe HAKOIMMUTeJel eMKOCTel 3amo-
MUHaIOIIUX sYeeK, T. €. 3TO MaMsITh, KOTopas TpedyeT
pacxoia SHEPruy B MepHoJ XpaHeHUs WH(OpMaIUU.
OTO HEeMpUeMJIEeMO ISl aBTOHOMHBIX YCTPOICTB, pac-
CYMTAHHBIX Ha UIMTEJIbHBINA TEPUON 3KCILTyaTalluu,
JJISI HUX XpaHeHuWe MH@OpMaLMKU JOJKHO OCYIIECT-
BJISITbCS Oe3 moTpedieHus sHepruu. Pabotel B obsac-
THU SHEPrOHE3aBUCUMOI MAMSITU UHTEHCUBHO BEIYTCS
B HacTosllee BpeMsi, UMEIOTCSl peKJIaMHbIe COoOlIe-
HUS 00 ycrexax pa3IMuHbIX GUPM B pa3paboTKe TaKUX
YCTPOWCTB Ha HOBBIX MPUHLMIIAX U CJEAyeT OXUIaTh
MOSIBJICHUSI COOTBETCTBYIOIIMX YCTPOMCTB Ha PBIHKE.
OnHako B HACTOsIllIee BpeMSI B TTPOM3BOJCTBE UMEETCSI
TPU TUTIA SHEPTOHE3aBUCUMOMN IMaMSTH, He TIOTpeOIs -
IOLIE 9HEPTUHU B MEPUO XpaHEeHUs. DTO IIIUPOKO U3-
BectHas Flash-mmamMsTh, MarHUTOPE3UCTUBHAS TTAMSITh
U CPaBHUTEJIBHO HenaBHO MosiBUBIIascss PCM-naMsTh

10" 10° 10' 107 10°
Bpems, ner

Time, years

Bueprus , Tx/cm3
Power, Jicm3
2 2, =]

Puc. 5. 3aBucumocts mpou3BenenHnoii BVB sneprum ot Bpemenm.
Kpussie: 1 — 3H, 2 — Ni, 3 — BmcCd, 4 — 47Pm

Fig. 5. Dependence of the energy generated by BVB on time. Curves:
1—7°H 2—6Ni 3 —13ycd, 4 — 7pm
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(PCM ot anrn. Phase Change Memory), pazpaboTaHHasi
komnaHueil Intel m BeiImyckaemas gupmamMm Micron
Technology u St Electronics [16, 17]. Dtu syeiikn na-
MSTHU He TpeOyIOT SHepruu Mpu XpaHeHUU UHGbOpMa-
muu, onHako PCM 1 MarHMTHO-pe3UCTUBHAS STUEHKU
TpeOyIOT MPUMEPHO Ha MOPSIAOK OOJIbIIE SHEPTUH IIPU
nepe3anucu nHdopmaiuu, yem EEPROM-sueiiku, a
ayeiiku Flash euie 6osbiie. K Hegoctatkam Flash-na-
MSTU CJIeAyeT OTHECTU TakxKe MOCTPOUYHYIO OpraHM-
3alIMIO TIEPe3aliiCh M CYUTHIBAHMS, YTO TpeOyeT 3Ha-
YUTEJbHOIO YBEJIMYEHUS] SHEPrMM W HaKIalblBaeT
JIOCTaTOYHO XECTKHE TpeOOBaHUSI HAa CXEMOTEXHMKY
YCTPOMCTB 00pPabOTKU U pexXuM UX paboTel. B mepc-
nexTuBe npuMeHeHue Flash-mamsaTtu HexenaTenabHO,
IMOCKOJIBKY OHA TPYAHO MOIaeTCs JalbHEHIIeMy Mac-
1IITaAOUPOBAHUIO B 00JlaCTh MajibiX pa3mepoB. Kpome
TOTO, MaMSITh 3TOTO TUIIA 3HAYUTEIHLHO MEHEe yCTOM-
YyBa K BHEIIHUM BO3neicTBUSIM, yeM PCM, nostomy
npu oneHkax nepcrnektuBbl AO ¢ BVB B Hacrosmmii
MOMEHT 11eJIeCO00Pa3HO OPUEHTUPOBATHCS Ha dHEpre-
Tnyeckue napamerpsl PCM, T. e. 10712 Ix Ha nepe-
3alMCh OJHOTO OuTA.

3akmouenue

ITokazaHo, 4TO (PyHKLUMOHAIbHEIE XapaKTePUCTU -
KM MUKPOMOIIIHBIX AY OyayT B 3HAUUTENbHOM CTemne-
HU OIIPENeIsAThCS BCTPOSCHHBIM MCTOYHMKOM IIHMTa-
HUSI, KOHCTPYKTUBHbIE U 3HEPreTUYECKUE XapaKTe-
PUCTUKM KOTOPOTO JOJKHBI OBITh OIpeAeaeHbl Ha
caMOM HayaJIbHOM 3Tamne IpoekTupoBaHus AY. B ka-
YeCcTBE MCTOYHMKA, PaCCUYMTAHHOTO Ha JUIMTEIbHbBIN
MepuoJ aBTOHOMHOIO MOHMTOpUHra AY, 1eiaecoo0-
pa3Ho ucnojib3oBath BVB. Ilpu aToM ciienyet y4uThI-
BaTh, UTO B HACTOSIIIMI MOMEHT UCTOYHUK HA OCHOBE
BVB sBinsiercst camoii 10poroif 4acThbio BCETO YCTPOid-
crBa [18].

Pazmep],%m 10 10

Size, cm

]O{J ]U-I

Hudopmarga, 6ur
Information, bit

Puc. 6. 3apucuMocTb KoJimyecTBa WH(OPMALMH, HAKOIJIEHHOM 3a
BpeMsl MOJypacnaza M30TONA MCTOYHHMKA, OT pa3Mepa KpHUCTAJLIA.
Kpussie: [ — 3H, 2— 63Ni, 3 — “3mCd, 4 — ¥py

Fig. 6. Dependence of the quantity of information accumulated during
a half-decay of an isotope of the source on the size of the crystal. Curves:
1—3H, 2-5Ni, 3 — 15mcd, 4 — ¥7pm
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Co3znaHrie HAHOMOIIHBIX 1 B KOHEYHOM CUeTe Ha-
HOPAa3MEPHBIX JIEKTPOHHBIX YCTPOUCTB AOJDKHO MPU-
BECTU K TOSIBJIEHWIO HOBBIX METOMIOB HCCJIEIOBAHMS
CJIOXKHBIX TPOLIECCOB, MPOUCXOMSIINX KAaK B €CTECT-
BEHHOM, TaK 1 B UCKYyCCTBeHHOI cpene. Co3naHue Ta-
KMX YCTPOMCTB OyaeT CIocOOCTBOBATh HE TOJBKO ITO-
SIBIGHWIO HOBOT'O ODIIIMPHOTO PhIHKA, HO U HAYYHOMY
IIPOPBIBY B HEKOTOPHIX obyacTsax. Ilpouecc cozmaHus
MUKPOMOIIHBIX AY U ceTeli Ha UX OCHOBE Hayajcsd, O
YeM CBUJETEJIbCTBYET MOCTENEHHO YBEIMUMBAIOIIEECS
yycao nyoaukanuii. OqHako Mbl CTOMM I1OKa Ha pefib-
cax TPpaAULIMOHHBIX TEXHOJIOTUI W CO3/1aBaeMble C UX
MOMOUIBIO YCTPOMCTBA TPOMO3JIKUA U IOPOTH.

CoBpeMeHHbIE HMHTErpajibHble CXEMbl ITOCTMIJIU
BBICOKOW MJIOTHOCTH MHMOPMAIIUU, TIO3TOMY C XOPO-
IIMM KO3(p(PULMEHTOM 3arlaca MOXHO IOIYCTUTb,
YTO B MOHOJIMTHOM aBTOHOMHOM YCTPOMCTBE, BbITIOJ -
HEHHOM Ha OCHOBE MOHOKPHUCTAIMYECKOTO KpeM-
Hust, 90 % obbema 3aliMeT MCTOYHMK TMTaHus. Ha
puc. 6 oKa3aHbl 3aBUCUMOCTHU KOJIMYeCTBa MHMOpMa-
1IMM, HAKOIUJIEHHOW 3a BpeMs IMoJlypacnajga M30ToIa
HWCTOYHMKA, OT JIMHEMHOro padMepa Kpucrauia L npu
JOMYIIEHUH, YTO 00bEM MMKPOCXEMbI L. U3 puc. 6
BUJHO, YTO JaxKe IMPpU BeCbMa MaJibIX pa3Mepax Kpuc-
Tajja, BKJIIOYAIOIIET0 CXEMY M UCTOYHMK IUTaHMUS,
aBTOHOMHOE UH(POPMALIMOHHOE YCTPOMCTBO C U30TOI -
HbIM MCTOYHUKOM MOXET HaKOMUThb 3HAYUTEIbHYIO
uHdopMmanuo. LTpruxoBbie TMHUU MTOKA3bIBAIOT, YTO
yMEHbIIIEHNE pa3MepoOB MOHOJMTHON CXeMbl Mocje
OTpPENEeJICHHOTO Tpeaesa COMPOBOXIAETCS YMEHb-
meHueM 3¢hGEKTUBHOCTH NTpeoOpa3oBaHUs SHEPTUN
B-4yacTull, MOCKOJIbKY JIMHA UX TOPMOXKEHUS CTaHO-
BUTCS CPaBHUMOI C pa3MepaMM KpuCTajia.

VYMeHblIeHHe pa3MepoOB MCTOYHMKA MUTAHUS U
€ro MHTErpalys B MUKPOCXEMY MOTPEOYET HE TOJIBKO
HEKOTOPO MOAUMUKAIIUU CTAHIAPTHOTO TEXHOJIOIMU-
YeCcKOoro Ipoliecca, HO U CO3AaHus 3JIEMEHTHOM 6a3bl,
obyagaroleld MOBBIIIEHHON HaleXHOCTbIO U YCTOM-
YUBOCTbIO K BHELIHUM BO3IEUCTBUSIM. DTO MpexIe
BCETO OTHOCHUTCS K JIEMEHTAM OCHOBHOTO XPaHUTEJS
HaKOIJIEHHOW WH(poOpMallMM — 3HEeproHe3aBUCUMON
namsaTu. Iloka BeIOOp He BeauK. IIIMpoKo ucmoab3y-
eMas1 B Hacrosulee BpeMsi Flash-mmamsaTb He TOJIBKO
MMEET BBICOKOE BHEPronorpedjeHrue W HU3KYI0 Ha-
JIe>KHOCTb, HO OpraHM3aliusl LIMKJIa Tepe3arucy U Cur-
ThIBaHUSI MHMOpPMALIMU, AUKTyeMmas TMPUHLUIIOM ee
paboThl, YpEe3BbIYAHO HEYNOOHA UISI MUMKPOMOIIHBIX
YCTPOMCTB, IIOCKOJILKY oOciyxuBaHue Flash-mako-
nuteneil TpedyeT NOCTaTOYHO MOIIHON Nepudepuu.
CpaBHUTENbLHO BbICOKASI BEPOSITHOCTD ITOTEPU UHPOP-
MalUu IpU ee IuTeabHoM xpaHeHuu MOII-snemeH-
TaMU TakXe JejaeT BechbMa XeJlaTeJIbHbIM OTKa3 OT
3TUX HAKOTIUTEJIEH.

Cpeny mociaenHuX pa3pabOTOK, HAIIeHIIUX IMpPOo-
MBIIIJICHHOE MpPUMEHEHUE, TIPEACTaBISIIOT MHTEpeC
PCM-nakonutenu (OT aHT. phase change memory).
K nmocrouHcTBam 3TO¥ MaMmsATH CJeqyeT OTHECTU HE




TOJBKO HU3KYI0 BEpPOSITHOCTb MOTEpU WH(pOpMaLUU
npu xpaHeHuu [19], HO ¥ BO3MOXHOCTb MOOUTOBOI
ajpecaluy Mpy 3alMcu U CYUThIBAHUM UH(MOpMALIUK,
YTO JIEJAET CXEMOTEXHUKY YCTPOMCTBa 00J1ee TMOKOM 1
MPOCTOM, a cienoBaTelibHO, U MEHee SHEeProeMKOM.
Cpeny HOBEHIIMX MPUBJIEKATEIbHBIX pa3paboToK
clieyeT OTMETUTb BO3MOXKHOCTb MCIOJIb30BaHUSI MEM -
puctopoB [20], mpuMeHsIeMbIX IJIs1 3al1McU MHpopmMa-
LIMM MEepeMelleHUs MOHOB B slYeiiKax MamsiTh. DTOT
TUIT DJIEMEHTOB MaMsITU TIPUBJIEKAET BHUMaHUE HE
TOJIBKO BO3MOXHOCTBIO MCIOJIb30BaTh MaJible pa3me-
DBl sTYeEeK C HU3KUM 3HEprornorpedaeHrueM, HO U MOTeH-
LMAJIBHONW YCTOMYMBOCTBIO XpaHWMOUN WMH(OpMaLIUU
K BHEIIHWM BO3AEHCTBUSIM, LIMPOKUM CXEMOTEXHMU-
YECKUM apCEHAJIOM UMEIOIIUXCS CPENCTB ISl PadOThI
C TaKMMU slYCMKaMM, U BO3MOXKHOCTBIO Tlepexojaa OT
JUCKPEeTHOU MH(pOPMALIMU K aHAJIOTOBOM C IIpUBJIeYe-
HUEM COOTBETCTBYIOIINX CPENICTB €€ OOPaOOTKM, B TOM
yucie u HeipucrtopHbix [21]. HecMoTpst Ha mMemyieH-
HbI TeMn Habopa uHGbOpPMALMK MPU MOHUTOPHUHTE,
ee Tepejaya npu 10CTaTOYHOM O0beMe HAKOTIJIEHHOM
9HEPTUU MOXKET ObITh OBICTPOM, T. €. IIPUOOPHI 3TOTO
TUIIA MOTYT ObITh MCITOJIb30BaHbI B KAU€CTBE CUTHAJIb-
HBIX, COOOLIAIONIMX 00 aBapuHOI cuTyauuu, Tpedy-
IOLLEl HEMEJIEHHOM peakLuu.

CrenyeT OTMETUTD, UTO TIPU HEMPEPHIBHOM PEXU-
M€ MOHUTOpPUHTA paccMaTpuBaeMble YCTPOMCTBA MO-
I'yT ObITh HanboJee 3PHeKTUBHBIMU TPU MOHUTOPUH-
re MeIJIEHHO M3MEHSIIOIIMXCS TIPOLIeCCOB, HalpuMep,
pa3JIMUYHBIX OMOJOTMYECKUX MPOLIECCOB WU MPOILIEC-
COB HaOJIIOICHUST 32 UBMEHEHUEM YCJIOBUIA HA MAaCCUB-
HbIX 00bekTax. M3oTomHbie AY ¢ BpeMeHeM XU3HU B
JIECSITKU JIET MOTYT CTaTh HE3aMEHUMbIM MHCTPYMEH-
TOM IIpU U3YYEHUU OOBEKTOB, HAXOISIIUXCS B JaJlb-
HEM KOCMOCE, C TTOMOUIbIO KOMET WJIM acCTEPOUNIOB,
Hecymnx BVB-AY u Bpamamoimxcsl Mo BBITSIHYTHIM
opouTaM, IIPOXOISIIIMM BOIU3U 3eMIIH.

Co3naHre MUHUATIOPHBIX YCTPOMCTB aBTOHOMHOTO
MOHUTOPUHTA SIBJISIETCS OJHOW M3 TEHIEHLUI B pa3-
BUTHM COBPEMEHHBIX BJIEKTPOHHBIX YIPABISIOLIAX
cucteM. Co3ganne MOHOJMTHBIX BVB-ycrpoiictB Oy-
JIeT CIOCOOCTBOBATh Pa3BUTHUIO 3TOM TEHACHIIUU, Kpaii-
HUM BBIPAXXEHUEM KOTOPOW SBJISIOTCS paOOTHI B 00-
JacTu "yMHOUM IblM" (aHII. smart dust) [22, 23].

IToka3zaHo, 9YTO MUKPOMOIIHBIE MOHOJUTHBIC aB-
TOHOMHBIE YCTPOMCTBA C U30TOMHBIMU UCTOYHUKAMU
B Te€UEHHUE IeCSTKOB JIET MOTYT cobupaTh U 0OpabdaThl-
BaTb 00beM MH(pOpMaLMU, JOCTAaTOUHBIIA IJIs TOTO,
YTOOBI CJICANUTH 32 IMHAMUKOUN U3MEHEHMS JIOKAJTbHBIX
cBoiicTB oObekTa. Ilpu 3TOM B mepcHekTUBE OOIIUI
00beM YCTPOWCTB 3TOTO TUIA IPUHLIMITMAIBHO MOXET
OBITh CHMXKEH 10 MUKPOMETPOBBIX Pa3MepOB.
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Success in the area of the micro- and nano-electronics resulted in creation of micropowerful autonomous devices for collection
of information and control of the processes in microvolumes, previously inaccessible to research. In certain cases the devices of this
type have to be in a complete isolation from the environment for a long time. One of the questions of principle related to the survival
of the tiny, long-living autonomous objects, is the question of their power supply. In the article the properties and prospects of ap-
plication of the beta voltaic batteries as the power supply integrated into the microcircuit of an object are considered and estimation
is done of the minimal possible dimensions of the monolithic devices with a beta voltaic battery.
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Introduction

Autonomous devices (AD) are the electronic systems, which im-
plement the functions of acquisition, processing, storage and transfer of
information without reception of energy from an external source [1].
From the point of view of energy, the period of functioning of AD, can
be divided into two modes: silence (information storage) and operation
(collection and transfer of information). A transition between these
modes occurs according to the internal program or by an external signal.

This work is dedicated to the devices, the power of which is about
a microwatt, the volume is not more than 1 cm? and possible time of
an independent cycle is up to several hundreds of years. Besides the
beta voltaic battery (BVB), not any other type of energy source can
ensure such parameters. As the energy source, BVB uses the B radi-
ation of one of the isotopes, for example, hydrogen, nickel or another
element. The power of the primary source practically does not depend
on the external influences and loads. AD consumes the energy re-
ceived by transformation of the mechanical energy of B radiation (fast
electrons) into electricity. The present work is dedicated to the use of
the electron-hole junctions made in Si monocrystals in a single tech-
nological cycle with a microcircuit, as the converters. This technology
allows us to create a reliable device of small dimensions and suitable for
a batch production. The monolithic micropowerful AD with BVB are
not industrially produced. However, the micropowerful BVB, made by
a hybrid technology [2], are produced and find demand. As an example
of the devices we can present the cardiostimulators, the quality of which
raises, their operating time gradually increases, while their dimensions
decrease and so do the prices, which so far remain high.

1. Possible parameters of the power sources
for the autonomous micro devices

Reduction of the dimensions of the elements of the semi-conductor
information devices leads to a gradual decrease of the average power,
necessary for the information processing. Since 1982, the specific en-
ergy required for overwriting of one bit has been decreasing three times
every two years [1]. The energy, necessary for recording of a bit, has de-
creased approximately from 1077, /bit down to ISR /bit. However,
the further reduction of the energy price of a bit should be connected
with the use of new principles of information recording and storage.

The process of development of the computer technologies is ac-
companied by a gradual increase of the quantity of information, which
can be stored and processed in a volume unit, however, most part of
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the AD volume has to be occupied by the energy source. Therefore, the
designers of the modern autonomous nanosystems should solve the
problem of an optimum correlation between the quantity and quality of
the collected information and the energy potentials of a power supply.

Fig. 1, a presents the dependencies of the energy contents of var-
ious sources on their power per a unit of volume [3]. From the dia-
grams it is visible that BVB may have the highest energy content, but
the lowest power among the sources presented above. Thus, the main
drawback of BVB is extremely low currents. In order to ensure the
workability of an electronic circuit it is necessary to use an additional
energy storage, and the circuit should work alternately in the energy
accumulation and the consumption modes. For the considered AD,
from the point of view of obtaining of the maximal information with
the minimal power consumption, the optimal mode is a one-time da-
ta transmission, so that all the energy received in the mode of silence,
would be used for reading and storage of information.

The dependences of the energy content of a source on its power
for possible buffer storages are shown in fig. 1, b [4]. Apparently, the
role of a good storage ensuring the power high enough could be
played by the lithium accumulators. However, the use of the chemical
sources of a current will not allow us to create a monolithic device
in a single technological process. Besides, in case of identical energy
content, the chemical batteries have dozens of times bigger volume
and weight than BVB or the condensers. This puts a barrier on the
way to miniaturization of the devices with the chemical accumula-
tors, and the preference should be given to the capacitive storages.

2. Main characteristics of the beta voltaic power source

A beta voltaic element is a BVB with one p-# junction connected
to the lead terminal of a battery. By its structure and principle of op-
eration it is close to a solar element. The difference is that the free
charge carriers appear in it not as a result of absorption of the energy
of light, but as a result of absorption of the energy of the fast electrons
(B radiation), coming from a radioactive source.

In spite of the fact that within the programs of development of BVB
an intensive research is going on in the field of such wide-band mate-
rials as, for example, diamond, GaN, SiC, apparently, nevertheless, the
immediate prospects are mostly connected with organization of a batch
production of BVB on the basis of Si, as most technological and uni-
versal material. Besides, manufacturing of a power source within the
same technological process as a microcircuit will allow us to ensure a




considerable reduction of the dimensions of a device and its cost. Latter
factor is extremely important, because a micropowerful device with an
integrated BVB source is a disposable product.

A considerable influence on the cost, safety and recycling of the
device can be rendered by the selection of a source of B-radiation.
The table below presents a list of the sources, which are often used
in the BVB batteries [5, 6]. In all the cases presented in the table a
generation of the fast electrons (B-particles) is used, which occurs
during transformation of a proton into a neutron with emission of
B-particles — antineutrino. At that, a transformation of the initial
atom into the atom of another element occurs. So, for example, for
tritium this reaction looks as follows:

H 5 3Het + 37 + v, 1)
where B~ — B-particle; v — antineutrino.

As one can see, the energy spectrum of the emitted B-particles
and the half-decay time are different for different isotopes. Also dif-
ferent are the lengths of braking of the B-particles and the value of the
energy emitted in a semi-conductor material. The works for devel-
opment of BVB are conducted with all the sources presented in the
Table, however, the greatest success was achieved with tritium. BVB
with tritium are manufactured in the cases similar to the cases of the
microcircuits, and they find commercial demand [2]. Tritium can be
used both in the crystal and thin-film silicon converters of g radiation
[7]. The average length of the braking of the electrons emitted by tri-
tium in Si equals to 0.2 um [8], so, practically all the kinetic energy
of a particle is emitted in a semi-conductor film. Under condition of
a full transformation of this energy, the specific power of BVB per a
volume unit would be equal, approximately, to 10 kWh/cm3. The fol-
lowing facts testify in favor of tritium. Tritium is a by-product of gen-
eration of the electric energy by nuclear power stations and its cost
is not great in comparison with the other isotopes, suitable as sources
of B-radiation. A possible leakage of tritium into the environment,
and a probability of this exists always, is less harmful for people than
that of the other types of fuel, which can be used in the isotope gen-
erators. Tritium is the isotope of hydrogen and its presence in a hu-
man body in small amounts, just like that of deuterium, does not lead
to any serious consequences, because it is removed with water from
a body quickly enough. Among the advantages of the other sources,
in comparison with tritium, we should name higher energy of the par-
ticles, and, accordingly, a possibility to get more of the electric power.
Out of the specified materials 93Ni is often used [9]. The choice of
one of the specified materials is made proceeding from the features
of the design and BVB technology. However, it is necessary to have
in mind, that 3Nj is dozens of times more expensive than 3H. The
other materials are even much more expensive, than O3Ni.

Fig. 2 presents one of the possible designs of BVB [10]. The elec-
trodes responsible for the contact to areas p+ and p— are made of a
material containing an isotope. The depth of the channels and the
distance between them should be not less than the length of braking
of the B-particles. Availability of the microchannels increases con-
siderably the irradiated area and, accordingly, the output current.

Fig. 3 illustrates the basic processes occurring during the transfor-
mation of the mechanical energy of the particles into electricity. Fig. 3
presents the atoms emitting the B-particles contained in the material of
the electrodes. The thin lines show the trajectories of the secondary
electrons, which appear during braking of the B-particles. The electrons
and the holes arising in BVB are designated by rounds with signs, while
the arrows designate the directions of their drift caused by the internal
field F in the area of the space charge of the p-n junction. The barrier
area is designated by a dotted line. The electrons and the holes arising
beyond the barrier move in a diffusion way, and only those, which are
located closer to it, get into the barrier area and have no time for a re-
combination. The number of such carriers is determined by the values
of the diffusion length, which in Si can reach the micrometer values.

In the first approximation the process of the energy transforma-
tion can be described by three basic stages, each of which can be char-
acterized by a certain coefficient of the transformation efficiency. At
the first stage there is absorption of the B-particles emitted by a
source, located in BVB (not all of them). The share of the absorbed
particles, which reach the barrier, can be characterized by coeffi-

cient ng. During breaking the absorbed B-particles warm up the crys-
tal and generate the electron-hole pairs. Thus, a part of the kinetic
energy transforms into the energy of the electron-hole pairs. The en-
ergy, necessary for generation of one electron-hole pair by one fast
particle, is roughly three times more than E,. Therefore, the coeffi-
cient n pn which characterizes the share of the energy of the nonequi-
librium electron-hole pairs "born by the B-particles”, in relation to the
total energy of the B-particles, which have reached the barrier area,
does not exceed ~0.3. This value is an approximate top limit of the
efficiency of the transformation of energy in BVB.

At the final stage, the electron-hole pairs, arising under the in-
fluence of the B-radiation and penetrating into the area of the space
charge, are separated by the field and generate an electric current in
the external circuit, transforming to the load a part of the energy of
the B-radiation, absorbed by BVB. Separation of the electron-hole
pairs by the electric field in the area of p-n junction occurs in such
a way that the positively charged holes get to the BVB anode (the area
alloyed by acceptors, p-type), while the electrons get to the BVB
cathode (the area alloyed by donors, n-type).

For efficiency of the transformation of the energy of the B-par-
ticles into the electric energy passing through the load, we can put this
down in the following way:

n= 4, (2
Py
where P; — power appearing in the load during emission in the BVB
volume of the energy of B — particles absorbed during 1 s, PB — power
of the source of the B-particles, located in BVB.
Each of the stages has its efficiency of transformation, so (2) it is
possible to present it in the following way:

P
N= 5= gllonts 3)
b

where np characterizes the share of the energy of the B-particles,
which get into the active area of BVB, in which generation and sep-
aration of the electron-hole pairs take place; Nppn Characterizes the
share of the energy of the electron-hole pairs in relation to the energy
of all the absorbed B-particles; coefficient ,,; characterizes the ef-
ficiency of transformation of the energy of the electron-hole pairs in-
to the energy of the electrons, coming to the load.

Coefficient ng depends on the design of the device and position
in it of the atoms of the isotope in relation to the active area of BVB.
Its value can be close to 1, if the atoms of the isotope are in the area
of the space charge of the barrier [7]. This coefficient decreases with
moving of a source of particles away from the barrier area and re-
duction of the particles’ energy. Coefficient Nppn depends on which
share of the energy should be transferred to the crystal lattice by a fast
electron for a birth of one electron-hole pair. Usually, this energy
roughly equals to 3Eg.

This means, that during the generation of the electron-hole pairs
approximately 70 % of the absorbed radiation turns into warmth. In
our calculations we assumed, that the energy, necessary for one pair,
equals to (2E, + 0.5) eV [11]. Coefficient NpnL characterizes the ef-
ficiency of coflection of the electron-hole pairs by p-n junction, their
separation by the electric field and transport of the electrons and
holes to the anode area and cathode area, accordingly. The basic losses
are connected with a recombination of the nonequilibrium electrons
and holes, just as this happens in the solar elements. Therefore, it is
quite reasonable to expect, that the solar elements, having high coef-
ficient of efficiency during transformation of the sunlight, can have high
values of coefficient ,,,;. However, the contrary is unfair, because for
an effective transformation of the energy of the B-particles the wide-
band materials can be used, which do not absorb the sunlight at all.

Since for transformation of the energy of the B-radiation the same
principle of generation of the electron-hole pairs is used, as in the so-
lar elements, the output characteristic of BVB is described by the
equation, similar to the equation of the volt-ampere characteristic of
a solar element [12]:

U
I= Io[e"kr— 1} -1, O]
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Iy — dark current of the p-n junction; U — voltage on the p-n junc-
tion,; n — nonideality coefficient of the transition current; k — Boltz-
mann constant; 7 — absolute temperature; /,, — the maximal pos-
sible current in the load (short circuit current of the output circuit).
The equation (4) is a nonlinear one, therefore the output power and,
accordingly, the transformation of the coefficient of efficiency, will
depend on the load of R;, that is, on the current and voltage in the
load. The maximal output power in the optimized load of P, is re-
ceived under the following condition:

P, =V,.I FF, ©)

oc'm

where FF — filling coefficient. The closer is the form of the real out-
put characteristic of BVB to the rectangular one, the higher is the co-
efficient. Current /,, is proportional to the number of the electron-
hole pairs separated in the p-n junction.

= _Bpn7p (6)

where N — number of the B-particles, which reached the barrier
and created the pairs, separated by the barrier; Eg — energy of the B-
particles; E,, — energy of formation of the electron-hole pair ab-
sorbed by a B—particle. The efficiency of generation of /,, is charac-
terized by the following expression (2).

kT 1,
Voe = ——1n [ 10] 7

where kK — Boltzmann constant; 7 — absolute temperature; n — co-
efficient depending on the properties of the barrier (in calculations
n = 1); I, — thermal current of the barrier. Current /, depends on
the mechanism of recombination of the carriers in the barrier layer,
while in the silicon diodes the recombination-generation processes
dominate, therefore, it is possible to write down the following [13]:

= sl ®

where § — area of the barrier; n; — concentration of the own charge
carriers; W — width of the area of a space charge; 1 — time of life
of the nonequilibrium carriers in the barrier;

= ,/NcheiEg/kT, )

where N,, N, — effective density of the states in the conductivity zone
and in the valency zone of Si, accordm%ly, in the calculations for Si
it was accepted that N, =2.8 - 1019 =1.0-10"cm™3 [14];

2egi(Ny4+ Np) U,
W= 8Sl(]VAN D) k’ (10)
A'D

where &g; — dielectric permeability of Si (eg; = 11.8), U, — contact po-
tential difference, N, and N — concentrations of the acceptor and do-
nor impurities, accordingly. Such calculations are presented in [15].

Alloying is selected in such a way, that the width of the space
charge area in BVB, whenever possible, would be equal to the length
of braking of the p-particles. Therefore, in the calculations it was as-
sumed that in BVB with tritium W =1 um, with the other isotopes
of a bigger length of braking of the B-particles — 10 pm.

Fig. 4 presents the characteristics of the BVB elements with the
area of 1 cm? calculated with the use of the above formulas and pa-
rameters, during the use of the isotopes, the parameters of which are
presented in the Table. BVB design is shown. During the calculations
it was assumed that all the layers of the same type were electrically
connected (fig. 2) in such a way that the currents from each gener-
ating barrier would be summed up. The isotope itself is located inside
the contact material.

In due course, alongside with the exhaustion of the isotope
source, the intensity of the radiation coming to the active area of
BVB, falls, which tells on the power of the battery. The time of half-
decay of an isotope characterizes the duration of the process de-
scribed by the following equation:

Nty = Np2 T2 (a1

where N, — initial concentration of the atoms of the isotopes.
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Since each atom during disintegration emits one B-particle, the in-
stant power of a source will be characterized by the following equation:

dN _ No In2 2—t/11/2

12
dr i (12)

The total energy, which the source has given by the set moment
of time to the load, will be characterized by the following equation:

() = nasgNo(1 — 272, (13)

where g; — energy of a B-particle. The efficiency of the transforma-
tion is determined in accordance with formula (2).

3. Estimation of the limits of possibilities of an autonomous device
imposed by a power supply

Fig. 5 presents the dependence of the energy generated by a sin-
gle-barrier BVB on time. The calculations were done for S= 1 cm2,
V=1 cm’ and the width of the area of the p-n junction equal to
1 micrometer for the electrodes with tritium and equal to 10 microm-
eters for the electrodes with the other isotopes.

Apparently, the specific power consumption of a BVB element is
within the limits from units (for H) up to 10° J/cm (for ]47Pm)
Thus, during the half-decay period of an isotope in 1 cm? of AD it
is possible to record from 1013 up to 10'8 bits. After the half-decay
period of an isotope the energy is still generated, however, in a limited
quantity. The power of BVB and the quantity of the generated energy
increase with the growth of the energy of the B-particles.

The primary goal of the monitoring device is provision of the
maximal possible volume of information with the minimal possible
power consumption. This problem can approached only on the basis
of either the existing element base, or the element base being in the
process of development.

The average energy, which the modern electronic devices require
for processing of one bit of information is approximately 10~13 J.
However, we should keep in mind, that this figure was received for
the CMOS structures with the use of the capacities of the remem-
bering cells as the storage devices, and that means it is a memory,
which demands a power consumption in the period of the informa-
tion storage. This is unacceptable for the autonomous devices intend-
ed for a long period of operation, because for them the information
storage should not involve any energy consumption. At the moment,
the works in the field of the non-volatile memory are being inten-
sively conducted, there are advertising messages about success of var-
ious firms in development of such devices based on new principles
and we should expect appearance of the corresponding devices in the
market. However, presently there are three types of commercially
available non-volatile memories, which do not require energy in the
storage period. These are the widely known Flashmemory, the mag-
netoresistive memory and the newly appeared PCM memory (Phase
Change Memory), developed by Intel company and produced by Mi-
cron Technology and St Electronics [16, 17]. These cells do not re-
quire energy for information storage, however, PCM and the mag-
netoresistive cells demand roughly ten times more energy for over-
writing of information than the EEPROM cells, while the Flash cells
demand even more. Among the drawbacks of the Flash memory is al-
so a line-by-line organization of overwriting and reading, which re-
quires considerably more energy and sets rather strict limits on the
circuit technology of the processing devices and the mode of their op-
eration. Application of the Flash memory in furure is undesirable, be-
cause it complicates the further scaling in the area of the small di-
mensiones. Besides, this memory is considerably less resistant to the
external influences, than PCM, therefore, in estimation of the pros-
pects of AD with BVB it is expedient to be guided by the power par-
ametres of PCM, i.e. 10712 J for overwriting of one bit.

Conclusion

It was demonstrated, that the functional characteristics of the mi-
cropowerful AD would be determined substantially by the built-in pow-
er supply, the design and the power characteristics of which should be
defined at the very initial stage of designing of AD. As a source intended
for a prolonged period of autonomous monitoring of AD it would be
expedient to use BVB. At that, it should be taken into account that the
BVB-based source is the most expensive part of the whole device [18].




Development of the nanopowerful and, eventually, nano-sized
electronic devices should lead to appearance of new methods of re-
search of the complex processes occurring in the natural and artificial
environments. Development of such devices will promote not only
the growth of a big market, but also a scientific breakthrough in cer-
tain areas. The process of creation of the micropowerful AD and net-
works on their basis has already begun, and a gradually increasing
number of publications testifies to that. However, we stand on the
rails of the traditional technologies, and the devices created by their
means are bulky and expensive.

The integrated circuits have reached the level of a high informa-
tion density, therefore, we have good reasons to assume that 90 % of
the volume of a monolithic autonomous device based on the monoc-
rystal silicon will be occupied by a power supply. Fig. 6 presents the
dependencies of the information accumulated during a half-decay of
the source’s isotope on the linear dimension of crystal L at the as-
sumption of the volume of microcircuit L3. From fig. 6 it is visible,
what even at rather small dimensions of the crystal, including the cir-
cuit and the power supply, the autonomous information device with
an isotope source can accumulate a considerable amount of infor-
mation. The dashed lines show, that a reduction of the dimensions of
the monolithic circuit after a certain limit is accompanied by a re-
duction of the efficiency of transformation of the energy of the B-par-
ticles, because the length of their braking becomes comparable with
the dimensions of the crystal.

Reduction of the dimensions of the power supply and its inte-
gration into a microcircuit will require not only a certain modification
of the standard technological process, but also creation of an element
base of a higher reliability and resistance to the external influences.
This refers to the elements of the basic storage of the accumulated in-
formation — non-volatile memory. So far, the choice is not great.
The widely used Flash memory is not only characterized by a high en-
ergy consumption and low reliability, but the organization of a cycle
of overwriting and reading of information, dictated by the principle
of its operation, is extremely inconvenient for the micropowerful de-
vices, because the servicing of the Flash storages demands a rather
powerful periphery. A comparatively high probability of a loss of in-
formation during its prolonged storage by MOS elements is another
factor, which makes these storages rather undesirable.

Among the recent developments, which found their industrial ap-
plications, of interest are the PCM (phase change memory) storages.
The advantages of this memory are not only a low probability of a loss
of information during its prolonged storage [19], but also a bit-by-bit
addressing during recording and reading of information, which makes
the circuit technology of a device more flexible and simple, and hence
less energy consuming. Among the latest attractive developments we
should point out the use of the memristors [20], applied for recording
of information of the movement of ions in the memory cells. This
type of the memory elements is attractive not only due to a possible
use of the small-sized cells with a low energy consumption, but also
due to the potential resistance of the stored information to the ex-
ternal influences and a wide arsenal of the circuit means for work with
such cells, and a feasibility of a transition from the discrete informa-
tion to the analog one with the use of the corresponding means for
its processing, including the neuristors [21]. Not with standing a slow
rate of collection of information during monitoring, its transfer at a
sufficient volume of the accumulated energy can be fast, i.e. the de-
vices of this type can be used as alarms informing about the emer-
gencies, which demand an immediate response.

It is necessary to point out, that at a continuous mode of mon-
itoring the considered devices can be most effective for monitoring of
the slowly changing processes, for example, various biological proc-
esses or the processes of observation of the conditions’ variation in
massive objects. The isotope AD with a life time of dozens of years
can become an indispensable instrument for studying of the objects
in deep space by means of comets and asteroids, which carry BVB-
AD along the elliptic near-Earth orbits.

Creation of tiny devices of autonomous monitoring is one of the
trends in development of the modern electronic control systems. Cre-
ation of the monolithic BVB devices will promote development of
this trend and contribute to the works in the smartdust area [22, 23].

It was demonstrated, that the micropower monolithic autono-
mous devices with the isotope sources during tens of years can collect
and process the volumes of information, sufficient for control of the
dynamics of variation of the objects’ local properties. At that, in the
long term the total volume of the devices of this type can be essen-
tially lowered down to the micrometer dimensions.
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Pecniy6nnka benapych

CO3HAHME YEAOBEKA, UAU BO3MOXHOCTU DAEKTPOHUKMWN.

YACTD II.

Ilocmynuna 6 pedaxyuro 20.12.2017

Ha ocrose npednodicennoil panee noaHou 31eKmMpoHHOU UHMeEPnpemayuu QYyHKYUOHUPOBAHUS MO32A PACCMOMPEH (heHoMeH "co-
3HaHue yenogexka”. B wacmu Il pabomosl Ha ocHoBe cO30aHHOL Meopuy CO3HAHUS PACCMOMPEHbL Caedyloujle S8AeHUs: MBOPYECKoe
MblulieHue, camousneuerue, UsMeHeHHble COCMOAHUSA CO3HAHUS, C80000a 80U, A MAKICE NPOAHAAUIUPOBAHDL NEPCHEKMUBLL CEEPX-

pasyma.

Karoueevie caosa: cosnanue uenoeeKkd, mo3se, NOoAHAA AeKmMpPOHHAA UHmepnpemauus, HaQHO031eKmpoHUKa

CiencTBiss MATEPHAIBHOCTH MBICJIH
H NCUXHYECKHX (hyHKIMii

M3 npeapiayiiero pacCMOTpEeHMs BUAHO, YTO aBTOP
MPUAEPXKUBACTCSI KJIACCUUECKOU MaTepuaaucTuyec-
KOH TOUKM 3pEHMSI O TOM, YTO "MaTepusi — MepBUYHA,
a CO3HaHMe — BTOPMYHO". A 3TO O3HAYAEeT, YTO CO3HA-
HUe — GYHKUMS, Tpexae BCero, BhICOKOOPTaHU30-
BaHHOM MaTepuM XMBOTO MO3Ta YeJIOBeKa, IPOIIe-
1IIEro B LIEJIOM YCMEUIHO KJIIOUEBbIe CTaaguu (hOpMUPO-
BaHus u pa3Butus. Hanbonee BaxxHbIMU (paKTOpaMU
Mpy 3TOM SBISAIOTCS: 1) reHeTHKa; 2) OoKpyxXKarolias
cpena. st BToporo ¢pakTopa oco00 ciaeayeT OTMETUTD
BJIMSIHUE OOILLECTBA, COLIMATbHON CPebl.

B npemioxxeHHOU TeoprM ObLIO BbIACIEHO TPU THU-
na pexkMMoB padoThl Mo3ra. st mepBoro Tuia pyHkK-
MOHUPOBaHUsS (TIPX BHEITHEM BO3ICHCTBUM) XapakK-
TEPHO, YTO BXOMASIIME U3BHE CUTHAIbl KOHBEPTUDY-
I0TCSI B 3JICKTPUYECKHE, KOTOPHIE, B CBOIO OuYepenb,
MPUBOJAT K MOAUGUKALMU COOTBETCTBYIOIIMX HEl-
POHHBIX (RJIEKTPUYECKUX) Lernel. DT MoaubuKaluu
U OTpaxaloT 3aKOAMPOBAHHYIO MHGOPMALMIO O TOM
WIN UHOM coObITuM. MHaue 3anoMuHaHue ObLIO ObI
HEBO3MOXHO, U 3TO XOPOILO M3BECTHO B HelpoOuO-
noruu [1, 2]. C Touku 3peHUs ONMMUCAHHON TEOPUU aB-
TOp H€ BUAWAT TMPUHLUUIMAJIBHOU pa3HULBI B pac-
CcMaTpUBaeMOM BOMPOCE, KaK MHULIMMPOBAH JIEKTPU-
YeCKU CUTHaJ W3BHE (MEpBBIA TUIT PEXKUMOB) WIU
U3HYTPHU (BTOPOIl TUIT PEXXUMOB). A 3TO O3HAYAET, YTO
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BO BHYTPEHHHUX pexXuMax paboThl™ Mo3ra (4acTo MbIC-
JIUTEJIbHAS NeITeTbHOCTh M HEKOTOPHIE IPYyTHE TICHXH-
yeckue (PYHKIMM) TOJKHA TakKxKe MPOUCXOIUTh MO-
Indurkauus HEWPOHHBIX (DJAEKTPUYECKUX) LeTei.
ITosTOMy MBICIB M ApYrMe ICUXAYECKHE (DYHKIIUU
BCJIEICTBME MX MATepPUAJIbHOCTU MOTYT M JOJIKHBI
OKa3blBaTh 00paTHOE (BO3MOXHO HECHJIbHOE) BJIMSI-
HUE Ha HEWpPOHHbIE LIeTIU MO3ra, T. €. UX MOAUPUILIM-
pOBaTh, a CJIEA0BATEILHO, M U3MEHSITH caM Moa3T. [1oc-
JieAHWe JaHHble HEHPOOMOJOIUU MOATBEPKAAIOT, YTO
MBICJIb MOXET OKa3bIBaTh BIMSIHHE HA MO3T YesioBeKa
(cM., HatpuMep [6, 7]). OmHAKO, KOHEYHO XK€, KUBOW
MO3T (HEHpOHHBIE LIEMU) — IIEPBUYEH, a MBICIb —
BTOpPUYHA.

MarepuanbHOCTb MBICAM U OPYIMX MCUXUYECKUX
(yHKUMIT MMeeT BaXKHbIe TOCIEACTBUS U MOXET TO-
MOUYb IIyOXe MOHSTh, 110 KpaliHell Mepe, IBa poja Jae-
SITEJIBHOCTU: TBOPYECKOE MBILIJIEHUE U W3JIEYCHUE B
pe3ysbTaTe CaMOBHYLIEHMST (CaMOU3JIeUECHUE).

O TBOpuecKOM MbinLIeHHH. MHOIO yXe OoTMeua-
Jloch [3—35], 4TO ecnu OTpULATh BO3MOXHOCTb MOAM-
(bukany HEeHPOHHBIX 1ieNeil BO BHYTPEHHUX PEXU-
Max paboOThl, TO MBI MBICIIMM TOJBKO "LIa0JOHaAMM"
unn "crepeoTnnaMu’. BBIIM TakKe OTMEYeHBI OOJb-

* MHOI0 OTMEYasoCh, YTO, CTPOrO TOBOPSI, OOJIBIIMHCTBO pe-
JKMMOB pabOThl MO3ra HOCUT CMELLIAaHHBIM XapakTep (TpeTUid TUI pe-
X1MoB) [3—5]. OnHako HanboJee CIOXHBIM /71 TOHUMAaHUS B pac-
CMaTPUBAEMOM CJyyae sIBJISIOTCSI UMEHHO BHYTPEHHUE PEXUMBI pa-
00ThI (BTOpPOIT THTI).




1€ BO3MOXHOCTM B paboTe caMUX HEJIMHEHHBIX
9JIEKTPUYECKMX (HEMPOHHBIX) Lenel 6e3 ux Mmoaudu-
KallM1, HATlpUMep, TIpY Mojgadye Pas3TnIHBIX BXOTHBIX
CHUTHAJIOB, 3a CUET TMOKOCTH CBSI3EU M KOJIOCCATEHOTO
yucia uenei (Ha3oBeM uX (pakTopaMu 6e3 Moaudpu-
kauuu). bojee Toro, MHorue ucciegoBaTeJM MO3ra
OTMEYalOT CKJIOHHOCTh YeJIOBeKa, OCOOEHHO ¢ BO3pac-
TOM, MBICIMUTBH "cTepeoTHIaMu" WiM "mradbjoHamMu".
Bce aTo Tak.

M, Tem He MeHee, naxe BO BHYTPEHHUX pekrMMax
paboTHI, B YaCTHOCTH B TIPOIIECCE MBICTUTEIBHON Te-
SITEJIBHOCTH, KOTJA WHUIIMALIMS TIPOMCXOMUT HEIOC-
pPEeACTBEHHO BHYTPU CAMOTO MO3Ta, IIPU MPOXOKACHUU
3JIEKTPUUYECKOr0 CHUrHajia (CUTHAJIOB) MO COOTBETCT-
BYIOILIEMY HaOOpy HEHPOHHBIX IIereil MOOu(pUKAITNN
MIPOUCXOMSIT BCIEIACTBUE MAaTePHATBLHOCTH MBICIIH.
XOTs y KaxI0ro yejaoBeka xpaHsiiasics uHQopMalus
TIpeXe BCeTo KOAMPYETCST IMEHHO B TOIOJIOTUN (MOP-
(onorumn) HeMpoHHBIX Lienei [3—5], ogHaKo Ha UX
WHAVBUAYATLHOCTh MOTYT BJIUSITH OYEHb MHOTO (hak-
TopoB [3—5]. BoT nuib HeKOTOpble M3 HUX: HOBBIE
CBSI3M MEXIy HelpoHaMU, MOJIEKYJISIpHBIE M3MEHE-
Hus cuHarncoB; cunTe3 PHK, 6enkos, nmpuBoasimmx K
CTPYKTYPHBIM M3MEHEHMSIM B CHHAIcax, ILIWIMHUKaX,
JIEeHIPUTAX, aKCOHAX, MU3MEHEHWSIM B SIIpe KIICTKU U JIp.
DTO CBI3aHO C TeM, YTO HeHPOHHBIE LT — 3TO MOC-
TOSTHHO MOIUGUIIMPYEMbIE LIENU Jaxe MPU IMPOCTOM
JNEKOMMPOBAHWM HaKOIUIEeHHOW HHMopManuu. XoTs
BEeJIMYMHA 3TOM MOIUGHUKAIINA MOXET BapbUPOBATHCS
Yy pa3HbIX JoAel™ 1, B IpUHIINMIIE, JOKHA OBITh HE-
3Ha4YMTeJbHOM. TakuM 00pa3oM, B IIpolecce Moaudum-
KallM1 WY TIEPECTPOMKHU DJIEKTPUUECKUX (HEHPOHHBIX)
merieil BaXXHBIMM (haKTOPAMU SIBIISIIOTCS W3MEHCHMS
CBsI3eil, TEOMETPUM, TPOBOAUMOCTH, IUIJICKTPUIEC-
KO MPOHUILIAEMOCTU U TOMY MOJOOHBIX COOTBETCTBY-
IOINX YYaCTKOB IEeTIeid, YTO JOCTUTAETCS C TTOMOIIBIO
pPa3sHOOOPA3HBIX OMOXMMHUUYECKHX TTPOLIECCOB, MHUIIN-
HMPOBAaHHBIX B pe3yJbTaTe MPOXOXIECHUS SJIEKTPUIEC-
Koro curHajia (curHanoB). HazoseM mx dakTopamu
Moau(pUKaALINHU.

M3 mncuxonornu M3BeCTHO, YTO TBOPYECKUM TIPO-
1IeCC MOXeT OBITh TIPEACTABICH B BUIE YETHIPEX dTa-
noB [8]: 1) noarotoBka; 2) HHKyOauust; 3) MHCAT (1po-
cBeTyieHue); 4) npoBepKa. BriojHe BO3MOXHO, YTO B
Mepron MHKYOAllMM KaK pa3 M IPOUCXOMUT MOIM-
duKkaluusg HeHPOHHBIX Lenel (IeiCTBYIOT (haKTOpbI
MoIupuUKauuu) u/Uiu nepedop no HUM (IEHCTBYIOT
(akTopsl 6e3 MonuduKalMuu**), XoTs MOCAEAHU, 1O
KpaiiHell Mepe B psie ciaydaeB, 0oJiee OBICTPBIM IIPO-
uecc. Bce 370 MOXET OCYLIECTBISITBCSA HA MOILCO3HA-
TEJIbHOM YPOBHE, T. €. pa0OTHI TOJIBKO 0oJiee OBICTPO
cucTeMbl 1 B pe3yibTaTe HEOTHOKPATHBIX ITPOTOHOB

* DTO XOpOIIO OOBSCHSIET U3BECTHBIN B MICUXOJIOTUM (DeHOMEH
"JIOXKHBIX BOCTIOMMHAHUI".
** CTporo roBopsi, BIUsHUE MOAMMUKAIIMN HEZHAUUTEIHHO.

curHainoB. Korga ¢popMupyeTcss HeoOXoauMbliA HAbop
HEMUPOHHBIX LIeTei, KOTOPbIA OTpaxkaeT peleHue u3y-
yaeMoil IIpo0JIeMbl, ¥ IIPOUCXOIUT UHCAUT (03apeHue)
B pe3yJibTaTe MPOXOXIAEHUsI 10 HEMY 3JIEKTPUUYECKOIO
curHana. [Ipu 3ToM MPUHIMUIMAIBHO BaXXHO y4acTHe
HEWPOHHBIX lierNeil 006JacTu Mo3ra, OTBevawlleil 3a
oco3HaHue. B MpOTMBHOM ciy4yae pellieHHe MOXKET
OBITh YTPA4Y€HO, IO KpallHENW Mepe, Ha HEKOTOPOE Bpe-
Ms. TakuM 00pa3oM, Ha npoyecc meop4ecKoeo muiuiie-
HUsL MOJICem O0Ka3bl6ambv GAUAHUE MHOMNCECMB0 paxmo-
po8, Kak ¢ mooupukauuei, max u 6e3 oulymumoi mMo-
Juukayuu HeUpOHHBIX Yenel, YMo CUALHO YCAONCHAEM
aHaau3 amoeo poda desmenvHoCMU 4eao8eka u deaaem
€20 0YeHb PA3HOOOPA3HBIM C 02DOMHBIM YUCAOM BAPUAH-
moe u o0HuM u3 camwvix Henpocmulx. Cam dce npoyecc
ME0P*ecK020 MblULAEHUS, XOMS U OCHOBbIEAEMCS HA 8HYM -
DeHHeM B80CHpUSMUY Ye108eKOM 3aK0OUPOBAHHOU 6 ca-
MOM dice Mo3ee yen08exa ungopmayuu, 00HAKo 3ma uH-
Gopmauus moxcem uszmeHamvcs eciedcmeue Moougpura-
Uuu HeuUpoHHLIX Uenell.

O camomsnevenmu. K coxanaeHM1o, IIMPOKO pac-
MPOCTpaHEeHHbBIN B3MISII HA caMOW3JIeYeHUe 3aKoya-
eTcs B cienyonieM [9]: "... CTOUT peuM 3ailiTu O 310-
pOBbe, KaK TpagWLIMOHHAs HayKa W MeIWIIMHA CKIIO-
HSIIOTCSl UTHOPUPOBATh WJIM NMPEyMEHbIIATh BIUSHUE
CO3HAHMSI Ha TEJO... MBICIIb O TOM, ... 9YTO 3MOIIMO-
HaJbHOE COCTOSIHME CIIOCOOHO MpeaoTBpaTUTh 00-
JIE3Hb, a CO3HaHUe obOyiagaeT "LeJUTEIbHOM CUIoN",
CUMTaeTCsl KpaitHe COMHUTeNbHOI". M, TeM He MeHee,
KaK M3BECTHO, MO3T SIBJISICTCS IJIAaBHOM YIIPAaBJISIOIIEH
CHCTEMOM BCero Tejia, a cliefoBaTesIbHO, U BCeX opra-
HOB 4esioBeka. [ToaToMy aBTOp He BUIUT HUYETO YIU-
BUTEJBHOTO B TOM, UTO C TTOMOII[bIO MO3ra, B YaCTHOC-
TU TICUXWYECKUX (PYHKIIMI, BO3MOXHA KOPPEKTUPOB-
Ka ympaBjieHUsI TeM WU UHBIM OOJIbHBIM OpTaHOM, U
B KOHEYHOM UTOTIe JaXKe ero uajnedeHue. B murepatype
Moa06HOEe BRI3AOPOBICHHE TTOIYIMIIO Ha3BaHWE "M3-
JleyeHue B pesysbrare camoBHyleHus" [9], a coor-
BETCTBYIOLIME CAyYand pacCMaTpUBAIOTCS U U3y4aroTCs
B MOBEACHYECKON MEAUIIMHE WIM MCUXOJOTUM 310-
poBbs [7]. C ToUKM 3peHUsT aBTOpa, B OCHOBE TMCUXO-
JIOTMYECKMX METOJOB JICUEHUSI, TIPEXKIE BCEro, JEXKUT
MaTepUaIbHOCTh MBICJIM U APYTHUX MICUXMUECKUX (DYHK-
LM, a TaKXe MJIaCTUYHOCTb MO3ra, B YaCTHOCTU, MO-
nudukaluy HeMpOHHbBIX Herneil. KpaTtko cxemy Jyieue-
HUSI MOXKHO NPeICTaBUTh CAEAYIOLIMM 00pa3oM: MCH-
xuyeckre (YHKIUU (MbILILUIEHUE, SMOLUMU U NIpP.) —>
— 3JIEKTPUYECKHE TTPOLIECChl — OMOXUMUYECKUE MTPO-
LIeCCHl —> CaMOMB3IICUCHHE.

Kakue e mpoliecCbl MOTYT CTMMYJIMPOBAThLCS
BCJIEACTBUE MAaTEPUATLHOCTHA MBICITA U IPYTUX TICUXH-
yeckux pyHkuuit? Ux MoxeT ObITb MHOTO, TTOTOMY OT-
Meuy JIMIITb HEKOTOPBIE U3 HUX, 3 UMEHHO: 1) KOppeK-
TUPOBKA PAOOTHI LieTiei YIpaBAeHUsI TeM WM WHBIM
opraHom; 2) MoaMduKaluud CBsI3ed YIPaBISIOLINX
HEWPOHHBIX LIeTei; 3) CTUMYJISILIS UMMYHHOM cucCTe-
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MBI JUIS YCUJIEHUS BO3AECUCTBUS HA TOT UJIU UHOM Op-
raH WK ero o61acTh (BO3MOXKHO, 3TO HaubOJIee BAXKHO
IIpY OHKOJIOTUYECKUX 3a00JIeBaHUIX); 4) CTUMYJISILIS
TeHHBIX MOAW(UKALIMIA; 5) HOpMaIU3aluus U IOIOJI-
HUTENbHAS BHIPAOOTKA HEMPOXMMUYECKUX BEIIECTB;
6) CTUMYJISUHS BBIPAOOTKM BEIIECTB, OKa3bIBAIOIINX
JieyeObHoOe neiicTBue; 7) OajlaHCUpPOBKaA pabOTHI opra-
HOB (BKJIIOYasi BOCCTAHOBJIEHME TOMeocTasa), B TOM
qyucje U MoACUCTeM camoro mosra, u ap. CoBpeMeH-
HbIe JaHHBIC HEeMpOHAyK ITOATBEPKAAIOT TaKWe BO3-
MoXHOCTU. OTMeuy JIMIIIb Cepbe3HblEe HayYHbIE UCCTIe-
JIOBaHUs B HEMPOOMOJIOTUM HA 3Ty TeMy, OIMMCAHHBIE
B paborax [6, 7, 9, 10].

B neiicTBUTEILHOCTU BOIIPOC ellle 00Jjiee CI0XKEH.
Tak, BO3MOXHO W yCUJIEHHE CaMOKOppeKInu (oHa
MPOUCXOIUT, CTPOTO T'OBOPSI, MOCTOSIHHO aBTOMAaTH-
YyecKkM), Korja opraH CHUTHaJIM3UMpyeT MO3ry o OoJsee
Cepbe3HbIX HApYIIEHUSIX B CBOEH paboTe OT HOPMBI B
pe3ynbTate OOpaTHOM CBA3M M MO3T ITBITAETCS CaMO-
CTOSITEJIbHO (HEOCO3HAHHO) CIIPABUTHCSI C BO3HUKIIIM -
MU HapylieHusIMU (IepBbIii MHCTpyMeHT). Korma Mo3r
B aBTOMAaTUYECKOM pEeXMME He CIpaBJsIeTCs ¢ KOp-
PEKTUPOBKOI, MOTYT ITOHAIOOMTHLCS TOTIOJTHUTEIIBHBIC
Mepbl. I B aTOM ci1ydyae camMmoBHYyllIeHUE (BTOPOH MHC-
TPYMEHT) MOXET ObITb HE JUIIHUM, T. €., MPOIIIE To-
BOpSI, YCWJIMTh pabOTy MO3ra B HalpaBJeHUU U3Jeue-
Hus. CKopee Bcero, IIpy caMOM3JICYeHUN UMEET MECTO
KOMOUWHAaIUs OeACTBUN OOOMX WHCTPYMEHTOB, KOTO-
PBIMU peaibHO pacriojiaraeT MO3T YeJoBeKa.

B Hacrogiiee BpeMs IpoBeleH psII HAyYHO-MC-
clieoBaTeIbCKUX paboT Mo caMousieyeHn0. OcoOblit
WHTEpeC NMpeACTaBiIseT IIUPOKO UCCIAETOBAHHBIN "3¢-
dekT mrane60" (cMm., Harpumep [9]). "DeHOMEH BBI-
3IOPOBJEHUS MMOCJIe MHUMOTO JIEUSHMST XOPOIIO U3-
BECTeH B MeIUIIMHE W Ha3biBaeTcs 3((hEeKTOM Turale-
60" [9]. C Touku 3peHust aBTopa paborsl [9], "sdpdekr
rane6o” 3TO TIpUMeEp, "HaBEpHOE, YUCTEHIIETO
BIIMSIHUSI CO3HAHUSI HA OPraHU3M'.

Ceityac MOXXHO CUMTATh YK€ JOKAa3aHHBIM, YTO JIie-
YyeHHe C MCIOJIb30BaHUEM psija JieKapcTB He 3¢ dek-
TUBHee 1uialedo. bosiee TOro, TpaaWLIMOHHBIM CTao
MIpeABApUTETHFHOE UCCIIeIOBAaHNE Ha TPYITITaX OOJBHEIX,
B KOTOPOI OJHOM Ipymie naercs rianedo (TadbaeTku —
MYCTHILIKY U T. M.), @ APYrOW rpynmne — Mnpeamnoara-
emoe JjekapcTBo. Eciu 3¢ ¢GeKTUBHOCTh IOCIEIHETO
He BbIlIE TJ1a11e00, a TaKue ciaydad HepeaKu, TO HOBOE
"NnexkapcTBO" OOBIYHO HE JTOBOAUTCS IO MPOU3BOACTBA.
3amMeuy, YTO pSI JOCTAaTOYHO M3BECTHBIX W PACIPO-
CTpaHEHHBIX JIEKAPCTB HE IMPOLUIM YCIEUIHO MOA00-
HBIe "OOJIee THIATeIbHBIC MPOBEPKU', KaK IPaBUIIO,
He3aBUCHMbIE OT Mpou3BoauTenst. Yurarenab MoOxKeT
HaliTH MHOTO TIpuMepoB "3¢ddekra mramedo” B UCTO-
pUSIX 10 Halllei 5pbl U BIJIOTh A0 CETOAHSIIIHEro AHS
(cM., HanmpuMep, Takxe [9, 11]).

B pesynmbrate TIpoBeIeHHBIX HAyYHO-HMCCIIEI0OBA-
TeJbCKUX paboT "apekTa miauedo” ObLIO yCTaHOBIE-
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HO, YTO OH MOXET OKa3bIBaThb IOJIOKUTEIbHOE BIIUSI-
HUE Ha caMble pa3IMYHbIe 3a00JIeBaHMsI, a UMEHHO [9]:
0o0se3ub [lapkuHCOHA, CMHAPOM pa3apaxk€eHHOIo K-
IIeYHUKA, AETIPECCUI0, TPEBOXKHBIC COCTOSTHUS, aIInuK-
LIMI0, MUTPEHH, TOJIOBHBIE 0OIM; OKa3hiBaTh 00e300-
JBamlee Bo3aeiicTere u ap. U Bee ke "addexT mia-
1e60", KaKk MHE KaXeTCsI, OIpeaeliseTcsl He TOJIbKO
CO3HAHMEM, HO M 3aBHCHUT OT Pa3IMYHBIX TTCHXUYEC-
KUX (PYHKIMII, B TOM YKCIIe W Ha TTOACO3HATEIHLHOM
YPOBHE.

He MeHee Breuatsiolve pe3yabTaThl MOTYUYEHbI
TIPX UCITOJb30BAaHNM BOCTOYHBIX IMPAKTUK METUTAITNN
(cM., HampuMmep, HedaBHUE ucciegoBaHust [6, 7]),
JPYTUX SMIIMPUUYECKUX MPaKTUK (Metoauku B. Kya,
X. Cunbssl, JIx. Kexo u ap. [12]), coBpeMeHHBIX TICU-
XOTepareBTUUECKUX METOAOB (CM., Harpumep, [13, 14])
JUUISL JISYEHMST CaMbIX pa3jIMUHBIX 3a00JIeBaHU, BKIIIO-
yas pak. B mpuHiiuIe, aTu ycrexu Takxe MOTYT ObITh
00BSICHEHbI UMEIOIIMMCSI HAOOPOM TTPOLIECCOB Y MHCT-
PYMEHTOB, OTMEUYEHHBIX paHee, KOTOPbIMU 00JiagaeT
MO3T yejioBeka. MHorna ycuieHueM U 6oJiee Hampas-
JICHHBIM UX IE€UCTBUEM.

OnHako cleayeT OCTaHOBUTBCSI M Ha HEKOTOPBIX
BO3MOXHBIX HETaTUBHBIX MOMEHTAaX MOMbITOK CAMOU3-
JedyeHus. Bo-nepBbiX, He Kaxaast 60e3Hb Y KOHKPET-
HOTro YyesjoBeKa MOXET ObITh BblIeueHa IO JaHHOMY
Metoay. M oObsicHEeHUEe — TPpUBUAJIBHOE: ITPOCTO HE-
JIOCTaTOYHO PECYpCOB, KOTOPBIMHU pacrojaraer s
3TOro MO3T (OpraHM3M) YesaoBeKa, TaK KaK OHM BCE XKe
OrpaHUYeHbl, a caMa 0oJie3Hb BO3MOXHO 3amylleHa.
Bo-BTOpBIX, MO3T SBJSETCS CYNEPCIOXHON CUCTEMOM
M He TaK MPOCTO HANPaBUTh CUTHAJIbI HA MOAMMUKA-
LIMI0 pabOThl HEOOXOAMMBIX HEMPOHHBIX Liemneid. I1po-
O1emMa ycyryoJsieTcsl TeM, YTO OOJIbHOI 4acTo He 3HAeT
B YeM CYIIHOCTb €Tr0o 00JIe3HHM, a MHOTIA 1 TIPOCTO He
MOJ03peBaeT Wil He IIOHUMAET, YTo 0ojieH. B pe3yib-
TaTe METOJ MOXET ObITh MEIJICHHO- U CJIa00mEHCTBY-
IOIIMM, YTO 3aBHUCUT OT MHOTMX BHYTPEHHUX U BHE-
IIHUX [ YeJoBeKa OOCTOSTENbCTB. B CBS3U C 3TUM
MMOAYEePKHY 0COOYIO BAXKHOCTh B JAHHOM METOJIE BEPHI,
HACTOMYMBOCTU U KOHLEHTpaUMU™*, 4TO MOTyT obec-
TTeYNTHh OTMEUYEHHBIE BEIIIIE TIPAKTUKN 1 MeTOIbl. 1 He
TOJbKO. B 3TOM IJ1aHe TMOJOXUTEIbHOE BIUSIHUE MO-
SKET OKa3bIBaTb W PEJINTHS, YTO XOPOIIO M3BECTHO W3
HWCTOPUHU TI0 MHOTOUYUCIIEHHBIM CJIydastM MCLIEJICHUSI.
He nymato, yto Bce oHu — muiof haHTa3uu. B-TpeTbux,
KpaliHe HeraTMBHOE BJIMSIHME OKa3biBaeT B paccMmar-
pUBAEMOM CJlyyae OTpULIATEbHbIN CTpecc, WiIu JUCT-
pecc — "BpeJOHOCHBIN WM HENMPUATHBIN cTpecc” [15].
CoBpeMeHHbIe HayYHbIe MCCIeJOBaHUS IOKa3blBa-
10T, YTO MHOXECTBO 3a00JIeBaHUIl yesloBeKa CBS3aHO

* DTH (pakTOPBI, TO-BUIUMOMY, CITOCOOCTBYIOT HEOTHOKPATHO-
MY MIPOTOHY 3JIEKTPUUYECKOIO0 CUTHaja MO COOTBETCTBYIOLIUM HeEM-
ponubM HensiM (HKC, HKII®), a ciaemoBaTebHO, U BO3MOXKHO,
Gosiee CUJIbBHOMY MX M3MEHEHMIO B HY>KHOM HAIpaBJICHUMU.




MMEHHO C BIusHUEeM auctpecca [16]. OcobeHHO mIo-
XO€ BO3JEWCTBME OH MOXET OKa3blBaTb MMEHHO Ha
MO3T; BIUIOTb A0 pa3pylleHus HelipoHHBIX Henei. Cy-
LIECTBYET U CIeLMalbHbI TepMUH "3 dekT Holebo"
[9]. BTO KOTNMa cO3HaHME BMECTO O3IOPOBJICHUS Opra-
HM3Ma BBI3BIBAET MATOJIOTMIECKIE CUMITTOMEI 1 MU3Me-
HeHus. IleyanbHBIMM TpUMeEpaMU SIBISIIOTCS Oaxe
CMepTh BITOJIHE 3MOPOBBIX JIIOACH B pe3yibTare: BYOy-
HUCTCKMX TIPOKJISITUl [9]; mocne kopabiaekpylieHui B
MOpe TIpY HAJTMYUH BITOJTHE TOCTATOUYHBIX CPEACTB IS
craceHus (MJIaBCPEACTB, MPOAYKTOB MUTAHUs, BOIBI)
[17]; naHuku, Hampumep, mocje 3emaeTpsiceHus [9].
B aTuX cinyyasix yesoBeK ymMupaeT OT cTpaxa. MoxHO
cKazaTh, YTO B TaKWX CUTYaISIX MO3T 3aIyCKaeT Me-
XaHU3M "CaMOYHUYTOXeHUSA" (BMECTO caMOCOXpaHe-
HUS), BBI3BAHHBIA CHJIBHBIM TUCTPECCOM.

MOXHO 1 APYTUMU UCKYCCTBEHHBIMU METOAAMU,
KpOMe TPaIWIIMOHHBIX B MEAULIMHE, YCHINTh 3P deKT
uzneyeHus? Jlymato, yto na. M 3mech B CBSI3U C Mpe-
JIOXKEHHOUW TMOJHOM 3JIEKTPOHHOW WHTEpIpeTaluei
(byHKIIMOHMPOBAHMSI MO3ra MEePCIEKTUBHBIM BHXKY UC-
MTOJTb30BaHNE BO3MOXKHOCTE! 3JIEKTPOHWUKUA M HAHO-
Hayk [18]. MHOI0 yXXe oTMeYaIrch B 9TOM ILIaHEe pa3-
JIMYHBIE METOMBI BJICKTPUYECKONU CTUMYJISIIMU MO3Ta
(BCM), a UMMEHHO: BJIEKTPUUECKOTO pa3apakKeHUst
Mo3ra; TJy0OoKoi cTUuMynsitiuu Mo3ra. Cinemyer, onHa-
KO, BBIACJIUTh METO/IbI JIEUEOHOI 2JIEKTPUIYECKON CTU-
mysssuuu (JIDC) roaoBHOro ¥ COMHHOIO MO3ra, a TakK-
e nepudepruyecKrx HEPBOB YesoBeKa ¢ MPUMEHEHU -
eM "LIasSIUX METOJ0B CTUMYJISIUM ', pa3pabOTaHHBIX
noa pykoBoacTBoM akagemuka H. I1. bextepesoii, ¢
ITOMOIIIBIO KOTOPBIX TOCTUTHYTHI 3HAUUTEIbHBIC YCIIE-
X1 B JICUEHUU CaMbIX pa3jIM4yHBIX 3a0ojieBaHuit [19].
Oco0as ueHHocTh MeTogoB DCM 3aKiodyaeTcsl B TOM,
YTO OHU MOTYT He TOJIBKO CTUMYJIMPOBATh CO3MaHNE U
MoJIU(UKALIMIO HEMPOHHBIX lieNeld MO3ra, HO U pas-
pYIIATh JINITHWE, TTaToJorndeckue erm. Cpenn moc-
JIeTHUX HapabOTOK OTMeYy HMCCIedOBaHUS IOKTOpa
K. Tpeiicu B eyeHUn BOCTAIUTENbHBIX MPOLIECCOB C
MOMOILBIO DJIEKTPOCTUMYJISILIMM OJTy>KAAIOIIEro HepBa
[9]. HecMoTpst Ha TIepCIIEKTUBHOCTH TaHHBIX padoT,
ele MHOIroe IpPEeACTOMT caejaThb UISl MX pPa3BUTHS
(0COOEHHO TOYHOCTHU CTUMYJISIIINT, YPOBHEH CUTHAJIOB
Bo3AeicTBUil U Ap. [3, 18]) ¥ LLIMPOKOro BHEAPEHUS B
MIPaKTUKY.

HTak, ucnoavsosanue cuavl CO3HaHUS, Mamepuaib-
HOCMU MbICAU U OpYyeUuxX NCUXUYECKUX (DYHKYUL Modcem
OblMb BANCHBIM OONOAHEHUEM K MPAOUUUOHHBIM MEeMooam
sneverus meduyunsvl. CieaoBaTeIbHO, lieJecoo0pa3Ho
KOMILJIEKCHOE JIeueHre, coueTalollee 3TU IBa MOIX0-
JIa, XOTS He UCKITI0YEHO, YTO OHU MOTYT He TOJIBKO IT0-
MoraTh, HO ¥ "Mellath" Apyr Apyry. B uactHoctu, ns-
BECTHO, UTO PsII JIEKAPCTB OKa3bIBaeT OTpUIIATEIBHOE
BJIIMSTHUE Ha MO3T 4ejioBeka (cM., Hampumep, [20]).
M, tem He MeHee, 10 KpaiiHell Mepe, Bepa B BBI3IO-
pOBJIEHHE — XeJaTesbHa!

HN3meHeHHble COCTOAHMUS CO3HAHUSA

To, 4TO TPOMCXOIUT B MO3Te Yy YelloBeKa B CO3HA-
HUM B 1LIeJIOM, XOpo1Io onucaHo B KHure [21]: "IToTok
Hallero CyObeKTUBHOIO TEpPeKUBAHUS TEUYEeT Herpe-
PBIBHO, CJIeIys CBOEMY pYCJy; OIIyIIeHUs, o0pa3bl,
5MOLIMMA U MBICIIM CJIIMBAIOTCS APYr C APYroOM, MOCTe-
IIEHHO IepeTeKkas APYr B Apyra B U3MEHYMBBIX I1aT-
TepHax ¥ y3opax". I B To e BpeMsI UHOTa ITOTOK MO-
XKeT ObITb 0cOOeHHBIM. "HeoObIYHbIE COBOKYITHOCTH
CyOBEKTUBHBIX TMEPEKUBAHUI HA3bIBAIOT "M3MEHEH-
HBIMU COCTOSTHUSIMU co3HaHus"" [21]. B nanbHeieM
MCC. B nacroguee Bpemst K MCC OoTHOCAT LIMPOKUIA
crnexTp ¢peHoMeHOB. K ocHOBHBIM 1 HanboJjiee MHTE-
PECHBIM MOXHO OTHecTU [21]: COCTOSIHUSI BO CHE;
TUITHOTUYIECKNE COCTOSTHUS, HAPKOTUUYECKOE OIThSTHE-
HY€; MEIUTATUBHBIE COCTOSIHUS; COCTOSIHUS "TIOTOKA";
BHETEJICCHBIE TICPEXXMBAHMS; OKOJOCMEPTHBIE TIepe-
KUBaHUS; MUCTUYEeCKMe nepexxnBanusg. K cocrossHu-
am, omm3kuM K MCC, MOKXHO OTHECTH U HEKOTOpPEIE
INICU-(peHOMEHBI, 2 UMEHHO: SICHOBUJCHUE, TeJera-
tmio  Ap. K martomormyeckuMm (MHOTma HeoOpaTH-
MbIM) MCC, B mpuHILIMIIe, MOKHO OTHECTH pa3IMUHbIC
ncUxuueckue 3adoseBaHuUsl (3TOT BOMpoc ObLI pac-
CMOTpeH B paborte [18]).

Kakumu ke dakropamy OINpeaessiioTcss Bce 3TU
(enomenn1? Uto 151 Hux obiero? Bo-mepBbiX, WH-
JIUBUAYAIbHOCTh HEMPOHHBIX LIENeil Kaxaoro KOHK-
PETHOTO 4YeJIOBeKa M SIBJSIECTCA IIPEIOIpPEAcIIsIOIei
MaTepUaIbHOI OCHOBOI cyObeKTMBHOCTH [18]. Bo-BTO-
peix, UCC, Bkiouasg u Incuxuyeckue 3abojieBaHUS
[18], MOXHO cBs3aTh ¢ OTKJIOHEHMEM (DYHKIIMOHUPO-
BaHUSI HEUPOHHBIX (IEKTPUUECKUX) LEMeid OT HOp-
MaJIbHBIX PEeXMMOB pabOTHI. 3aMedy, YTO BOIIpPOC 00
OIpeJeICHUU TTOHATHUSI "HOPMAJIbHBINA" B IICUXOJIOTUU
CTOJIb X€ CJIOXEH, KaK M ompeaesieHue MOHSITUI "co-
sHaHue" 1 "MCC", 4To OmsTh XXe CBI3aHO C MHOTOTPaH-
HOCTBIO COOTBETCTBYIOIINX SIBIEHUA. Y TeM He MeHee
3TOT BONPOC MPUHUMITHUAIBHBIN B TICUX0J0TUM. OTMe-
4y, 4TO B HEUPOIICUXOJIOTUN TTOHSITHE "HOpMa TICHXH-
yeckoii (pyHkuuun" BBemeHO gaBHO [22]. B uenoMm, 6e3
3TOTO MOHATHUS HEBO3MOXHO paccMaTpuBaTh KakK pas-
JIMYHbIE TICUXUYeCKUe 3a00€BaHMsI, TaK U COOCTBEH-
Ho UCC. Utak, 6 coomeemcmeuu ¢ noaHoU 31eKmpoH-
HoU uHmepnpemauyuell evldeato 06a KAr4esblx pakmopa,
onpedeasioujue ora UCC, a umenHo: UHOUBUOYANbHOCMb
HelPpOHHbIX (INeKmpUuHecKux) uenell mo3ea U OMK/AOHe-
HUS 8 UX (YYHKUUOHUPOBAHUU OM HOPMANBHBIX PENCUMO8
pabompl.

MHnuBuayanbHOCTh HEMPOHHBIX LIETeil 3aBUCUT OT
OYeHb MHOTHUX (PAaKTOPOB, TMTOAPOOHO PACCMOTPEHHBIX
B pabotax [3—5, 18] u 6onee kparko — paHee. OQHUM
M3 OCHOBHBIX B pacCMaTpMBaeMOM CJIydae SIBIISICTCS
TOIOJIOTUSI HEHPOHHBIX LieTeil, GOPMUPYIOLIUXCS IJIsI
peanm3anuy TOW Wiu MHON (pyHKuuMM. [JaHHBIE HEl-
pOHayK, B YaCTHOCTHU BM3yaJlM3allMU, CBUIETEIbCTBY-
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10T, 4TO Jaxe y KOHKPETHOTO YeJIoBeKa IpU peajn3a-
LMY OIHOM M TOM Xe (PYHKIMM COCTaB aHcaMOJieit
HEMPOHOB BapbUPYETCs, MPUYEM HEPEIKO CYIIECTBEH -
HO, YTO TTOAYEePKUBAET BaXKHOCTHb TMOKOCTHU CBSI3CHA.
B tepmunonorumn akanemuka H. I1. bextepeBoii [23]
obecrieyeHne (GYHKIIAM OCYIIECTBISIETCST KaK KECTKM -
MM, TaK ¥ TMOKMMU 3BEHbSIMU HEHPOHOB.

3agaaumcsl BOIPOCOM: KakKuUM 0Opa3oM MOXHO
OCYIIECTBIIATh B3aUMOIEUCTBIE TAKOTO TPaHINO3HOTO
yyca CyllleCTBEHHO HEJIMHENHBIX aKTUBHBIX 3JI€MEH-
TOB, T. €. oTMeueHHbIXx HOMC, snexrpuueckux (Heu-
POHHBIX) lierlell, KOTophie, Cylsl Mo Bcemy (CM. Ioc-
JIEAHWI pas3zielt), COCTABIISIIOT HE3HAYNTEIBHYIO YacTh
OT MX o0lllero yuMciaa, npu odecrneyeHu GyHKUuu?
W npu 3ToM, 4YTOOBI OHM HE Mellajaud APYT APYTY IIpu
00ecreyeHM MHOTOUYMCIEHHbBIX (PYHKIUMI, MPOXOs-
WX TIapajaelbHO. ABTOp BUIUT TOJBKO G03MOMC-
HOCMb, 8bIMEKAIOWYI0 U3 N10KAAbHO-PACHpedeNeHH020 Xa-
pakmepa mosed, Kak cucmemyl, a UMEHHO. CUHXPOHU3A-
yuss OUHAMUMECKUX G3AUMOOeliCMBULl INeKMPUHecKUX
(HellpoHHbIX) Uenell 6 paziuuHblx odracmsax moszea. Ilpu
2MOM, YUUMbBIEAS HEAUHEIIHOCb INeKMPUHECKUX Yenell,
00121CHbL ObIMb BAJICHBI HE MOABKO a3068ble, HO MAaKice
yacmommble U AMIAUMYOHbIe XAPAKMEPUCMUKU IAeKM -
PUHecKux cueHanog. 3ameuy, Ymo UMeHHO aAMNAUmMyoa
CUCHAAQ 8 OCHOBHOM U omnpeodensem >HepeemuuecKue
mpambl.

BaxxHOCTb HEPOHHOU CUHXPOHU3ALIMU OTMEUYAIOT
MHOTHE CTelUaJIuCThl B 00JacTU HelipoHayk. Tpa-
JUIIMOHHO B HEMPOOWOJOTUU BBIAESIOT JIOKAIbHYIO
U ($a30ByI0 CHMHXpoHM3auuu. Tak, mpu obecreyeHUn
CO3HATEJbHOI JesTeIbHOCTU 0cobasi pojib MpUaaeT-
cs1 raMMa-BoJiHaM (¢a3oBasi CMHXpOHHU3aLus) (CM.,
HampuMep, Oeceny ¢ mpodeccopoM B. 3unHrepom B
[24], [7]).

CrenyeT Takxke oOpaTUTh BHUMaHUE Ha MPUBOIM-
MBIe HIKe (DaKTHL.

1. YpoBeHb aKTMBHOCTHU OTIEJIbHBIX 00IaCTEil MO3-
ra MOXeT 3HAUYWTEJbHO OTINYAThCS Y Pa3HBIX JTIOICH
P OTHUX M TEX Xe IeUCTBUSX M JOCTUTATh "TPEX ThI-
csiy mpoueHToB" [7].

2. Jlaxxe cepbe3HBbIE IICUXMYECKUE 3a00IeBaHUS
MOTYT OBITh BbI3BaHbI, Ka3aJ0Ch Obl HE3HAYMTEIbHbI-
MW Ha TIepBBIN B3TJISAI, OTKIOHEHUSIMHT, B YaCTHOCTH,
"IIOAM C JEeNpeccueil UCIBITIBAIM HEIOCTaTOK HE B
CTUMYJIMPOBAHWM, a B TIOAIEPXKAaHUHM AKTUBHOCTH CHC-
TeMbl BO3HarpaxiaeHusi B npedpoHTaabHOil Kope" [7].

3. BaxHble JaHHBIE MOJIydeHbI ¢ momolbslo JIBC, a
uMeHHO: "IloBTOpHbBIE CTUMYJISIIUM OOHON U TOH XKe
30HHBI (CTPYKTYPBI) MO3Ta ¢ OMMHAKOBLIMU TTapaMeTpa-
MM B 3aBUCHUMOCTH OT €€ MCXOIHOTO COCTOSTHUSI MOTYT
BBI3LIBATH PEaKIINM, He TOJIHKO OTIMYAIOIINECS TT0 WH-
TEHCUBHOCTU M 3HAKy, HO M KaueCTBEeHHO HOBbIe" [19].

IlepeuncaeHHbIX MaHHBIX BIOJHE IOCTaTOYHO,
YTOOBI MOHATh, YTO U BOMPOC 00 OTKJIOHEHUU pabOThI
HEUPOHHBIX (2JEKTPUYECKMX) LIeNeil OT HOPMaJIbHbIX
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peXMMOB He MeHee CJIOKEH M 3aBUCHUT OT KOHKpPET-
HOTO YeJioBeKa U, 00jiee TOro, OT MOMEHTa BPEMEHHU.
DTO ToAYepKMBaeT TMHAMUYECKMI XapakKTep MoO3ra
Kak B paboTe, TaK U B €ro pa3BUTUU. TakuMm odOpazom,
JIaxe HOPMAaJbHBbIE TICUXMYECKHME (YHKIIMM MOTYT
00ecIeunBaThCsl Y KaXKI0ro YeIoBeKa CBOMM HabopoM
HEUPOHHBIX LIeTIEN, MPUYEM BapbUpPOBATHCS OT Caydas
K CJIy4alo, a y pa3HbIX JIIo/Ieil ypOBeHb aKTUBAIlMU MO-
JKeT OTJIMYaThCsl 3HAUUTENbHO. B CBS3M C 3TUM, TO-
BUAMMOMY, TIEPCHEKTUBHBIM SIBJSIETCSI CO3MaHue OaH-
Ka JaHHBIX "HAaOOPOB MOPTPETOB 0A30BBLIX MCUXUYEC-
K1X QYHKIMI" Y 3TOPOBOTO MOJIOIOTO YeJIoBeKa C T10-
MOIIbIO, HAIPUMED, CPENCTB BU3YyIM3alluH, a B Jajb-
He#IeM OpMEeHTHUPOBATHCSI Ha 3TOT "HOPMAJIbHBIN
Habop" ¢ BO3pacToM, T. €. 1 3/[eCh XeJaTeJeH UHAU-
BUyaJIbHBIMA MOAXOI.

M 1em He MeHee, mocieaHUe JaHHBIE HEHPOOUO-
JIOTMHM CBUAETEIbCTBYIOT O TOM, YTO MO3T PEKOHCTPYH-
pyeT IOeUCTBUTEIBHOCTL (CM., Hampumep [24—26]).
ABTOp TIOJTHOCTBIO pa3fesieT 3Ty TOUKY 3peHust [3, 4]
U To3TOMY cuutaeT, uyto ece MCC cesazanbl ¢ pazauu-
H020 po0a U3MeHEeHUIMU, UCKANICCHUIMU U HAPYUeHUMU
6 IMOoU PeKOHCMPYKUUU 8 MO32e Yea068eKa, KaK npaguo,
XapakmepuszyemoiMu CyuecmeeHHbIMU NPOAGAeHUIMU.

CorracHo TaHHOM TOYKHU 3pEHUSI MOXHO BBIICINTh
JOMUHUPYIOIINE, XapaKTepHble MPUYMHBI U CBOKMCTBA
tex win uHeix MCC. PaccMOTpuM KpaTKO HEKOTOPLIE
u3 orMeueHHBIX MCC, Tak Kak 3TOT BONPOC 3aCIyXKM-
BaeT OTAEJbHOI PaldOTHI.

MenuTaunio, COCTOSTHUAS "MIOTOKA", KaK MOKa3bIBa-
€T aHajiu3 UMEIOIIUXCS CBENEeHUI, MOXHO CBSI3aTh,
MpeXe BCero, ¢ yCHIEHNEM CHHXpOHM3anu. B yact-
HOCTU, UCCJIENOBAHNUS C TTIOMOUIBIO CPEACTB BU3YAIU-
3ald1 MO3ra MEAUTUPYIOIIMX TUOETCKUX OYIAUINCKIX
MOHaXOB MO3BOJIWJIM MOJYYUTb PSII BAXKHBIX PE3YJib-
taToB [7]. Hanbonee nHTEpeCHBIMU U3 HUX SIBJISIOTCS
chaenytowue [7]: 1) ycuneHue akTUBHOCTY FraMMa-BOJIH,
MpUYeM OHU YBEJIWUYUBAJIUCH MOCTETIEHHO, YTO CBU-
JIeTeJIbCTBYET O HEOOXOAUMOCTU BPpeMEHU IJIsl CUHX-
poHM3aLuu; 2) "MOHAXW C HAMOOJIBIIIMM OITBITOM Me-
JUTAUUU TPOJEMOHCTPUPOBAIM HaMOOJIbIIIYIO TaMMa-
CUHXPOHHOCTD (KaK B MICXOIHOM COCTOSIHWH, TaK U BO
BpeMsl MeauTaluuun)”; 3) B ydacTKaXx BHUMaHMUS "aKTUB-
HOCTb BO3pacTaja 1 yBeJIMYMBajIach 10 Mepe TOro, Kak
YBEJIMUYMUBAJIOCh KOJUUECTBO YACOB, KOTOPbIE MEITUTH -
PYIOLLIMIA MpOBEJI 3a MPAKTUKOU, HO 3aTeM Iamajga —
MocJie TOro Kak KOJIMYECTBO YaCOB HAUMHAIO MPEBbI-
1IaTh ABaALATH MSATh ThICSY WM oKoJio Toro". [locnen-
Hee O3HayaeT, YTO aKTMBHOCTb HEKOTOPBIX oOjacTeit
MO3ra MOXET He TOJIbKO BO3pacTaTh, HO U MaaaTh, YTO
CBUJETEJLCTBYET O 00Jiee SKOHOMMUYHBIX peXrmax
paboThl Mo3ra 60Jjiee OMBITHBIX MEAUTUPYIOIIUX MO-
HaxoB. MHOToe KOHEUYHO 3aBUCUT U OT KOHKPETHOM
¢dopwmbl, npaktuku megutauuu [7, 21]. ITonoGHbIE IB-
JIEHUs, Cydsl MO BCEMY, MPOUCXOISAT B COCTOSIHUSIX
"nmoToka" TBOPYECKM MBICIIIIMX Joneit [27].




Cpeny W3BECTHBIX IMPUYMH CHAa aBTOP BBIIEIWIT
ciaenytomue [3—5]: 1) dusnonornyeckue; opraHu3my,
B TOM YMCJI€ M MO3TY, TpeOyeTCsI OTABIX, BOCCTAHOB-
JIeHHe HEOOXOIMMBIX BEILECTB U T. I1.; 2) BO3MOXHOCTb
00pabOTKU U CUCTEMATU3ALMU BHOBb NTOCTYIIUBLIEH U
HaKOIUIEHHOU paHee MH(GOPMAIIMHU, B TOM YHCIIE U ee
3aKperieHrue (KOHCOIMaaIus), a Ipolie ToBopsI, IIpo-
HUCXOIUT JOTOJTHUTETbHAS MOTU(PUKALIVS HEHPOHHBIX
neneit. BaXXHBIMU SBJISIIOTCS CBENCHYS, TTOJIyYeHHBIE C
ITOMOIIBIO CPEACTB BU3yanu3auny. "OyHKIIMOHATbHAS
ToMorpacdus Mo3ra nmokasblBaeT, YTO BO BpeMsl CHO-
BUICHUI B KOpPe aKTUBHEI 3pUTEIbHBIE (3aTHLIOYHO-
BMCOYHBIE), SMOLIMOHAIbHBIE (MUHIAIMHA) U MOTOP-
HEIe o0jacTu (JioOHasI Kopa), a 00JIacTH, CBSI3aHHBIE C
KPUTUYECKUM MBILIJIEHUEM U cCaMOCO3HaHUeM (B Tpe-
dpoHTaTBHOI KOpe) me3akTuBrpoBaHbl” [21]. C omHOM
CTOPOHBI, 3TO CBUIETEJILCTBYET O NMEPEXOIe BO CHE MO3-
ra B OCHOBHOM Ha 6o0Jiee 5KOHOMWYHBINA pexkM pabo-
Thl cUCTeMbl 1 (MCKIIIOUEHUEM, TMTO-BUAUMOMY, SIBJISI-
I0TCSI JIIOIIMIHBIE CHOBUIEHMS), a C APYTroil CTOPOHHI,
(hakTMUeCKM TTOKa3bIBaeT HaM Kak paboTaeT cucrema 1,
T. €. monco3Hanue. Crnemyer, OMHAKO, UMETh B BUIY,
YTO TP 3TOM JIMMOHUUYECcKast CUCTeMa, OTBeYalolas B
OCHOBHOM 3a 3MoILMM, HanbOojiee akTtuBHa [28]. B pe-
3yJmbTate cucreMa 1 XapakTepusyercsl, TTO-BUIUMOMY,
OoJiee "XaOTUYECKUM IIPOXOXKICHUEM 3JIEKTPUUIECKOTO
CUTHaJIa IO HEMPOHHBIM HersM Mo3ra” [3—S5]. TTosTo-
My U OB CHENaH BBIBOI O TOM, UYTO "CHOBMIEHUS —
"XaoTUYeCKUi pexuM" paboThl MO3ra", XOTs U OTMe-
4aJioCh, UYTO "HEKOTOPHIE MBICIUTEIbHBIE aKThl MOTYT
BCE XK€ HOCUTb OJIM3KUI "TMICEeBIOXa0TUUYECKHUI" XapaK-
Tep" [3—5]. B cBSI3U C 3TUM He BHI3bIBAET yAUBJICHMUS,
YTO TIpaKTUKa BHUMATEJIBHOTO OCO3HAHMS [6], Xapak-
TEPHOIO IJII MEOUTALlUU, CUCTEMaTU3UpYyeT paboTy
MBbIIIIEHUS, JeaeT ero Oosiee HampaBJA€HHbIM, YTO
4acToO MMEET MECTO U IJIs COCTOSIHUI "ToToKa".

XOTS1 aBTOp M pas3meisaeT B IEJIOM KPUTUIECKYIO
Touky 3peHusi Ha [ICU-peHoMeHbI (CM., Hampumep,
[11, 29]), onHako Bce ke He MpuaepXkrBaeTcs Kpau-
He HeTaTUBHOTO B3IJIAIa Ha 3Ty MPOOJIeMY, BIUIOTH 10
MOJIHOTO OTpUllaHusl (peHOMeHOB. [lymMaio, 4To MHO-
rue I[ICU-peHoMeHbl, B YaCTHOCTU SICHOBUACHMUE U
TeJIenaThsl, MOTYT OBITh YacCTO OOBSICHEHBI TEMU WU
WHBIMUA OCOOCHHOCTSIMHU PEXMMOB (BYHKIITMOHNPOBA-
HUS MO3ra 4yejloBeKa, T. €. BaKHa WX TpaBWIbHAs WH-
TepIIpeTaIns.

IIpexne Bcero, riiaBHas CI0XKHOCTb B OObSICHEHUM
TakKuX (DEHOMEHOB 3aKJII0YAETCS B TOM, UTO JIbBUHAS
JIOJIST pabOTHI MO3Ta B 3THUX CIyJasx IMIPOTeKaeT Ha oI~
co3HaTeIbHOM ypoBHe. OTCIoga M MX 3araioyHOCTb,
TaWHCTBEHHOCTb.

ScHoBUaEHWE, Telenartys, MO-BUIAMMOMY, CBSI3aHbBI
C YCWJICHUEM TIPOTHOCTUIECKUX BO3MOXKHOCTEI MO3Ta
yesJoBeKa. DTO MOXET ObIThb BBI3BAHO CIEAYIOLIUMU
0o0CTOSTEeNIbCTBAMM: 1) TOBBIILIEHUEM YYBCTBUTEIIb-
HOCTU CEHCOPHBIX CUCTEM; 2) 00OCTPEHUEM UYYBCTBU-

TEJIbHOCTM HEWPOHHBLIX lIeNeil K BHEIIHUM W/UIN
BHYTPEHHUM CUTHajaM; 3) TMOKOCTbIO CBsI3ei MpU ac-
COLIMAaTUBHOM 00paboTKe MHMOPMALIMK B UMEIOIIMXCS
B Mo3re HelipoHHBbIX LieTisiX. [lepBoe u Bropoe o3Haya-
€T, YTO HEHPOHHBIE IIETT CTAHOBATCSI BOCTIPMUMYHMBEI
Jaxe K MOJINOPOroBbIM CUTHAJIaM, T. €. HE BOCIIPUUM-
YUBBIM JJIsSI OOJIBIIMHCTBA JIOACH WJIM BO MHOTHX CH-
Tyalusix JIJIs1 KOHKPETHOro yejoBeka. YeM ke MOXeT
OBITb BBI3BAHO TaKoe 000CTpeHue?

ABTOp BUIUT CJICOYIONINE MHOTOYMCIICHHBIE BO3-
MOXHOCTH, CIIOCOOCTBYIOLLIME 3TOMY: PUTYaJIbl, MEIU -
Tauus, Mmuctudeckne coctossHust u muaeie MCC, cocTo-
SIHUSI CWJILHOTO cTpecca (M He TOJIbKO AUCTpecca) U ap.
HMuTepecHo 3aMeTUTh, UTO OMorpaduu ABYX BbIOalo-
LIMXCS TejienaTa v SICHOBUISILEH TocIeIHero BpemMe-
HU — B. MeccuHra u BaHru — CBUIETEIbCTBYIOT O
TOM, 4YTO HAyaJoOM HX BKCTPACEHCOPHBIX BO3MOXK-
HOCTEeH MOCIYXUJI MMEHHO CHJIbHBIE TUCTPECCHI Ha
rpanu cmeptu [30, 31]. AHaJIOTrMYHBIE CLIOCOOHOCTU
MHOINIA HAYMHAIOT IPOSBISITHCA (0OOCTPSITHCS) U Y
JIIofIei, TIPOLIEAIINX COCTOSIHAE KIMHUYECKOU CMEPTH
[32—34]. Bt obOCTpeHUs] UyBCTBUTEIBLHOCTU HEli-
POHHBIX LIETe, Cyasl Mo BCEMY, BbI3BaHbl B OCHOBHOM
M3MEHEHUEM OMOXMMUYECKUX MPOLIECCOB, MPOTEKAIO-
1UX B HUX. BO3MOXHO U MX MOPDOJIOTUYECKUMU U3-
MeHeHUusIMU. OpraHu3M Kak Obl MMbITAETCS aaanTUPO-
BaTbhCS K KAYECTBEHHO HOBBIM YCJIOBUSIM, BbI3BAHHBIM
CUJIbHEHIIM AUCTPECCOM.

Haxkomnel1, BmojHe BO3MOXHBI ITPOCTO BHIIAIOIIINE-
Csl TPOTHO3UCTHI, obJiagaolie TAKUMA BO3MOXHOC-
TAMU OT POXIEHMS, T. €. TEHeTUYECKHU MPeapacioo-
>)KEHHbIE K 3TOMY POIy AesiTeJIbHOCTU. Beapb cyliect-
BYIOT BBIIAIOIIMECS YUYEHBIE, TTOJIMTUKHU, CIIOPTCMEHBI
u ap. [ToueMy Obl He OBITH BBIAAIOIIMMCS TTPOTHO3UC-
tam? Mcropust uzodounyer ¢pakramMu TeHUallbHBIX 0-
rajiok, MTpOrHo30B U T. 1. JIOCTaTOUHO OTMETUTD STUT-
pad paboThl. Tem Oojiee XOpPOLIO U3BECTHO, YTO MO3T
KaXXJI0To YesoBeKa MOCTOSIHHO 3aHUMAeTCs MPOTrHo3a-
MM, T. €. TPEHUpYyeTcs peryasipHo. B cylHocTu, npo-
THO3MPOBAaHWE — 3TO OAHA M3 OCHOBHBIX (DYHKIIMI
mo3ra (cMm. paHee). He BUXy cepbe3HbIX OCHOBaHMI U
K TOMY, YTOOBI HeJib3sl ObLIO Obl pa3BUBATh MOJOOHbIE
crnocobHoctu (cM., Hanpumep [34, 35]).

B TO ke BpeMs porHo3 TeJIernaToM OCYIIECTBISeT-
csl 3a cueT MHMOpPMaLIMKU, UMEIOLLIEHCS O APYroM 4de-
JIOBEeKe WJIM/U TocTymnamlieit ot Hero. M TyT, cynsa mo
BCEMY, MOTYT ObITb BaXXHbl pa3JIMYHOrO PoJa U3BECT-
Hble (husmyeckue noJjst. Yacto B uTepaType MX Ha3bl-
BaroT "OmomnoneM”. Tak, akagemux FO. B. I'yisieB ot-
Meuall, UTO "BOKPYT JII000ro OMOJIOTHYECKOro 00beKTa
B MPOLIECCE €r0 XKUBHEAESITETbHOCTU BO3HUKAET CJIOXK-
Has KapTuHa dusndeckux nojei. Mx pacnpeneneHue
B IIPOCTPAHCTBE U U3MEHEHNE BO BPEMEHH HECYT BaXK-
HYyI0 OMOJIOTMYECKYI0 MH(pOpMaLIHIO, KOTOPYIO MOXHO
ncnosb3oBath” [36]. ViMeHHO 3Ty MHGOPMALINIO, XOTS
Obl YACTUYHO, MO-BUAMMOMY, U MCIIOJb3yeT TeJernar
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JIJIS TIpOTHO3a, T. €. IS "uyTeHust Mbicieii”. KpoMe To-
ro, BaXXKHBIMU MOTYT ObITh 1 OCOOEHHOCTH €ro acco-
LIMaTUBHO# 00pabOTKK MHGbOPMALIUN.

K coxanenuio, yacTo 3T (D€ HOMEHBI HEHAIEXKHEI,
CIIy4aliHbl, SMM30AUYHBI X HOCST, KaK IPaBUIIO, IIPH-
OMVKeHHBIM XapakTep, YTO OObIYHO TpeOyeT MUX MOo-
MoJTHUTEIbHOM pacimdpoBku. ITocienHee ocodeHHO
XOpOILLIO TIOJy4yaeTcsl, Koraa "CIpOrHO3UMpPOBaHHOE",
"MpeackazaHHOe" COOBITHE YXKe MPOU30IILIO0, T. €. "3a/-
HuUM uuciaoM”. He penkm m mpocTo ciydaiiHBIE COB-
MajeHusi, MOLLIEHHUYECTBO U T. 1. BTO OOBIYHO U OT-
MeydaeTcsl B cepbe3HbIx paboTtax Ha Temy ITCHU-de-
HOMEHOB (B TOM 4ucjie W Apyrux). I'paHb xe Mexmy
CEepbe3HBIMHA HWCCIIEAOBAaHUSAMM, SKCIIEpUMEHTAMU U
1IapJaTaHCTBOM 4acTO ObIBaeT BeChMa TOHKOI. Beab
OYeHb "CKOJIB3KUMU" (HEHAJAEKHBIMU) SIBJISIIOTCS 3TU
(deHOMEeHBI, YTO, B OOIIEM-TO, HEYIWBUTEIBHO IS
IMPOTHO30B, JaXe KOJJIEKTUBHBIX.

B nmo6oM ciayyae anuzonbl "sSICHOBUAEHMS" U "Te-
JlenaTuu', BIpoueM, Kak U MHorux apyrux [TCHU-pe-
HOMEHOB, SBJISIIOTCS TIPOAYKTOM NESITeTbHOCTA MO3ra
KOHKPETHOTO YeJIOBEeKA B KOHKPETHBIX CUTYalUsIX, a
HE KaKMX-TO TOTYCTOPOHHUX CHJI, MUDUIECKUX ITO-
Jeil. B ¢BSI3W ¢ 3TUM BBITAIOIIMXCST SICHOBHMISIINX U
TeJIeaTOB MOXHO Ha3BaTh 'TEHUSIMU OOOCTPEHHOI
VHTYUIUN".

Haubonee cnoxHbIMU s O0BbSICHEHUS! Ka3alucCh
cnenytoniue MCC: BHeTenecHbie nepexuBaHus (BTI)
u okojocMepTHble nepexkuBanus (OCII). s OCII
XapaKTepHO MsIThb OCHOBHBIX 3JieMeHTOB [21] (Oosee
MATHAALATH XapaKTepHBIX 3JieMeHTOB [32, 33]), on-
HuM u3 Kotopbix saBiasercss BTII. BTII — nepexuBa-
HUSI 4eJloBeKa, KOTOpOoe MPOU3BOIUT OYEHb CUJIBHOE
BIICUATIICHME TIPEXIe BCETO Ha HETO K¢ CaMOoro 1 Jac-
TO UCHOJIb3YETCSI B KAUECTBE SIBHOTO JI0OKA3aTeJbCTBA
HeMaTepualbHOCTU CO3HAHMSI, KOTOPOE SIKOOBI B 3TUX
CIIyJasix OTHessieTcs oT (U3NYECKOTo Tesla. ABTOp He
CUUTAET 3Ty TOUYKY 3PEHUSI BEPHOIA.

BTII u OCII gBasiorcas MCC, B KOTOPHIX IIPO-
HUCXOIST SIBHbIE HapylLIeHUS! PEKOHCTPYKUMU ACHC-
TBUTEILHOCTH B MO3T¢ YeJIOBEKA B COOTBETCTBYIOIINX
CUTyallMsIX U XapaKTePU3YIOLIMXCS TaJTIOLMHOTEH-
HbIMUA nepexuBaHusgMu. Yem e BbizBaHbl BTII u
OCIT1?

Cynsa mo Bcemy, ipu BTIT u OCII mpoucxomst
CWJIbHBIE HapyLIEHUS OMOXMMUUYECKUX IIPOLIECCOB B
MO3re 4ejoBeKa, YTO U MPUBOAUT K CEPbEe3HBIM OT-
KJIOHEHUSM B paboTe HEMPOHHBIX LIETIEH, T. €. TPUIM-
HOM SIBISIOTCSI (PU3MONIOTUYECKUE U3MEHEHUS B Op-
raHusMme.

[TocnenHee BpeMs M3ydeHUIO 3TUX (EHOMEHOB
mpumaeTcst Bce 0ojice cepbe3HOe BHUMaHUe. Brimento
HauOoJiee BaXKHbIe Ha HACTOSIIWII MOMEHT BpeMEHU
YCTAHOBJIEHHBIE JOCTOBEPHbIC HAyYHbIe (DAKTHI.
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1. B HeBpOIOrUY U ICUXUATPUU TIEPEKUBAHUS, TIO-
nooHbsie BTII, n3BecTHBI JAaBHO M HA3bIBAIOTCS ayTO-
ckonuei (cM., Hampumep [21, 24]).

2. BTII moryT BO3HUKHYTb MPU Pa3IUYHBIX K13-
HEHHBIX OOCTOSITENILCTBAX: YPE3MEPHBIX (PU3NUECKUX
M YMCTBEHHBIX Harpys3kax, OMacHBbIX CUTyalusix (He-
ob6s3ateabHo OCII) [21].

3. IIpu BTII yacto mpoucxoast OTKJIOHEHUS (U B
pe3yJbTaTe MOoBpeXIeHUs) B paboTe BUCOYHO-TEMEH -
HOI KOpbl FOJIOBHOTO Mo3ra u ap. [21, 24].

4. ITokazaHo, uto BTII MoryT ObITh MCKYCCTBEH-
HO BbI3BaHbl "CyJOpPOXHON aKTUBHOCTbIO, CTUMYJISI-
LIMei MOo3ra M1 HEKOTOPBIMU TICUXOTPOITHBIMU BEILIeCT-
Bamu" [37].

5. Bo3moxHnbl u BuptyaiabHble BTII, BbhI3BaHHbBIE
HEeOOBbIYHOI 1 MPOTUBOPEUYMBOI MHMOpMaLIUEH O TO-
JIOKEHUM Tejla YeJIoBeKa, YUYaCTBYIOLIErO0 B BKCIEPHU-
MeHTe [24].

Baxwunie ucciegoanus 1o OCII onucaHbl B pabo-
Te [21], moaTBepXKaalolre CBSI3b C IMTOBPEXKACHUSIMHI B
oIpeneeHHbIX 00JIacTSIX MO3ra, MpUYeM OTMeJaeTcs,
YTO "BCE 3TU CTPYKTYPhI YACTO OKA3bIBAIOTCSI MOBPEXK-
JIeHBI Y OOJIbHBIX, MEePEKUBAIOLINX OCTAHOBKY CEpIIIa,
HO TIOJIHOCTBIO BoccTaHaBiuBatotes” [21]. Tlpu ucrbl-
TaHMUSIX Ha LIEHTpU(yTe, Korma KpoBb OTJIMBAET OT MO3-
ra, BO3HMKAIOT rajumoHanuu, nogooHsie OCIT [11].

M HakoHell, oueHb BaxKHBIM SIBJIIETCS TO, YTO OT-
Mevasl oouH u3 nuoHepoB ucciaemoBanust OCIT —
Joktop P. Moyau, a umenHo [32]: "HecmoTps Ha
0oJbIIOE pa3HOOOpa3ue OOCTOSITEIBCTB, CBI3aHHBIX C
MPpUOIMKEHUEM CMEPTH, a TaKKe TUIIOB JIIOACH, me-
PEXMBAIOLIMX 3TO, MEXIY pacCKa3aMH O CaMMX CO-
OBITHSIX, IPOUCXOMASIINX B 3TOT MOMEHT, UMEETCS TO-
pasurtesbHOE cX0AcTBO. OHO HACTOJBKO BEJIUKO, YTO
MOXHO BBIIEJIUTH OKOJIO MSITHAILIATU JIEMEHTOB, KO-
TOpblE BHOBb M BHOBb BCTPEUAIOTCSI Cpeu OOJbILIOro
yucia pacckasoB". BoT aTo ¢XoICTBO 17151 caMbIX pas-
HBIX JIOACH, KaK MHE€ KaXeTCs, JUIIHUKA pa3 IOI-
TBepXKmaeT To, 4yro Kak npu BTII, Tak n pu OCII
MIPOMICXOIAT XapaKTepHBIE IOCIENOBATEIbHOCTA (DU-
3UOJIOTUYECKUX U3MEHEHUI B MO3Te (MMEIT MEeCTO
o0I1111e 3aKOHOMEPHOCTH), K CYaCThlO, B pacCMaTpu-
BaeMbIX CJIydasix BO MHOTOM oOpaTUMble. DTU (HU3NO-
JIOTMYECKKe U3MEHEHMS M TIPUBOISIT K TPUOIU3UTEIb-
HO OJMHAKOBBIM CIeLU(PUIYECKUM PeXUMaM padOThI
HEMPOHHBIX lIeTiell, BRI3BAHHBIX COOTBETCTBYIOIIUMU
OMOXUMMYECKHMU U3MEHEHUSIMU B MO3Te uejioBeKa.
CrenyeT, OMHaKO, OTMETUTDb KaUeCTBEHHBIE TIEPEMEHBI
B xxu3HM moaeii nocie OCII, yTo oTMeuanoch BO MHO-
TUx ucclegoBaHusix (cMm., Hampumep [32—34]), T. e.
5TU U3MEHEHUSs BCe XKe He OeccienHbl.

O cBoOoae Bom

ABTOPOM OTME€YaJOCh, YTO "MMEHHO TUTAaHTCKHE
00BeMBI BXOTHOM MHGOPMALIMK U SIBJISTIOTCST CBOE00-




pasHbIM "mBurarenemM” (MHULIMATOPOM) 3Bomounu’ [3].
EctecTtBeHHBIIT OTOOP JapBMHOBCKOM TEOPUM MOKHO
Ha3BaTh OCHOBHBIM METOIOM €€ TTPaKTUIeCKOM pean-
3auuu. B To Xe BpeMsi uHQOPMALIMOHHBIM OTIevar-
KOM 3BOJTIOINH KXUBBIX OPTaHU3MOB SIBIISIETCS "JIETO-
muck JHK" monekyn [38], KoTophle haKTUYECKU KO-
JUPYIOT TIPOrpaMMy CO3JaHUsI COOTBETCTBYIOLLETO
opranusma. M cozHaHMe yeoBeKa CBI3aHO ¢ MHGOp-
Maluei M B CYHUIHOCTH BO3HMKIJIO U MpeaHa3HAuYeHO
I OoJiee KaueCTBEHHOM ee 00pabOTKM, HO, K COXa-
JIEHWIO, 9TO HEe BCErJa MOCTUTAECTCS Ha MpaKTUKe.

Paccmotrpum Gosiee mOApOOGHO OPYroil TPYAHBINA
BOIIPOC M3 OCHOBHBIX, CBSI3aHHBIX C CO3HAHHWEM, a
WMEHHO "cBOOOIY BOJINM".

Bomnpoc o "cBoboze Bosin" HAMIpSIMYIO CBSI3aH C pac-
CMOTPEHHOI paHee CIieun@UuKoil paboThl CUCTEMBI 2.
B wactHOCTH, BapmaHT, M300paXXeHHBIN Ha puC. 2, a
yacth I, B CYIIHOCTM, M BBI3BAl OYPHYIO IUCKYC-
cUl0 B HeipoOuosioruu (aKcrepumeHThl b. JInberta,
Hx.-II. XsiiHca U Ap.), T. €. cHayaja MPOUCXOIUT
JeWiCTBUE, a 3aTeM — OCO3HaHWe. YIMBUTEIbHO, YTO
9TU IKCIEPUMEHTHI IPUBEIM MHOTMX CIIeIIMAIUCTOB,
BKJIIOUasl M3BECTHBIX B HelipoHayKaX, K BBIBOLY O
TOM, 4TO "CBOOOJBI BOJM" He cyllecTByeT. Borpoc
JaJieKo He IMPa3gHBIA, TaK KaK 3a 3TUM OTpHIIaHUEeM
CTOUT BO3MOXHOCTh OTIpaBIaHUs M Oe3HaKa3aHHOCTH
3a TIPECTYIUICHUsI, B TOM YHUCJIe Cepbe3HbIe (CM., Ha-
npumep [39]).

I'maBHas ommbka B MOAOOHBIX PacCCyXKIEHUSIX
COCTOHUT B TOM, YTO HE YUMTBIBAETCS APYTOM BapHaHT
MBICITUTEIFHOM IeSATeIbHOCTH, W300pakeHHBI Ha
puc. 2, b yactu I, T. e. cHauaja MpocTO TMOAYMaeM,
MOATOTOBUMCS K JEMCTBUIO, a TAKXKE U TO, YTO MbIC-
JIMTEJIbHBINA MPOLECC MOXET ObITh MpEeACTaBIeH MpOo-
HUCXOASAIIUM "TO CIUpain’, TaK KaK OObLIYHO OH He
OrpaHMYMBAETCS OOHUM "BUTKOM", LIMKJIoM. CBOOOMA
BBEIOOpA MM "cBOOOIA BOJIM" KaK pa3 M 3aKJTI0YAeTCs B
TOM, YTO MBI MOXEM, B IPUHIIUIIC, BKIIFOUNThH OCO3HA-
HME U ero AeiCTBUE B 10001 MOMEHT "criupaiv’ MbIC-
JIATEJTLHOM MeITeTbHOCTH B HOPMaJTbHOM O0IPCTBYIO-
meM coctosiHuU. U aTo raBHoe! Benpb 6€3 oco3HaHus
HET OCMBICJIEHHBIX JIEWCTBUIA, a OyIeT MPOCTO pedieK-
cud. JpyrumMu cioBamMu, He Haao OrpaHUYMBATh BO3-
MOKHOCTH MBICJTUTEIBHOM NesSITeIbHOCTH YeJoBeKa.

Hdymalo, yTo omucaHHasi OpraHM3alMsl CO3HATEb-
HOM JeATeIbHOCTU SIBJIsIeTCsl Haubosiee palvoHasb-
Hoii. Ecnu Ob1 cO3HaHKME KOHTPOJMPOBAJIO BCE NEUCT-
BHUS YEJIOBEKa, TO BPSI JIU OT 3TOro ObLIO OBl Jydllle,
TakK Kak 3aMeJlJIEHHe B HUX ObIJIO Obl HEPEAKO CYLIECT-
BEHHBIM, a MHOTIA 1 OTTacHBIM. [loBemeHme psima aeiicT-
BUI 1O aBTOMaTM3Ma, MepeHOC MX Ha IOICO3HATEIhb-
HBIN ypoBeHb (paboTaeT cucteMa 1), B AeHCTBUTEb-
HOCTHU sIBJIsIETCS OoJbIInM M300pereHueM Ilpuponsr!

ITepcnekTuBbl CBEpXpa3yma

OrnpenennM TOHSTHE "CBepxpasyMm': "DTO 000N
WHTEJIJIEKT, 3HAYUTENbHO MPEBOCXOSIIMA KOTHUTHUB-
Hbl€ BO3MOXHOCTU 4YejoBeKa (PaKTUUECKM B JIIOOBIX
obnactax” [40]. B To Xe BpeMs MCKYCCTBEHHBIN WH-
tesekt (M) yenoBeueckoro ypoHs (MNYY) omnpe-
JeJisieTcsl KaK "CIOCOOHOCTb OCBOWTh OOJIBIIMHCTBO
npodeccuii, o KpaiiHeit Mepe TeX, KOTOPLIMU MOT Obl
BJIAIETh CpeAHECTaTUCTUYECKUIA yesioBeK” [40].

B pa6orte [40] npoaHanu3MpoBaHbl pa3TUUHbIE My-
TH K CBepXpa3yMy M ITOKa3aHO, YTO JABa M3 HUX Ipel-
CTaBJISTIOT OCOOYIO TIEPCIIEKTUBY, a UMEHHO: ITH(hPO-
BOl MHTEJJIEKT M KOMIIbIOTEPHOE MOJEIMpPOBaHUE
moara. [1yTs ynyuieHus: GyHKIIMOHUPOBAHUST OMOJIO-
TMYECKOro Mo3ra 3IeCh pacCMaTpuBaTh HE OyIeM, XOTs
OH 0eccnopHO TMepcneKTUBEH. ABTOP Ha3Bajl TaKoW
nonaxop "ot umeronierocs” [3, 41].

PaccmoTpuM cHavana uudpoBoit uHTeuiekT. [pu
OIIEHKE TIPEUMYIIIECTB €ro armapaTHOro 00eCIeyeHus
110 CpaBHEHUIO C MO3TOM 4YejioBeka B pabote [40] naH
OpPHUEHTHUpP, KaK OOBIYHO, Ha YMCJIO HelipoHOB. Takast
OIleHKa CHUJIBHO 3aHIKAeT BO3MOXHOCTU Mo3ra. [1o-
KaxeM 3T0. Tak, ObIO OTMEYEHO paHee, UTO YPOBEHbD
WHTETPALIMU MO3Ta YeIoBeKa KaK 00beKTa DJICKTPOHM -
KU KOppEeKTHEee OLIEHMBATh MO YMCIYy KaHaJIOB, a 3TO
JIrana3oH 1019...1021, T. €. Ha 8—10 TMOpsSIAKOB OOJIb-
1ie, yeM HelipoHoB. IIpoBeaeM cpaBHeHue. IIpenmo-
JlaraeTcs, 4To B OJKaifliiee BpeMs YpOBeHb MHTET-
pauuu MC TBepooTeNbHOM HAHOBJEKTPOHUKU OyIET
0KOJIO 5+ 10° aKTMBHBIX 2JIEMEHTOB [42]. UTak, 4TOOBI
JOCTUYDL MPUOIU3UTEIBLHO YPOBHSI MHTErpallMi MO3ra
yesjoseka B MC Ham noTpedyeTcsl CTOJIbKO Xe Bpeme-
HU (He MeHee), UTO U Ha BCe pa3BUTHUE TBEPAOTEIbHOM
MHKpPO- ¥ HAHOZJIEKTPOHUKHM, €CIM OHO OyIeT WATH
COrjlacHO 3aKOHY Mypa (4TO COMHUTEJIBHO), T. €. OKO-
0 60 ser. 3ameuy, YTO 3TO MPUOIM3UTEIBHO COOT-
BETCTBYeT cpelmHell oleHKe (¢ BeposiTHOCTBEIO 90 %)
CHELMAIMCTOB Psiga SKCcHepTHHIX coBeToB 1o MU Bpe-
MeHU, Tpedyemoro s co3nanusg MYV [40]. Koneu-
HO, MOXHO B3sITh He ofgHy MC, T. e. "KOMIIbIOTEpHOE
00opynoBaHME MaclITabupyeTcsl 10 TMUTaHTCKUX (Pu-
3mdyeckux pasmepoB” [40]. Tak To OHO Tak, HO BeIb He
6patsb xe 10'0 UC?!

K coxaneHnuro, cutyaiius eiie cioxHee. ABTOp Npo-
BOJMJI CpPAaBHEHHUE MEXIY MO3rOM KakK OOBEKTOM 2JIeK-
TpoHukU U MC TBEpAOTENbHOMI 3JIEKTPOHUKHU, U OBLIN
OTMEUEHBbl O4YeHb CYIIEeCTBEHHbIe paszauuus [3—5].
KpoMme ypoBHSI MHTerpaiiu, IIsl MO3Ta YeJIoBeKa BaXK-
HOe 3HaYeHUe UMEIOT, 110 KpaltHel Mepe, clieayloliue
cBoiicTBa: 1) rmopuau3aums (MpUHLIMIUATBHYIO POJIb
WUrpaloT Kak MMHUMYM JBa TUIIA MPOLIECCOB: JIEKT-
pUYeckMe M XMMUuYeckue); 2) rubkass cucTteMHas
opraHusanus (apXuTekTypa); 3) MHAUBUIYATbHOCTD
HEeMPOHHBIX Iieneit; 4) IUIACTMYHOCTh, TOCTOSTHHASI
MoauduUKals HeMPOHHBIX Lierneii; 5) Oosblloe pa3-
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HOOOpa3ue 3JeMEHTOB 3JEKTPUYECKUX (HEUPOHHBIX)
lLiernei, BKIoYasl akTUBHBIE 2JieMeHThI. Bee 3To xapak-
TEepU3YyeT MO3T YeJIoBeKa KaK Ype3BBIYaliHO TMOKYIO M
MOIIIHYI0 MH(MOPMALMOHHYIO CcUCTeMy. Bo BcCsikoM
clyyae B TBEPIOTEIbHOM 3JEKTPOHMKE TTOYTH BCE OT-
MEUEHHbIE CBOMCTBA IOKa HEJOCTUXXUMBI. B CBs3U C
5TUM B pabore [18] orMeuanock, uro [Ipupona Ha ipu-
Mepe MO3ra, B CYILIIHOCTH, TTIOKa3bIlBaeT U MarucTpasib-
HOE HaIpaBJIieHHE Pa3BUTHSI UCKYCCTBEHHON 3JIEKTPO-
HUKM nocie 3akoHa Mypa. [ToaroMy mpeumyiiecTBa
uudpoBoro nHremnekTa [40] BecbMa COMHMTENbHBI,
T. €. B LIEJIOM ClejaHa CYLIeCTBEHHasl HeI0OlLeHKa
Mo3ra yejioBeka. KocBeHHO 3TO MOATBEPXKIAIOT peasib-
Hble JOCTMXEHUS B KOMITbloTepHOU TexHuke, MU, ko-
TOpbIE TOPa3a0 CKPOMHEE, YeM OXKUAAIOCh.

PaccMoTpuM BTOpOIi TTyTh — KOMITBIOTEPHOE MO-
JnenupoBaHue Mo3ra. HecMoTpst Ha mepcrneKTUBHOCTD
JMAHHOTO MOIX0Aa, YTO OTMEYaJI0Ch MHOTUMU aBTOpa-
Mu (cM., Haripumep [3, 18, 40, 43]), 1OCTUTHYTHIE YyC-
Iexy He BHeYaTIsIIOT. B wactHocTu, B pabore [40],
BBUY OTCYTCTBUSI B HACTOSsIIlIEe BpeMsl TOJTHOM KOM-
MbIOTEPHON MOIEIM MO3ra, NejaeTcsl HeyTelIUTEesb-
HBI BBIBOJ, YTO TaKasl MOJIEJb 'BPSII JIM OyIOeT OCy-
1IecTBIeHa B omkaiiinem oymyiem”. [1pobiema 3nech
YCYIyOJIsieTCsl TeM, UTO, K COXKaJIEHUIO, HET yoeauTe b-
HBIX TEOPUIi U Jaxe Oojiee UM MeHee JeTaIbHBIX MO-
nenei (yHKIIMOHMPOBAHMSI MO3ra yejioBeka. B cBs3u
C MPEeNJOXEHHBIMU TEOPUEH U KOMILJIEKCHBIM Hepap-
XWYECKUM TTOAXOIOM MCCeA0BaHUSI MO3Ta, OCHOBaH-
HbIM Ha MHOTOYPOBHEBOM MOJIEJIMPOBAHUMU B COYETa-
HUU ¢ 3KCIIEPUMEHTATbHBIMU METOIAMM M TIOIPOOHO
onMcaHHBIM B padotax [3, 4, 18], aBTOp BCe XXe BUIUT
"MPOCBET B KOHIIE TOHHES .

Hauath 1esnecoobpasHo ¢ MoOIeIUpPOBAHUS OTe-
JIbHBIX MOACKUCTEM MO3Ta (CM. paHee), IICUXWYECKUX
(GyHKUMI, CTepeoTUnoB, 1abjoHoB U T. n. Caenaem
OLIEHKY CJIOXKHOCTU HEMPOHHON (31eKTPUYECKOI) 1ie-
nu, TpebyeMoii Tpu peanusaliuid, HallpuMep MbICIU-
TeJbHON NesATeIbHOCTU. MI3BECTHBI OLIEHKU IO YUCITY
HENPOHOB, yJacTBYIOIIUX B Helt [3, 44]. Bo3abMeM HIX-
HUIi Tipeaen — 10° HelipoHOB [44]. UTak, peub UIeT O
HAHOBJICKTPOHHOI CXeMe C YPOBHEM WHTETpalliM He
menee 1013, Dro, koHeuHo, oueHb MHOro. U Tem He
MeHee peub UIET 00 YCTPOUCTBE 3JEKTPOHUKHU (SKBU-
BaJICHTE), coaepxKalleM 10* UC ¢ YPOBHEM MHTETpa-
unu B 107 KaXIIoil, T. €. YCTPOMCTBE, KOTOPOE MOME-
JIUPYETCSI C MOMOILbIO MHOTOYPOBHEBBIX MOJIXOMOB.

BaxkHbIM MperMyLIECTBOM MPEIIOXKEHHOIO KOMII-
JIEKCHOTO HMepapXUuecKoro Mojaxoaa McclieToBaHUs
MO3ra, Kak oTMedanoch B pabote [18], siBasgeTcsa ero
CBOMCTBO OTKPBITOCTH, BO3MOXKXHOCTA KOMOMHAIIUH C
JIPYTUMU TTOAXOJAaMM, B YaCTHOCTH C KOHHEKTOMMKOI,
OTHOCUTEJIbHO OBICTPOI peaju3aliu B MEPBOM IPU-
omxenuu. KomOuHauusl MOAXOJ0B, OCOOEHHO Ha
HaYaJIbHBIX 3TallaX, SABJISETCS, MO-BUANMOMY, M Ha-
nboJjiee MepCreKTUBHON I CO3MaHUsI CBepxpasyMa.
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B 10 Xe BpeMs Mpu MOCTPOEHUN CUCTEM MHOTOYPOB-
HEBOTO MOJICIMPOBAHMS MO3Tra YeJIoOBeKa MOXET ObITh
MOJIE3HBIM MCIHOJIb30BaHUE TTPUHIIMIIOB, OTMEUEHHBIX
B paboTe, U psiia ee TMOJOXEHUI TOMOJHUTENBHO K
paccMOTpeHHBIM B pabdorax [3, 4].

3akimouenue

TouHoe ommcaHue CO3HAHMS YesloBeKa — HEBO3-
MOXHO, a JOMYyCTUMO JIMIIb NpUOIMKeHHoe. B pam-
Kax IMPeIIOXEHHOMN MOJHON 3JIEKTPOHHOM MHTEPIIpE-
Taluu (PYHKIIMOHUPOBAHHUS MO3ra YAaeTcsl TOCTPOUTh
MOHHUCTUYECKYIO MaTEePUAIMCTUUYECKYID TEOPUIO0 CO-
3HAHUS YeJIOBeKa SMEPIKEHTHOTO TUIa. B maHHOI Te-
OPUY CTAaHOBUTCS MOHSTHBIM, YTO TAKOE MBICIb, APY-
rue Tncuxuueckue (QyHKIMUU, U YCTaHABJIMBAETCSl WX
MaTepUaabHOCTh. B pe3ynbTare ygaercs Takxke o0bsic-
HUTb B 1LIEJIOM PsiJ BaXXHBIX (PEHOMEHOB: TBOPUYECKOE
MbIIIJIEHUE, CaMOU3JeYeHWe, U3MEHEHHbIE COCTOSI-
HUsI CO3HaHUsI, cBOOOY BoyiM. [lonb3ysich mpoBeneH-
HOI OLIEHKOI YPOBHSI MHTErpallMi MO3ra Kak 00beKTa
BJIEKTPOHMKH, a TaKXKe €ro HamboJiee CyIIeCTBEHHBIX
npeumMyuiecTB no cpaBHeHuo ¢ UC, ynaeTcst mpoBec-
T 00JIee PEATUCTUYECKYIO "OTPE3BIIIONIYIO" OLEHKY
MepCIeKTUB COo3MaHusI cBepxpasyma. B cBs3u ¢ Heid
MOXHO cJeJaTh BBIBOA O TOM, YTO 00J1IaCTh MCKYCCT-
BEHHOTO WMHTEJUIEKTa, BBIPAXasiCh MeTahOpUIECKH,
BO3MOXHO XIET ellle He ogHa "3uma" (Metacdopa "3u-
Ma" ucronb3yercs B pabote [40]), HecMOTpsT Ha Gec-
CIIOPHYIO BaxKHOCTh IPOJOJIKEHMSI pabOT B 3TOM 00-
Jactu. B To e BpeMsi mpeiosKeHHbI KOMIUIEKCHBII
Hepapxuueckuii MoaXo[ MCCAEA0BaHUS MO3Ta 4eso-
BeKa, OCHOBAHHBII Ha MHOTOYPOBHEBOM MOMACIUPO-
BaHUU B COYETAHUU C SKCIEPUMEHTAIbHBIMU METO/Ia-
MM, TIPEICTABIISIET MIEPCIEKTUBY HE TOJIBKO IS OoJtee
JETAJIbHOIO €ro M3yyeHusl (B TOM 4YMCJIEe YTOUHEHUS
pa3paboTaHHOI Teopur), HO U ISl CO3MaHUS CBEPX-
pasyma.

T'uranTckue o0BbeMbl Bxosdlileil MHGOpPMaLUU B
KOHEYHOM UTOTe Y MPUBEIN K CO3AaHUI0 (DaHTaCTU-
YeCKOM CIIOXHOCTU MH(MOPMAIIMOHHOM CUCTEMBI B BU-
ne moara yenoBeka. CoznaBast Mo3r, [Ipupona peiuia
CYIEePCIIOXHYIO ONTUMU3ALMOHHYIO KOMILJIEKCHYIO
mpo6iemMy: 1) B3auMoaeiicTBUE pa3IUYHbIX CUTHAIOB
(MexaHWYECKUX, ONTUYECKUX, TeTUIOBbIX, XUMUUYECKUX,
BJIEKTPUUECKUX U Jp.); 2) TMOKOCTh CBsI3eid; 3) MUHU-
MM3alMsl DHEPTeTUYECKUX 3aTparT; 4) Majible pasMephbl
u ap. K coxaneHuto, aHaJlornyHbie MpodJieMbl B TBEP-
JIOTEJIbHOU BJIEKTPOHUKE €IIIE OUCHb NAJIEKU OT NCUCT-
BUTEJbHO ONTUMAJIbHBIX PELICHW 1aXe M0 OTMEYeH-
HOMY B paboTe KOMILJIEKCY BOIIPOCOB.

CripaBe/JIMBOCTA Pajau ClieayeT BCIOMHUTb, 4TO
IIpupona Ha co3naHue Mo3ra yejaoBeKa Bce e MoTpa-
TWia MuwIMapasl Jier. KTo 3HaeT, a MOXeT ObITb U
6osblie? Bo BcsIKOM ciiydae aBTOp He pasielisieT Teo-
puio bosbliioro B3peiBa BO3HUKHOBEHUST BcesleHHOM,




CUMTAasl, YTO MaTepusi, MPOCTPAHCTBO M BpeMs, KakK
CyOCTaHLIMM ee CYILleCTBOBaHUs, ObUIM Bceraa. Apyroi
BOMPOC — O BO3MOXHOCTU KaTacTpO(UUECKUX U3MeE-
HEeHUI 1o TUlly boJblioro B3phiBa B OTOEIBHBIX 00-
JacTsx beckoHeuHoro Mupa.

M nakonen, moHuMas Bce IIyoxe (GyHKIITMOHUPO-
BaHME MO3ra 4yejloBeKa U Bce 0oJjiee BOCXUILASICh €ro
paboTOoM 1 KpacoTOM OpraHu3alui, aBTOp CKJIOHSIET-
¢S K MBICJIA, YTO BO3MOXKHO [Ipupozaa Halia onuH U3
HEMHOTMX MyTel (ecau He eIMHCTBeHHBI). W 3TOT
IMyTh — OpraHnYeckas rubpuaHast HAHORJIEKTPOHMKA,
a TOuHee — '"KUBasl 3JeKTpOHUKaA"!

Aemop cuumaem ceoum NPUSMHBIM 00A20M BbIPA-
3UMb UCKDEHHIOI0 NPUHAMEAbHOCb MOUM VHeHUUam
H. B. Koaomeiiyesoii, U. A. Pomanosoii u U. 0. Illep-
6aKo601l 3a N0020MOBKY pyKonucu pabomol K neuamu.
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The phenomenon of "human consciousness" is considered on the basis of the full electronic interpretation of brain functioning
proposed earlier. In the second part of the work the following phenomena are considered on the basis of the developed theory of con-
sciousness: creative thinking, self-healing, altered states of consciousness, free will, and also prospects of the supermind are analyzed.

According to the theory of human consciousness described in the first part of the work, it becomes clear what are a thought and
other mental functions and their materiality is established. As a result, it is possible to understand a number of important phenomena:
creative thinking, self-healing, altered states of consciousness, free will. Within the framework of the proposed full electronic in-
terpretation of the brain functioning, it is made an estimation of the level of its integration as an object of electronics. The evaluation
is carried out, as it is traditionally done in micro- and nanoelectronics, in accordance with the number of active elements. It turned
out that it is about 10"°... 10°! active elements for the brain. On this basis, and following from the most important advantages of the
brain as an object of electronics determined in comparison with the integrated circuits of solid state electronics, it is possible to make
a more realistic and "sobering" forecast of the supermind creation prospects. It is shown that the proposed hierarchical approach to
brain research and the interpretation of its functioning represent a perspective not only for a more detailed study of the human brain,

but also for creating a supermind.
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Consequences of materiality of a thought and mental functions

From the previous consideration it is visible, that the author ad-
heres to the classical materialistic point of view that "the matter is pri-
mary, and the consciousness is secondary”. And this means, that con-
sciousness is a function, first of all, of a highly organized matter of
a live human brain, which, as a whole, has successfully passed the key
stages of its formation and development. The most important factors
are: 1) genetics; 2) environment. For the second factor it is necessary
to underline especially the influence of the society and social envi-
ronment.

The proposed theory singles out three types of the operation
modes of a brain. The first type of functioning (under an external in-
fluence) is characterized by the fact that the signals, incoming from
the outside, are converted into the electric ones, which result in a
modification of the corresponding neural (electric) circuits. Exactly
these modifications reflect the coded information concerning this or
that event. Otherwise, memorizing would be impossible, and this is
well-known in neurobiology [1, 2]. From the point of view of the de-
scribed theory, the author does not see any basic difference in the case
in point, how the electric signal is initiated from the outside (the first
type of the modes) or from within (the second type of the modes).
And this means, that in the internal modes of the brain work* (often,
the cogitative activity and some other mental functions) a modifica-
tion of the neural (electric) circuits should also occur. Therefore, a
thought and the other mental functions, owing to their materiality,
can and should render a reverse (probably not too strong) influence

* 1 pointed out, that, strictly speaking, most of the operation
modes of the brain have a mixed character (the third type of the
modes) [3—5]. However, in the considered case the most difficult for
understanding are the internal operation modes (the second type).
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on the neural circuits of the brain, i.e. modify them, and consequent-
ly, change the brain itself. The latest data of the neurobiology prove
that a thought can influence a human brain [6, 7]. However, there is
no doubt that a live brain (neural circuits) is primary, while a thought
is secondary.

Materiality of a thought and of the other mental functions has im-
portant consequences and can promote a deeper understanding of, at
least, two sorts of activity: creative thinking and healing as a result of
self-suggestion (self-healing).

Concerning the creative thinking. I have already pointed out
[3—5] that, if we deny a possibility of modification of the neural cir-
cuits in the internal operation modes, then our thinking boils down
only to "templates” or "stereotypes"”. Besides, big opportunities were
noticed in operation of the nonlinear electric (neural) circuits without
their modification, for example, during entry of various incoming sig-
nals, due to the flexibility of the bonds and enormous number of the
circuits (let us call them "factors without modification"). Moreover,
many brain researchers point out that people, especially, when ap-
proaching the advanced age, are inclined to think in "stereotypes” or
"templates". All this is true.

And, nevertheless, even in the internal operation modes, in par-
ticular, in the course of the cogitative activity, when initiation oc-
curs directly in the brain itself, during a passage of an electric signal
(signals) via the corresponding set of the neural circuits the modi-
fications occur owing to the materiality of a thought. Although the
information stored in each person, first of all, is coded exactly in the
topology (morphology) of the neural circuits [3—5], however, their
individuality can be influenced by a big number of factors [3—5].
Here are only some of them: new bonds between the neurons; mo-
lecular variations of the synapses; synthesis of RNA and proteins
leading to the structural changes in the synapses, spines, dendrites,




axons and changes in the cell nucleus, etc. This is connected with
the fact that the neural circuits are constantly modified even during
a simple decoding of the accumulated information, although the
scale of this modification can vary in different people* and, basi-
cally, should be insignificant. Thus, in the course of a modification
or reorganisation of the electric (neural) circuits the important fac-
tors are the changes in the bonds, geometry, conductivity, dielectric
permeability, etc., of the corresponding sites of the circuits, which
is reached by means of various biochemical processes initiated as a
result of the passage of an electric signal (signals). Let us call them
the modification factors.

From the psychology it is known, that a creative process can be
presented in the form of four stages [8]: 1) preparation; 2) incubation;
3) insight (enlightenment); 4) verification. Quite possible, that it is
exactly in the period of incubation that a modification of the neural
circuits (modification factors) and/or search for them (factors with-
out modification**) occurs, although the latter, at least in a number
of cases, is a faster process. All this can go on at a subconscious level,
i.e. the work of only faster system 1 as a result of numerous passages
of the signals, when the necessary set of the neural circuits, reflecting
a solution to the studied problem, is formed, and the insight occurs
as a result of a passage of an electric signal via it. At that, the par-
ticipation of the neural circuits of the part of the brain responsible for
awareness is of priciple importance. Otherwise, a solution can be lost,
at least, for a certain period of time. Thus, the process of creative
thinking can be influenced by numerous factors, both with modification,
and without appreciable modification of the neural circuits, which com-
plicates considerably an analysis of this sort of human activity and makes
it very diverse, with a huge number of versions and one of the most com-
plicated ones. The process of creative thinking itself, although it is based
on the internal perception by a person of the information coded in the
human brain, this information, however, can vary owing to the modifi-
cation of the neural circuits.

Concerning self-healing. Unfortunately, the widespread view of
self-healing boils down to the following [9]: "... Whenever we talking
about health, the traditional science and medicine are inclined to ig-
nore or underestimate the influence of the consciousness on a body...
The thought that... an emotional state can prevent illness, while the
consciousness possesses "a salutary force ", is considered extremely
doubtful”. Nevertheless, as is known, the brain is the main control
system of the whole body, and consequently, of all human organs.
Therefore, for the author it is not surprising that by means of the brain
and mental functions, in particular, a modification of the control is
possible by this or that sick organ and eventually even its healing. In
literature such a recovery is called "recovery as a result of self-sug-
gestion" [9], and the corresponding cases are considered and studied
in the behavioural medicine or the psychology of health [7]. From the
point of view of the author, at the heart of the psychological methods
of healing, first of all, lays materiality of a thought and other mental
functions, and also plasticity of the brain, and modification of the
neural circuits, in particular. To make it short, it is possible to
present the healing scheme in the following way: mental functions
(thinking, emotions, etc.) — electric processes — biochemical proc-
esses — healing.

What kinds of processes can be stimulated owing to the mate-
riality of a thought and of the other mental functions? They can be
quite numerous, therefore, I will enumerate only some of them:
1) modification of the work of the control circuits by this or that or-
gan; 2) modifications of the bonds of the control neural circuits;
3) stimulation of the immune system for increasing the influence on
this or that organ or its area (this could be most important in case
of the oncological diseases); 4) stimulation of the gene modifica-
tions; 5) normalisation and additional generation of the neurochem-

* This explains well the phenomenon known in psychology as "the
false memories".

** Strictly speaking, the influence of the modifications is insig-
nificant.

ical substances; 6) stimulation of generation of the substances, which
have curing effects; 7) balancing adjustment of the work of the organs
(including restoration of the homeostasis) including also the subsys-
tems of the brain itself, etc. Modern data of the neurosciences con-
firm such possibilities. I will note only certain serious scientific re-
search in the neurobiology concerning this topic and described in the
works [6, 7, 9, 10].

Actually, the question is even more complicated. Thus,
strengthening of the self-correction is also possible (strictly speak-
ing, it occurs constantly and automatically), when an organ signals
to the brain about more serious disorders and deviations in its work
from the norms as a result of a feedback and the brain tries inde-
pendently (subconsciously) to cope with the arisen disorders (the
first tool). When the brain cannot cope with a correction in an au-
tomatic mode, the additional measures may be required. And in this
case the auto-suggestion (the second tool) may not be superfluous,
i.e., simply speaking, it can intensify the brain’s work in the direc-
tion of healing. Most likely, in case of a self-healing we witness a
combination of actions of both tools, which are really available to
the human brain.

Up till now a number of the research works concerning the self-
healing have been done. Of special interest is the widely investigated
"placebo effect” (see, for example, [9]). "The phenomenon of recov-
ery after an imaginary treatment is well-known in medicine and is
called the placebo effect” [9]. From the point of view of the author
of the work [9], "the placebo effect” is an example of "probably, the
purest influence of consciousness on an organism".

Today it is possible to consider it proved that certain medicines
are not more efficient than the placebo effect. Moreover, it is a kind
of tradition to do a preliminary research on the groups of patients,
during which in one group the patients get placebo (tablets imitating
medicine, etc.), and in another group — a newly proposed medicine.
If the efficiency of the latter is not higher than that of placebo, and
such cases are quite frequent, the new "medicine"” is usually not rec-
ommended for manufacture. I should point out, that a number of
rather well-known and widespread medicines have not passed suc-
cessfully such "more scrupulous tests”, independent, as a rule, of a
manufacturer. The readers can find many examples of "the placebo
effect” in history of the B. C. period and nowadays (see, for example,
also [9, 11]).

As a result of the undertaken research works concerning "the pla-
cebo effect"” it was established, that it could have a positive impact on
most varied diseases, namely [9]: Parkinson's disease, irritable bowel
syndrome, depression, anxiety disorders, addiction, migraines and
headaches; it could have an anaesthetising influence, etc. And, nev-
ertheless, "the placebo effect”, as it seems to me, is defined not only
by the consciousness, but it also depends on various mental functions,
including at the subconscious level.

Not less impressive results were obtained due to the use of the
eastern meditation practices (see, for example, recent research [6, 7])
of the other empirical practices (methods of E. Kue, J. Silva, J. Kehoe
and others [12]) of the modern psychotherapeutical methods (see,
for example, [13, 14]) for healing of most varied diseases, including
cancer. In general, these successful examples can also be explained
by a set of the above-mentioned processes and tools, available for
the human brain, sometimes, by their more intensive and addressed
action.

However, it is necessary to mention certain possible negative
features of the self-healing attempts. Firstly, not every illness of a
concrete person can be cured by the given method. And the expla-
nation is trivial enough: there are simply not enough resources,
which the brain (organism) of a person has for this purpose, because
all of them are limited, while the illness itself may probably be an
advanced case. Secondly, the brain is a supercomplex system and it
is not so simple to direct signals for modification of the work of the
necessary neural circuits. The problem is aggravated by the fact that
a patient often does not know the essence of his (hers) illness, and
sometimes simply does not even suspect or understand, that he (she)
is sick. As a result, the method can have a slow or little effect, which
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depends on many internal and external circumstances for the given
person. In this connection I should underline in the given method
a special importance of belief, persistence and concentration®,
which can be ensured by the above-mentioned practices and meth-
ods. In this case a positive influence can also be rendered by reli-
gion, which is well-known by numerous cases of healing from his-
tory. I do not think, that all of them were flights of fancy. Thirdly,
in the considered case an extremely negative influence is rendered
by the negative stress or distress — "harmful or unpleasant stress"
[15]. Modern scientific research works demonstrate, that many hu-
man diseases are explained by the influence of the distress [16]. It
can render especially bad influence on the brain; up to destruction
of the neural circuits. There is also a special term of "nocebo effect”
[9], when instead of the organism improvement, the consciousness
causes pathological symptoms and changes. The sad examples of
that are the deaths of even quite healthy people as a result of the
woodoo damnations [9]; after the ship-wrecks in the sea with avail-
able quite sufficient means for the rescue (lifeboats, foodstuff, wa-
ter) [17]; panic, for example, after an earthquake [9]. In these cases
a person dies of fear. It is possible to say, that in such situations the
brain starts the "self-destruction” mechanism (instead of self-pres-
ervation), caused by a strong distress.

[s it possible to intensify the effect of healing by the other ar-
tificial methods, except the traditional ones in medicine? I think,
yes. Here, again, in connection with the proposed full electronic in-
terpretation of the brain functioning, I see as very promising the use
of the possibilities of the electronics and nano-sciences [18]. I in this
connection I have already mentioned various methods of electric
stimulation of a brain (ESB), namely: electric irritation of a brain;
deep stimulation of a brain. However, it is necessary to single out
the methods of medical electric stimulation (MES) of the brain and
the spinal cord, and also human peripheral nerves with application
of "the sparing methods of stimulation”, developed under the guid-
ance of Academician N. P. Bekhtereva, by means of which an im-
portant success was reached in healing of most varied diseases [19].
A special value of ESB methods consists in the fact that they can
stimulate not only creation and modification of the neural circuits
of the brain, but they can also destroy the superfluous, pathological
circuits. Among the recent works I should note the research works
of Doctor K. Tracy in healing of the inflammatory processes by
means of electrostimulation of a vagus nerve [9]. Notwithstanding
the good prospects of these works, a lot is still should be done for
their development (especially the accuracy of stimulation, levels of
the excitation signals, etc. [3, 18]) and for their wide introduction
in practice.

So, the use of force of consciousness, the materiality of a thought
and other mental functions can be an important addition to the tradi-
tional methods of the medical treatment. Hence, it would be expedient
to realize a complex treatment combining these two approaches, al-
though it is not excluded, that they may not only help, but also
"hinder" each other. In particular, it is known, that a number of
medicines have a negative influence on the human brain (see, for
example, [20]). But, nevertheless, at least, a belief in recovery is de-
sirable!

Altered states of consciousness

The things, which occur in a human brain in the consciousness
as a whole are well described in the book [21]: "The flow of our sub-
jective experience flows continuously, following its course; feelings,
images, emotions and thoughts merge with each other, gradually
overflowing from one into another in changeable patterns and de-
signs”. And sometimes the flow can be special. "Unusual sets of the
subjective experiences are called "altered states of consciousness™

* These factors, apparently, promote numerous passages of an
electric signal via the corresponding neural circuits (NCC, NCMF,
see Part I), and, hence, and, probably, to their more radical change
in the necessary direction.
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[21]. Hereinafter — ASC. Now, a wide spectrum of phenomena are
referred to ASC, and the most important and interesting among them
are the following [21]: states in a dream; hypnotic states; narcotic in-
toxication; meditative states; "flow" states; out-of-body experiences;
near-death experiences; mystical experiences. Certain PSI phenom-
ena can be regarded as close to the ASC states, namely: clairvoyance,
telepathy, etc. Various mental diseases can be basically referred to the
pathological (sometimes irreversible) ASC (this question was consid-
ered in the work [18]).

So, what are the factors which define all these phenomena? What
is common for all of them? Firstly, exactly the individuality of the
neural circuits of each concrete person is the predetermining material
basis of the subjectivity [18]. Secondly, ASC, including also the men-
tal diseases [18], can be connected to a deviation of the functioning
of the neural (electric) circuits from the normal operation modes.
1 should point out, that the definition of the notion of "normal" in
psychology is no less complex, than the definition of the notions of
"consciousness" and "ASC", which again is connected with the mul-
tifarious character of the corresponding phenomena. However, in
psychology this is a question of principle. I should say, that in neu-
ropsychology the notion of "a normal mental function" was intro-
duced long time ago [22]. In general, without this notion it is actually
impossible to consider either various mental diseases, or ASC proper.
So, in accordance with the full electronic interpretation I will single out
two key factors decisive for ASC, namely: individuality of the neural
(electric) circuits of the brain and deviations in their functioning from the
normal operation modes.

Individuality of the neural circuits depends on a great number of
factors considered in detail in the works [3—5, 18] and more briefly —
above. In the considered case one of the basic ones is the topology
of the neural circuits formed for realisation of this or that function.
Data of the neurosciences, visualisation, in particular, testify that
even the ensembles of the neurons in a concrete person are varied
during realisation of one and the same function, and quite often es-
sentially, which underlines the importance of the flexibility of the
bonds. In terminology of Academician N. P. Bekhtereva [23] support
for the functions is carried out by both rigid and flexible bonds of the
neurons.

A question arises: how it is possible to carry out interaction of
such grandiose number of the essentially nonlinear active elements,
i.e. noted NEMS, electric (neural) circuits, which, apparently (see
the last section) make an insignificant part of their total number, for
support of a function? At that, they do not hinder each other in sup-
porting the numerous functions which go on in parallel. The author
sees only the possibility resulting from the locally-distributed character
of the brain as a system, namely: synchronisation of the dynamic inter-
actions of the electric (neural) circuits in various areas of the brain. At
that, considering the nonlinearity of the electric circuits, not only the
phase, but also the frequency and amplitude characteristics of the electric
signals should be important. I should point out, that exactly the ampli-
tude of a signal basically determines the power consumption.

Many experts in the area of the neurosciences underline the im-
portance of the neural synchronisation. Traditionally, in neurobiol-
ogy they single out the local synchronisation and the phase synchro-
nisation. So, in supporting of the conscious activity a special role is
given to the gamma waves (phase synchronisation) (see conversation
with Professor V. Singer in [24], [7]).

It is also necessary to pay attention to the facts presented below.

1. The levels of the activity of separate areas of the brains of dif-
ferent people can differ considerably in case of the same actions and
reach the level of "three thousand percent" [7].

2. Even serious mental diseases can be caused by the insignificant,
as it would seem at the first sight, deviations, in particular, "the people
with depression lackeed not in stimulation, but support for the ac-
tivity of the renumeration system in the prefrontal cortex” [7].

3. Important data are received by means of MES, namely: "Re-
peated stimulations of one and the same zone (structure) of the brain
with the identical parametres depending on its initial state can cause




reactions, not only differing by the intensity and signs, but also qual-
itatively new" [19].

The above enumerated data are quite enough to understand,
that the question concerning the deviation of the work of the neural
(electric) circuits from the normal modes is not less complicated,
and depends on a concrete person, and, moreover, on the time mo-
ment. This underlines the dynamic character of the brain both in its
work and in its development. Thus, even normal mental functions
can be supported in each person by a different set of the neural cir-
cuits, and vary from case to case, and for various people the acti-
vation level can differ considerably. In this connection it seems to
be promising to establish a databank with "a set of portraits of the
basic psicological functions” of a healthy young person, for example,
by means of visualisation, and in future with advancing of the age
to be guided by this "normal set", and here also an individual ap-
proach is preferable.

And, nevertheless, the recent data of the neurobiology testify that
the brain reconstructs the reality (see, for example, [24—26]). The
author shares completely this point of view [3, 4] and consequently
considers, that all ASC are connected with various sorts of changes, dis-
tortions and disorders in this reconstruction in the human brain, as a
rule, characterised by essential displays.

According to the given point of view, it is possible to single out
the dominating, characteristic reasons and properties of those or oth-
er ASC. We will discuss briefly some of the above ASC, because this
question deserves a separate paper.

As an analysis of the available data shows, we can connect med-
itative and "flow" states, first of all, with an intensification of the syn-
chronization. In particular, the research of the brains of the medi-
tating Tibetan Buddhist monks by means of visualisation tools al-
lowed to receive a number of important results [7]. The most inter-
esting of them are the following [7]: 1) intensification of the activity
of the gamma waves, at that, the process increased gradually, which
testified to the necessity of time for the synchronisation; 2) "the
monks with the greatest experience of meditation demonstrated the
greatest gamma synchronism (both in the initial state and during the
meditation)"; 3) in the areas of attention "the activity grew and in-
creased with the augmenting quantity of the hours, which the med-
itating monk devoted to the practice, but then fell, when the quantity
of the hours started to exceed twenty five thousand or about that".
The latter means, that the activity of certain areas of the brain may
not only increase, but also fall, which testifies to the more economic
operation modes of the brain of the more experienced meditating
monks. Certainly, a lot depends also on a concrete form and the med-
itation practice [7, 21]. Apparently, such phenomena occur in the
states of "the flow" of the creatively thinking people [27].

Among the known reasons for a dream the author singled out
the following [3—5]: 1) physiological ones; an organism, including
its brain, requires rest, restoration of the necessary substances, etc.;
2) possibility of processing and systematization of the newly coming
and the already stored information including its fixing (consolida-
tion), simply speaking, an additional modification of the neural cir-
cuits occurs. The means of visualisation allow us to obtain important
information. "A functional tomography of a brain shows, that during
the dreams, in the cortex, the visual (occipitotemporal), emotional
(tonsil) and motor areas (frontal cortex) are active, while the areas
connected with the critical thinking and self-consciousness (in the
prefrontal cortex) are deactivated” [21]. On one side, this testifies to
a transition of the brain during a dream to a more economic oper-
ation mode of system 1 (the lucid dreams, perhaps, are exception),
and on the other hand, actually shows how system 1, i.e. subcon-
sciousness, works. However, we should have in mind, that thus the
limbic system responsible mainly for emotions is most active [28].
As a result, apparently, system 1 is characterised by more "chaotic
passage of an electric signal via the neural circuits of the brain" [3—5].
Therefore a conclusion was made that "dreams are a chaotic mode
of the brain work", although it was noticed, that "some cogitative
acts can have a close "pseudo-chaotic" character" [3—5]. In this
connection, no wonder, that the practice of the attentive awareness

[6], characteristic for meditation, systematises the work of thinking
and makes it more directed, which often takes place also for "the
flow" states.

Although, in general, the author shares the critical point of view
on PSI phenomena (see, for example, [11, 29]), however, I do not
adhere to the extremely negative view on this problem, up to a full
negation of the phenomena. I think, that many PSI phenomena, the
clairvoyance and telepathy in particular, can often be explained by
those or other features of the modes of functioning of a human brain,
i.e. their correct interpretation is important.

First of all, the main problem with explanation of such phenom-
ena is the fact that the lion's share of the work of the brain in these
cases proceeds at the subconscious level. This explains their myste-
riousness.

The clairvoyance and telepathy, apparently, are connected with
strengthening of the prognostic possibilities of a human brain. This
can be caused by the following circumstances: 1) increase of the
sensitivity of the sensor systems; 2) sharpening of the sensitivity of
the neural circuits to the external and/or internal signals; 3) flexi-
bility of the bonds during the associative processing of information
in the neural circuits available in the brain. The first and the second
points mean that the neural circuits become susceptible even to the
subthreshold signals, i.e. not susceptible for most people or in many
situations for a concrete person. So, whan can cause such a sharp-
ening?

The author sees the following numerous possibilities contributing
to this: rituals, meditation, mystical states and other ASC, states of
strong stress (and not only distress), etc. Interesting to note that the
biographies of the outstanding telepathist and clairvoyant of the re-
cent time — W. Messing and Vanga — testify that their extrasensory
abilities appeared after their great distresses on the verge of death
[30, 31]. The people, who survived the state of the clinical death,
sometimes acquire similar abilities (or they are sharpened) [32—34].
These sharpenings of the sensitivity of the neural circuits, apparently,
are caused mainly by a variation of the biochemical processes pro-
ceeding in them, or, probably by their morphological changes. Their
organisms somehow try to adapt to the qualitatively new states caused
by great distresses.

At last, there can simply be outstanding predictors possessing
such abilities from their births, i.e. genetically predisposed to this
sort of activity. After all, if there are outstanding scientists, politi-
cians, sportsmen, etc., then why not outstanding predictors? The
history knows numerous facts of ingenious guesses, forecasts, etc.
The epigraph to this work says quite enough already. The more so,
it is well-known that the brain of each person is constantly engaged
in forecasts, i.e. it practices them regularly. Actually, forecasting is
one of the basic functions of the brain (see above). I do not see any
serious obstacles to development of such abilities (see, for example,
[34, 35]).

At the same time, a telepathist makes a forecast using the infor-
mation available about another person or/and coming from him
(her). And here, apparently, the known various physical fields can be
important. In literature they are often called "biofield". Thus, Acad-
emician Yu. V. Gulyaev noticed, that "a complex picture of the phys-
ical fields appears around any biological object in the course of its vi-
tal activity. Their distribution in space and change in time bear im-
portant biological information, which can be used "[36]. Apparently,
exactly this information is, at least partially, used by a telepathist for
his (hers) forecasts, i.e. for "reading of the thoughts". Besides, the spe-
cific features of his (hers) associative processing of the information
can also be important.

Unfortunately, these phenomena are frequently unreliable, cas-
ual and, as a rule, have an approximate character, which usually de-
mands their additional decoding. The latter is done especially well,
when the "predicted”, "forecasted" event has already occurred, i.e.
post factum. Simple coincidences, swindles, etc. are also not so rare.
Usually, this is also marked in serious works on the topic of the PSI
phenomena (including others). The verge between the serious re-
search works, experiments and charlatanism is often very thin. After
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all, these phenomena are very "slippery” (unreliable), which is a
common thing and no wonder for the forecasts, even the collective
ones.

In any case the episodes of "clairvoyance" and "telepathy”, as well
as of many other PSI phenomena, are the products of the brain ac-
tivity of concrete persons in concrete situations, and not of any other
wordly forces, mythical fields. In this connection it is possible to con-
sider the outstanding clairvoyants and telepathists as "the geniuses of
the sharpened intuition".

The most difficult for explaning seemed to be the following ASC:
out-of-body experiences (OBE) and near-death experiences (NDE).
Five basic elements are characteristic for NDE [21] (more than fif-
teen characteristic elements [32, 33]), one of which is OBE. OBE
means experiences of a person which have a very strong impression
first of all upon him (her) and are often used as the obvious proof of
immateriality of the consciousness, which in these cases ostensibly
separates from a physical body. The author does not share this point
of view.

OBE and NDE are ASC in which there are obvious disorders of
reconstruction of the reality in the human brain in the corresponding
situations and characterised by hallucinogenic experiences. So, what
causes OBE and NDE?

Apparently, in case of OBE and NDE there are rigorous disorders
of the biochemical processes in a human brain, which lead to serious
deviations in the work of the neural circuits, so, the causes are the
physiological changes in an organism.

In recent time these phenomena attract more and more attention.
I will present the most important and at the present moment estab-
lished authentic scientific facts, namely:

1. In neurology and psychiatry the experiences similar to OBE,
have been known for a long time and are called autoscopy (see, for
example, [21, 24]).

2. OBE can appear under various life circumstances: excessive
physical and intellectual loads, dangerous situations (not necessarily
NDE) [21].

3. In case of OBE often there are deviations (and also as a result
of damages) in the work of the parietotemporal cerebral cortex, etc.
[21, 24].

4. It was demonstrated, that OBE can be caused artificially "by
the convulsive activity, stimulation of the brain and certain psycho-
tropic substances” [37].

5. Virtual OBE, caused by unusual and inconsistent information
concerning the position of a human body participating in the exper-
iment, are also possible [24].

The important research works concerning NDE described in the
work [21] confirm the connection with the damages in certain areas
of the brain, at that, it is pointed out, that "all these structures are
often appear damaged in the patients, who survived a cardiac arrest,
but restored completely” [21]. Such hallucinations, similar to NDE,
appear during the centrifuge tests, when blood flows back from the
brain [11].

And at last, another very important factor noted by Doctor
R. Moudi, one of the pioneers of the research of NDE, [32], is the
following: "Notwithstanding a big variety of the circumstances con-
nected with the approach of death, and also types of people, experi-
encing it, the stories about the events occurring during this moment
have an amazing similarity. It is so great, that it is possible to single
out about fifteen elements, which again and again are encounted in
a large number of stories". This similarity, which is common for ab-
solutely different people, as it seems to me, confirms once again that
both in case of OBE and of NDE there are characteristic sequences
of the physiological changes in the brain (there are common regu-
larities), fortunately, in the considered cases they are reversible in
many respects. Exactly these physiological changes lead to the ap-
proximately identical specific operation modes of the neural circuits
caused by the corresponding biochemical changes in the human
brain. However, it is necessary to point out the qualitative changes in
the lives of the people after NDE, noted in many researches (see, for
example, [32—34]), i.e. these changes are not traceless.
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Concerning a free will

The author pointed out: "Exactly the huge volumes of the incom-
ing information are a kind of locomotive (initiator) of the evolution"
[3]. The natural selection of the Darwinian theory can be considered
the basic method for its practical realisation. At the same time the in-
formation imprint of the evolution of the live organisms is "the DNA
annals" of the molecules [38], which actually code the program for
creation of the corresponding organism. And the human conscious-
ness is connected with the information, and in effect the conscious-
ness appeared and was intended for its better processing, but, unfor-
tunately, this is not always achieved in practice.

Let us consider in detail another complicated question, one of the
basic ones connected with the consciousness, namely: "a free will".

The question of "a free will" is directly connected with the spe-
cificity of the work of system 2 considered earlier. In particular, the
version presented in fig. 2, a of Part 1, in effect, also caused an acute
discussion in the neurobiology (experiments of B. Libet, J.-D. Hay-
nes, etc.), i.e. action is first, and then comes awareness. Surprisingly,
these experiments led many specialists, including the well-known
neuroscientists, to the conclusion that "a free will" did not exist. This
is not an idle question, because behind this negation there is a pos-
sibility of justification of and impunity for the crimes, including se-
rious ones (see, for example, [39]).

The main error in such reasonings is that another version of the
cogitative activity presented in fig. 2, b of Part I is not taken into
account, i.e. first we simply think, prepare for action, and also that
the process of thinking can be presented as an event "going via a spi-
ral", because usually it is not limited to one "turn", one cycle. The
freedom of choice or "free will" consists exactly in the fact that, in
principle, we can turn on the awareness and its action at any mo-
ment of "the spiral” of the cogitative activity in a normal awake state.
And this is the most important thing! After all, without an awareness
there can be no intelligent actions, it will be a simple reflexion. In
other words, we should not limit the possibilities of the human cog-
itative activity.

I think, that the described organisation of the conscious activity
is the most rational one. If the consciousness could control all the hu-
man actions, it would hardly be better, because a delay in them would
be quite often essential, and sometimes even dangerous. Introduction
of automatism in some actions, their transfer to the subconscious lev-
el (system 1 works) is, indeed, a big invention of Nature!

Prospects of the supermind

Let us define the notion of "the supermind". "This is any intellect
considerably surpassing the cognitive possibilities of a person actually
in any area" [40]. At the same time the artificial intellect (Al) of the
human level (AIHL) is defined as "the ability to master most trades,
at least, those, which are accessible to an average person” [40].

The work [40] presents analysis of various ways to the supermind
and shows, that two of them have special prospects, namely: digital
intelligence and computer modelling of the brain. We will not con-
sider here a way for improvement of functioning of the biological
brain, although, undoubtedly, it has good prospects. The author calls
such an approach "from available" [3, 41].

First, let us consider the digital intelligence. In estimation of the
advantages of its hardware in comparison with a human brain in the
work [40], a reference point was given, as usual, as the number of the
neurons. Such estimation underestimates greatly the brain possibili-
ties. We will show that. So, as it was mentioned earlier, the level of
integration of the human brain as an object of electronics would be
more correct to estimate by the number of the channels, and it is the
range of 101...10%1, ie. by 8—10 orders more than that of the neu-
rons. Let us present a comparison. It is expected, that in near future
the level of integration of IC of the solid state nanoelectronics will be
about 5- 10° of the active elements [42]. So, in order to reach ap-
proximately the level of integration of a human brain in IC we will
need not less time than all the development of the solid state micro-
and nanoelectronics, if it goes according to Moore's law (which is




doubtful), i.e. about 60 years. I should say, that this approximately
corresponds to the average estimation (with probability of 90 %)
done by the specialists of certain Al advisory councils of the time
demanded for development of AIHL [40]. Certainly, we can take
more than just one IC, i.e. "the computer hardware can be scaled
up to huge physical sizes" [40]. This is quite so, but after all, can we
take 100 of 1C?!

Unfortunately, the situation is even more complex. The author
compared a brain as object of electronics and IC of the solid-state
electronics, and underlined very essential distinctions [3—5]. Besides
the integration level, at least the following properties are of great im-
portance for a human brain: 1) hybridization (the main role is played
by at least two types of the processes: electric and chemical ones);
2) a flexible system of organisation (architecture); 3) individuality of
the neural circuits; 4) plasticity, constant modification of the neural
circuits; 5) a big variety of the elements of the electric (neural) cir-
cuits, including the active elements. All this characterises a human
brain as an extremely flexible and powerful information system. An-
yway, in the solid state electronics almost all the above mentioned
properties are unattainable so far. In this connection in the work [18]
it is noted, that indeed on the example of the brain the Nature shows
also the main direction for development of the artificial electronics
after the Moore's law. Therefore, the advantages of the digital intel-
ligence [40] are rather doubtful, i.e. the human brain as a whole was
essentially underestimated. Indirectly this is proved by the real
achievements in the computer technologies, Al, which are much
more modest, than they were expected.

Let us consider the second way — computer modelling (simulation)
of the brain. Notwithstanding the good prospects of the given approach,
underlined by many authors (see, for example, [3, 18, 40, 43]), the
achieved success is not impressive. In particular, in the work [40], in
view of absence of a full computer model of a brain now, a deplorable
conclusion is made that such a model "will hardly be implemented in
near future". Here the problem is aggravated by the fact that, unfor-
tunately, there are no convincing theories and even there are no more
or less detailed models of functioning of the human brain. In con-
nection with the proposed theory and the complex hierarchical ap-
proach to the research of the brain, based on a multilevel modelling
in a combination with the experimental methods, described in detail
in the works [3, 4, 18], the author, nevertheless, sees "light at the end
of the tunnel".

It would be expedient to begin with modelling of separate sub-
systems of the brain (see above), the mental functions, stereotypes,
templates, etc. We will estimate the complexity of the neural (elec-
tric) circuit demanded for realisation, for example, of the cogitative
activity. Estimations by the number of the neurons participating in
it are known [3, 44]. We will take the bottom limit — 10° of the neu-
rons [44]. So, we are talking about a nanoelectronic circuit with the
level of integration not less than 1013, This, of course, is very much.
Nevertheless, we are talking about an electronic device (equivalent)
containing 10* of IC with the level of integration of 10° of each one,
i.e. a device, which is modelled by means of the multilevel ap-
proaches.

An important advantage of the proposed complex hierarchical
approach for research of the brain, as it was pointed out in [18], is
its property of openness, possibility of combination with the other ap-
proaches, in particular with the connectomics, a relatively fast real-
isation in the first approximation. A combination of the approaches,
especially at the initial stages, apparently, is most promising for de-
velopment of the supermind. At the same time, during construction
of the systems of the multilevel modelling of a human brain, it can
be useful to employ the principles noted in the work, and some of its
positions in addition to the ones considered in the works [3, 4].

Conclusion

A precise description of the human consciousness is impossible,
and only an approximated one is admissible. Within the framework
of the proposed full electronic interpretation of the brain functioning
it is possible to construct a monistic materialistic theory of the human

consciousness of the emergent type. In the given theory it becomes
clear, what a thought is and what the other mental functions are, and
their materiality is established. As a result, it is also possible to explain
as a whole a number of important phenomena: creative thinking, self-
healing, altered states of consciousness, free will. Using the under-
taken estimation of the level of integration of the brain as an object
of electronics, and also of its most essential advantages in comparison
with IC, it is possible to undertake a more realistic and "sobering" es-
timation of the prospects for creation of the supermind. In connec-
tion with this it is possible to draw a conclusion that the area of the
artificial intelligence, metaphorically saying, will probably have to ex-
pect more than one "winter" (the "winter" metaphor is used in the
work [40]), despite the indisputable importance of continuation of
the works in this area. At the same time, the proposed complex hi-
erarchical approach to the research of the human brain, based on a
multilevel modelling in combination with the experimental methods,
presents good prospects not only for its more detailed studying (in-
cluding specification of the developed theory), but also for develop-
ment of the supermind.

Finally, the huge volumes of the incoming information also re-
sulted in creation of the information system of a fantastic complexity
in the form of the human brain. By creating the brain, the Nature has
solved a supercomplicated optimisation complex problem: 1) inter-
action of various signals (mechanical, optical, thermal, chemical,
electric, etc.); 2) flexibility of the bonds; 3) minimisation of the power
consumption; 4) small dimensions, etc. Unfortunately, in the solid
state electronics similar problems are still very far from their really
optimal solutions, even in the complex of the questions touched upon
in the work.

For the sake of justice we should recollect, that Nature has spent
billions of years for creation of the human brain, and maybe even
more, who knows? Anyway, the author does not share the theory of
the Big Bang, which gave birth to the Universe, considering, that the
matter, space and time as the substances of its existence, have always
existed. A possibility of the catastrophic changes like the Big Bang in
separate areas of the Infinite World is another question.

And, at last, proceeding from his more profound understanding
of the functioning of the human brain and his greater admiration of
its work and the beauty of its organisation, the author is inclined to
think, that, probably, Nature has found one of the few ways (if not
the only one) and this way is the organic hybrid nanoelectronics or
"live electronics”, to be more exact!

The author is pleased to express his sincere gratitude to his disciples
N. Kolomeitseva, I. Romanova and 1. Shcherbakova for the preparation
of the manuscript of his work for publishing.

References

1. Shepherd G. M. Neurobiology, New York, Oxford University
Press Inc., 1983.

2. Nicholls J. G., Martin A. R., Wallace B. G., Fuchs P. A. From
neuron to brain, 4-th ed. Sunderland, Massachusetts, Sinauer Asso-
ciates, Inc. Publishers, 2001.

3. Abramov 1. 1. Mozg kak obekt jelektroniki. Saarbriicken, LAP
LAMBERT Academic Publishing, 2012. 80 p. (in Russian).

4. Abramov 1. 1. Brain as an object of electronics. Saarbriicken,
LAP LAMBERT Academic Publishing, 2013. 76 p.

5. Abramov I. I. Mozg — obekt organicheskoj gibridnoj nano-
jelektroniki, ili vzgljad so storony. Chast' 11, Nano- i Mikrosistemnaya
Tekhnika, 2013, no. 3, pp. 45—53 (in Russian).

6. Siegel D. J. The mindful brain. Reflection and attunement in the
cultivation of well-being, New York, London, W. W. Norton & Com-
pany, 2007.

7. Davidson R. J., Begley S. The emotional life of your brain,
New York, Penguin, 2012.

8. Solso R. L. Cognitive psychology. 6-th ed. Boston, Allyn & Ba-
con, 2001.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 6, 2018 383




9. Marchant J. Cure: A4 journey into the science of mind over body,
New York, Crown Publishers, 2016.

10. Amen D. G. Healing the hardware of the soul, New York, Lon-
don, Free Press, 2002.

11. Smith J. C. Pseudoscience and extraordinary claims of the par-
anormal. A critical thinker's toolkit, Wiley—Blackwell, 2010.

12. Psihologicheskie metody obretenija zdorovja: Hrestomatija,
Sost. K. V. Sel'chenok. Minsk, Moscow, Harvest, AST, 2001, 720 p.
(in Russian).

13. Kondrashenko V. T., Donskoy D. 1., Igumnov S. A. Obshhaja
psihoterapija, Minsk, Vyshjejshaja shkola, 2003, 464 p. (in Russian).

14. The mind. A user's guide, Consultant ed. R. Persaud, Royal
College of Psychiatrists, 2007.

15. Selye H. Stress without distress, New York, Penguin, 1975.

16. Sapolsky R. M. Why zebras don't get ulcers, New York, Henry
Holt and Company, 2004.

17. Bombard A. The voyage of the Heretiqgue, New York, Simon
and Schuster, 1953.

18. Abramov I. I. Prospects of nanoelectronics, nanomaterials
and nanotechnologies in research and medicine of the human brain,
Nano- i mikrosistemnaya tekhnika, 2016, vol. 18, no. 1, pp. 49—64.

19. Lechebnaja jelektricheskaja stimuljacija mozga i nervov
cheloveka, Ed. N. P. Bekhtereva. Moscow, AST; Saint-Petersburg:
Sova; Vladimir: VTK, 2008. 464 p. (in Russian).

20. Perlmutter D., Colman C. The better brain book, New York,
Penguin, 2005.

21. Revonsuo A. Consciousness. The science of subjectivity, Hove
and New York, Psychology Press, Taylor & Francis Group, 2010,
324 p.

22. Homskaya E. D. Nejropsihologija, Moscow, Izd-vo Mosk.
universiteta, 1987, 288 p. (in Russian).

23. Bekhtereva N. P. Magija mozga i labirinty zhizni, Moscow,
AST; Saint-Petersburg, Sova, 2007, 383 p. (in Russian).

24. Metzinger T. The ego tunnel: The science of the mind and the
myth of the self, New York, Basic Books, 2009.

25. Eagleman D. The brain. The story of you, New York, Pantheon
Books, 2015.

26. Humphrey N. Sou! dust. The magic of consciousness, Princeton
University Press, 2011.

27. Csikszentmihalyi M. Creativity. Flow and the psychology of dis-
covery and invention, New York, Harper Perenniel, 1997.

28. How the brain works, ed. by P. Abrahams, Bright Star Pub-
lishing Co., 2015.

29. Sagan C. The demon-haunted world. Science as candle in the
dark, New York, Ballantine Books, 1996.

30. Messing V. O samom sebe, Fenomen "D" i drugie, Moscow,
Politizdat, 1991, pp. 11—106. (in Russian).

31. Stoyanova K. Vanga, ili Otkrovenie jasnovidjashhej, Moscow,
Molodaja gvardija, 1990, 157 p. (in Russian).

32. Moody R. A. Life after life, New York, MBB, Inc., 1975.

33. Moody R. A. Reflections on life after life, New York, Bantam
Books, 1977.

34. Rubel V. A., Savin A. Yu., Ratnikov B. K. Psi-vojny: Zapad i
Vostok. Istorija v svidetel'stvah ochevidcev, Moscow, POSTUM, 2016.
530 p. (in Russian).

35. Silva J., Miele P. The Silva mind control method, New York,
Simon and Schuster, 1977.

36. Fizicheskie polja biologicheskih obektov. Interv'ju s Ju. V. Gu-
lijaevym i Je. Je. Godikom. Vestnik AN SSSR. 1983, no. 8, pp. 118—125
(in Russian).

37. Burton R. A. A skeptic's guide to the mind: What neuroscience
can and cannot tell us about ourselves, New York, St. Martin's Griffin,
2013.

38. Carroll S. B. The making of the fittest. DNA and the ultimate
forensic record of evolution, New York, London, W. Norton & Com-
pany, 2006.

39. Satel S., Lilienfeld S. O. Brainwashed: The seductive appeal
of mindless neuroscience, New York, Basic Books, 2013.

40. Bostrom N. Superintelligence. Path, dangers, strategies, New
York, Oxford University Press, 2014.

41. Abramov I. I. Problemy i principy fiziki i modelirovanija pri-
bornyh struktur mikro- i nanojelektroniki. IV. Kvantovomehan-
icheskie formalizmy, Nano- and microsystemnaya tekhnika, 2007,
no. 2, pp. 24—32 (in Russian).

42. International technology roadmap for semiconductors 2.0:
2015. Edition. Executive report.

43. Kaku M. The future of the mind: The scientific quest to under-
stand, enhance, and empower the mind, New York, Doubleday Pub-
lishers, 2014. 400 p.

44. Ivanov-Muromsky K. A. Nejrojelektronika, mozg, organizm,
Kiev, Naukova Dumka, 1983. 175 p. (in Russian).

Anpec penakiyu xypHana: 107076, Mocka, CtpombIHCKUit Tiep., 4. TenedoH penakimu xypHana (499) 269-5510. E-mail: nmst@novtex.ru
JKypHan 3apeructpupoBan B DeiepaibHOI ClyX6e Mo Haa30py 3a COOJIONEHUEM 3aKOHOIATENILCTBA B C(hepe MaCCOBBIX KOMMYHUKALIMIA 1 OXpaHE KYJIBTYPHOTO HAC/IEINs.
CauzeTenbeTBO 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.

Texnuueckuii penakrop 7. A. lllaykas. Koppexktop E. B. Komuccaposa.

Craano B Ha6op 21.04.2018. MMoamnucaHo B neuats 23.05.2018. Mopmar 60%88 1/8. 3akaz MC0618. LleHa moroBopHast
Opwurunan-maker OOO «AnBaHcen comonrH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. Mocksa, Jlenudckuii ip-T, a. 19, ctp. 1. CaiiT: www.aov.ru

384 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 6, 2018




Pucynku k crarbe B. H. Ceposa, JI. I0. ®etncona, I0. K. @etncopa, JI. B. Yammua
«MATHUTORJEKTPUYECKNI JATYUK ITOCTOAHHBIX MAT'HUTHbLIX MOJIEN
KOMITEHCAITMOHHOI'O TUITA C PACIHNPEHHLIM JMHEUHBIM ANAITA3OHOM)>»

V. N. Serov, L. Yu. Fetisov, Yu. K. Fetisov, D. V. Chashin

«MAGNETOELECTRIC COMPENSATION TYPE SENSOR OF PERMANENT
MAGNETIC FIELDS WITH EXTENDED LINEAR RANGE»
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Pre. 1. YyBcTBATEILHBIH TeMeHT Ha OCHOBE MarHATOYIEKTpIIecKoii eTpykTypsl metglas — IIBK — metglas:
1 — wrenkn metglas; 2 — PZT-osiokHa; 3 — BCTPEUHO-NITHIPEBEIE MPeoOpa3oBaTet; 4 — BO30yKmatonias KaTymKa

Fig. 1. Sensitive element based on the magnetoelectric structure of metglas — PAC — metglas:
1 — metglas films; 2 — PZT fibers; 3 — interdigital transducers; 4 — excitation coil
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Puc. 4. 3apacnMocts BhIxomHoro Hanpsukenns U 1aT1nka KOMIEHCATTHOHHOTO THIIA
oT MaraaTHOro o' I7 mpn pazmmmeIx koagdunaentax obparnoii cssn G:
TOYKH — JIAaHHBIC M3MEPEHNIl; NITPAXOBHIC ITHAA — JITHCHHAS Al POKCAMAIIH S

Fig. 4. Dependence of the output voltage U of the compensation type sensor
against the magnetic field H at different feedback factors G:
points - measurement data; dashed lines - linear approximation
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