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Fig. 1. Magnetic cores from amorphous iron, created by the proposed technology:
a — without stator back; b — with stator back

Pre. 3. Drcnepamentanpabii Mmaker MII'30
(a) n m3mepuTebHbI cren (b):

] — MarHATONPOBOJI CTATOpa; 2 — OOMOTKA CTa-
Topa; 3 — CTaHHHA; 4 — IOMIMAIHAKOBHI NIAT;
5 — mogmmuEEK; 6 — poTOp; 7/ — MPHBOTHOM
JBHTATEb; 8§ — My(dTa; 9 — SKCIIEPHMEHTA/TH-
HEI MakeT; /0 — SKCOEpPHMCHTATIBHASA YCTa-
HOBKa; /] — H3MEpHTEIBHBIC YCTPOHCTBA

Fig. 3. Experimental TCMEG model (a) and
measuring stand (b):

1 — stator magnetic core; 2 — stator winding;
3 — housing; 4 — bearing shield; 5 — earing;
6 — rotor; 7 — drive motor; 8 — coupling;
9 — experimental model; 10 — experimental
installation; 11 — measuring devices
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BAMAHUE B3AMMOAENCTBUM HAHOHAMOAHMTEASl HA CTEMEHD
YCUAEHUSA HAHOKOMIMNO3UTOB MOAUMEP/YTAEPOAHBIE HAHOTPYBKU

Ilocmynuna ¢ pedaxyuro 07.11.2017

Tlokazano, 4mo OCHOBHbIM NAPAMEMPOM, ORPEOCATIOUUM CEOUCMBA NOAUMEPHBIX HAHOKOMNO3UMO8, 4 MAKice U Opy2ux Ha-
HOMamepuanos, 16asemcst 0045 NOGEPXHOCMell pa30eaa NOAUMEPHAS MAMPUYA — HAHOHANOAHUMEAb. B pamkax nepkoisyuoHHoU
meopuu ycuieHusi YKa3anHas 0045 onpedeasiem Kpumu4eckuli UHOeKc U, cAe008amenbHo, CMeneHb YCUAeHUS HAHOKOMNO3UMOE.
Baocnyro poas uepaem mun ezaumodeticmeuii yacmuy, (aepeeamos 4acmuy,) HAaHOHANOAHUMENS.

Karouesnie caosa: Hanokomnosum, yenepooHsie HAaHOMPYOKU, NO8EPXHOCMU PA30eaa, 83auMo0elicmeus, NepKoAsiyUs, crmenets

ycunrenus

BBenenune

B mocnennue 25 JeT ucCien0BaHUIO ITOJUMEPHBIX
HAHOKOTIO3UTOB yIesieTcsl 00Jibllloeé BHUMaHUE, YTO
BbIPAXKAETCS B PE3KOM yBEJIMUYEHUU MyOJIMKalUid, TOoC-
BSILIEHHBIX 3TOMY Borpocy [1]. 3a 310 BpeMs paspa-
060TaHO OOJIBIIOE YMCIIO HAHOKOMITIO3UTOB C HAHOHA-
MOJHUTEJISIMA Pa3HbIX KJIACCOB U MCIOJb3YIOIIMX Ca-
MbI€ pa3Hble MOJMMEpPHI B KayecTBe MaTpull. OgHaKO
COBEPLIEHHO OYeBUIEH 0O0JbILION ArcOataHC B Mpak-
THUYECKOM acIeKTe U TEOPETUUECKOM TPAaKTOBKE yKa-
3aHHBIX HAHOMAaTepUaIoB. JIJIs1 KOMMYECTBEHHOTO OMK-
CaHUS CBOMCTB HAHOKOMITO3UTOB B OCHOBHOM HCIIOJIb-
3yeTcsl MPaBUJIO CMeCeil B pa3HbIX €r0 MOAUMUKALIUSX,
a TakXe MPOM3BOIHBIE OT HETO MUKPOMEXaHUYECKIE
Moneau [2], KoTopble UMEIOT Psij IMPUCYLIUX UM He-
JIOCTaTKOB. Bo-TiepBbIX, B HUX MCIIOJb3YIOTCSI CBOMCTBA
KOMIOHEHTOB HAaHOKOMITO3UTOB (MaTPUYHOTO MOJU-
Mepa U HAHOHAMOJHUTEJIS), a He CTPYKTYpPHbIE MOKa-
3aTeiu. Bo-BTOPBIX, B HUX MPUMEHSIOTCST UCXOTHBIE Xa-
PAKTEPUCTUKU YKa3aHHBIX KOMIIOHEHTOB, KOTOPBIE IS
HAaHOKOMITO3UTOB MOTYT CYILIECTBEHHO OTJIUYAThCSI OT
peaJibHbIX MoKa3areJieil 3TUX e KOMIIOHEHTOB B IO-
JIMMEPHOM HAHOKOMITO3UTE, YTO OOYCIIOBJIEHO ABYMSI
TUMUYHBIMM JJI OTUX HaHOMaTepuasioB 3 deKTaMu:
arperamyeil MCXOAHBIX YAaCTUL HAHOHATOJHUTENSI U
¢dopmupoBaHreM MexX(pa3HbIX oonacTeil. Tak, aBTOpEI
paboTsl [3] mpemIoKIIM METOAUKY pacuyeTa MOIYJIS yII-
PYTOCTU YKa3aHHbBIX KOMIOHEHTOB E, .. 1 EM(l) U O0Ha-

arp
PYXWIN, 4YTO AJII HAHOKOMITO3UTOB IMOJMBMHWIIOBBIN

CIUPT/YIAepOJHbIE HAHOTPYOKU Earp =71 +55ITlau
EM(D = 46 = 5,5 I'lla mpy HOMWHAJIBHBIX 3HAYCHMSIX
MOMYJIS YIIPYTOCTH YIJIEPOIHBIX HAaHOTPYOOoK ~1000 I'Tla
U matpuuHoro nojaumepa ~2 I'Tla. Takum obGpaszom,
MHMKPOMEXaHWYECKe MOAEIU HUCITONB3YIOT He peallb-
Hble, a GUKTHMBHBIE 3HAYEHHUSI YKa3aHHBIX NTapaMeTPOB.
Taxoit e BbIBOA B Cllyyae aHM30TPOIMHbBIX HaHOHAa-
MOJIHUTENeH (YriieponIHble HAHOTPYOKM, OpraHOIIMHa,
rpacdeH M T.I.) MOXHO c/ieJlaTb U OTHOCUTEJIbHO UX ac-

MEKTHOTO OTHOLIeHUS [4].

YKazaHHbIE HEIOCTaTKU MUKPOMEXaHUYECKUX MO-
Jiesield MpuBen K pa3paboTKe HOBBIX TEOPETUUECKUX
MOAXOIOB, UCIOIB3YIOIIUX MPUHIUIUAIBLHO OTIMYa-
foluiics 6asuc. Bo-mepBbiX, TpaKTOBKA MOJUMEPHBIX
HAHOKOMITO3UTOB KaK CJIYYaMHBIX CMECEW TMO3BOJISET
WCITOJIb30BAaTh [IJIS1 KX ONMMUCAHMS MTEPKOJISIIIMOHHBIE MO-
nenu [5]. DTi Moaenr ObLUIM yCTIEIIHO MPUMEHEHbI J1sT
OMNMCaHMsl CBOMCTB HAHOKOMIIO3UTOB IOJMMeEp,/yIje-
pormHbIe HaHOTPYOKM [6—8]. Bo-BTOpHIX, crienmmdu-
YeCKUM JUISl YIJIEPOAHBIX HAHOTPYOOK BMIOM arpera-
HUU sIBAsieTcs: (popMUPOBAHUE UMM KOJIbLIEOOPa3HbIX
CTPYKTYp [4], UTO OOYCIOBJIEHO BHICOKMM aCIeKTHBIM
OTHOIIIEHWEM W HU3KON IOIMEepeuyHO XKECTKOCThIO
5TOr0 HAHOHAMOJHUTENS. YKa3aHHOE O0CTOSTENbCT-
BO MO3BOJISIET MOJIEIMPOBATH YIIOMSIHYThIE KOJIbLIE00-
pasHbBIe CTPYKTYPHI KaK MaKpOMOJIEKYJISIPHBIE KIIyOKH
[9—11]. U, B TpeTbuX, (pyHAaAMEHTAIbHOI OCHOBOI
SIBJIIETCSl pellaloliasi poJib MHOTOYHCIIEHHBIX TTOBEp-
XHOCTe# pasnena (a3 B HAaHoMaTepuaiax BooOllle Kak
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0aza IS CYIIECTBEHHOTO M3MEHEHUsI CBOMCTB TBEp-
IBbIX TeJ [12]. DTOT NPUHLIUII SIBJISIETCS KOPPEKTHBIM U
IS TTIOJIMMEPHBIX HaHOKomIto3uToB [13]. Mcxons u3
CKa3aHHOTO BbIIIIE, LIEJIbI0 HACTOSIIEH paboThl SIBJISI-
€TCsl OMMUCaHUWe CTENEeHU YCUJIEHUS HAaHOKOMITO3UTOB
MMOJINTIPOIUIEH/yIIepOIHble HAHOTPYOKM (HAHOBO-
JIOKHA) Ha OCHOBE TpeX yKa3aHHbIX BbIILIE€ IPUHIIMIIOB.

DKCHepUMEHT

B xauecTBe MaTpUUYHOIO IOJUMepa ObLI UCIOJIb30-
BaH noaunponuieH (ITIT) "KarieH" mpoMBILIIJIEHHOTO
npousBoacTBa Mapku 01 030, umeroluii cpeaHeBeco-
BYIO MOJIEKYJISIpHYIO Maccy (2...3) 10° u uHzeke mo-
nuaucriepcHoctd 4,5. B kauecTBe HaHOHAIIOJIHUTES
MpUMeHsUIM yriepoaHbie HaHoTpyoku (YHT) mapku
"Taynut", umeroiiuve HapyxHbiii auametp 20...70 HM,
BHYTpeHHUI auametp 3...10 HM u aIuHY OoJiee 2 MKM.
Kpome TOro, ObuiM MCIOJIB30BAaHBI MHOTOCJIOMHBIE
HaHoBosiokHa (YHB), umeroniue yucio cioes 20...30,
nuametp 20...30 HM U aauHYy O6osee 2 MKM. MaccoBoe
colepkaHNe HaHOHAIIOJHUTENISI 000UX TUITOB Bapby-
posasioch B npexaenax 0,15...3,0 macc. %.

Hanokommno3sursl ITI1/YHT u I1I1/YHB 6bu11 110-
JIydeHbl CMELIMBAHUEM KOMIIOHEHTOB B pacIljiaBe Ha
IBYXIIHEKOBOM 3KcTpynepe Thermo Haake, monens
Reomex RTW 25/42, mponsBoacteo ®PI'. CmemmmBa-
HUE BBINOJHEHO Mpu Temriiepatype 463...503 K u vac-
TOTHI BpaLeHMUs [IHeKa 50 MUH | B TeueHMe 5 MUH.
OO6pa3ibl IS UCITBITAHUI TTOJTYYeHBI METOIOM JINThST
oA JaBjJeHMEeM Ha JuTheBoM MammHe Test Sample
Molding Apparate RR/TS MP ¢upmsr Ray-Ran (Taii-
BaHb) npu Temmnepatype 483 K u gaBnenuu 43 MIla.

MexaHuyeckrde MCIbITAaHWSI Ha OJHOOCHOE pac-
TSDKEHME ObLIM BBIITOJIHEHBI Ha oOpasuax B (opme
JIBYXCTOPOHHEN JIOMATKW C pa3MepaMy COTJIACHO
I'OCT 112 62—80. VcnbiTaHus TTPOBOAVMIIM Ha YHHK-
BepcaibHON HcnbITaTedbHON MaiuHe Gotech Tes-
ting Machine CT-TCS 2000 mpowmsBomctBa DPI
npu TeMg[epalType 293 K u ckopoctu nedhopMmauuu
~2x 107 ¢,

Pe3yabTaTel 1 00CyxKneHne

Kax oTmeuanoch BbIlIe, yIiIepoaHble HAHOTPYOKHU
(HaHOBOJIOKHA) (DOPMUPYIOT B IMOJMMEPHOI MaTpUIIE
HaHOKOMITIO3UTa KOJIblieOOpa3Hble CTPYKTYPhI, PanlycC
KOTOPBIX Ry MOXHO OIPENENUTh C IIOMOLIBIO CJie-
JIYIOWIETO COOTHOIIeHus [14]:

2
nlL r
(2RYHT)3 — YI;IPT YHT , (1)
H

rae Lyyt ¥ rygt — UIMHA U paIuyC YIJIEPOAHOM Ha-
HOTPYOKM COOTBETCTBEHHO; ¢, — OOBEMHOE COlEpKa-
HUE HAHOHATIOTHUTENS, KOTOPOE MOXHO OLIEHUTh CO-
IJIacHO M3BecTHOM dopmyite [15]

/4

_ H
Py = —>
H b
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rae W,, — maccoBoe colepXaHue HaHOHAIIOJIHUTEIIS;
Py — €ro IUIOTHOCTb, ONpe/essAeMast CIeAyoLIUM 00-
paszoM [15]:

py = 188Qryym) /3, xr/m?,

e ryyT AAeTCsl B HAHOMETpAX.

Kak nokaszaHo B pabote [12], oTHOocuTeIbHAas 10151
TMIOBEPXHOCTell pasaena $as ¢, OLEeHNBACTCst COorIac-
HO COOTHOIIEHUIO

Onp = 3 @)

rae s — IKUpUHa IPUrpaHUYHOM obsacTu; L — pa3mep
3epHa B HaHOMaTepuasax.

I[puMeHUTEIPHO K paccMaTpUBacMbIM HAHOKOM-
MO3UTaM COOTHOLIEHMUE (2) MOXXHO 3anucaTh Clenyto-
1M 00pa3oM:

3lyg
(pnp = 5 )
Rynr
rae /4 — TOJIIMHA MeX(a3HOTo CIosl.

Bennuuna qu) olpeesieHa ¢ TOMOIIbIO (hOPMYJIbI
[14]

_ ryat t lug)?
Pmp — @H[(‘T“"‘M‘Q\) - 1} s
VHT

TIE @yg — OTHOCHTEJIbHASI OIS MexXda3HbIX objac-
Teil, KOTOpasi pacCUUTHIBACTCSl C MOMOIIBIO ClIEeIyIO-
LLIETO MEPKOISIIMOHHOTO cooTHOIIeHus [14]:

E

— 1,7
—E-,}—{—1+11((pﬂ+(pM¢))’,

M

rae £, u E, — MOIyJau ynpyrocTd HaHOKOMIIO3UTa U
MaTpUYHOIO MOJUMEpPA COOTBETCTBEHHO (OTHOIICHUE
E,/E,, TPUHATO Ha3bIBATh CTETIEHBIO YCUIIEHUS HAHO-
KOMIIO3MTA).

M, HakoHell, B paMKax MepKOJISILIMOHHON MOaeIu
YCWJIEHUSI HAHOKOMIIO3UTOB BeJauuuHa £, /E|, onpene-
ngetrcs hopmynoit [6, 7]

E
E—“ =1+ 11(9y)", (3)
M
IJe a — NepKOJSILIMOHHBINA MHAEKC, OJM3KUI K CTaH-
JapTHBIM MHJEKCaM TMEepKOJISIIUU B, v U L.
bauzocTs MHIOEKca a K TOMY WA WHOMY CTaH-
JAapTHOMY WHIEKCY TEPKOJSIINUA OTpaxkaeT THIT ap-
MUPYIOIIEe KOMITOHEHTh HaHOKOMIMO3uTa. Tak, Ipu
a ~B~0,40 HAaHOKOMITO3UT YCUJMBAETCS MeK(a3HbI-
MU 00JacTsIMU (MCTUHHbIE HAHOKOMIIO3UTHI), MNpHU
a~v=~0,80 — COBOKYITHOCTbIO HAHOHAIIOJHUTES 1
Mexda3HbIX obacTeil U npu a =t ~ 1,60 — ToNBKO
HAHOHAMOJHUTEIEM WA HaoJHUTEIeM (MUKPOKOM-
no3uthl). TakuM oOpa3oM, BBeJ€HHE B MOJUMEPHYIO
MaTpUIy MCXOOHBIX YAaCTUI HAaHOMETPOBOTO pa3Mepa
He TapaHTHPYeT TOJIyYeHUs B KOHEYHOM MTOTe HaHO-
KoMITo3uTa [6].
Ha puc. 1 npuBeaeHa 3aBUCUMOCTb MHAEKCA @ OT
fonu moBepxHocTel pasaena ¢as ¢p, = (3hq/Rynt)
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Puc. 1. 3aBHCHMOCTH NEPKOJIAUHOHHOIO HHAEKCA a B ypaBHenuu (3)
OT OTHOCHUTEJIbHOW J0JM MOBEPXHOCTel pasaena ¢a3 (3IM¢/RyHT)
s Hanokommnosutos ITI/YHT (1) m ITIII/YHB (2)

Fig. 1. Dependence of the percolation index a in the equation (3) on the
relative fraction of the phase division sufaces (3ly/Rcyy) for the

nanocomposites of PP/CNT (1) and PP/CNF (2)

s HaHokoMmnozutoB ITIT/YHT u I1T1/YHB. Bra 3a-
BUCHUMOCTD TIOKa3bIBAaeT JWHEWHBIN CIag a 1O Mepe
pocTta (3IM¢)/RyHT), YTO COIJIACHO ypaBHEeHMIO (3) 03-
HauaeT nosblienue E,/E,,. CooTHOLLIEHUE MEX]TY Ta-
pametpamut a u (3l,,4/RyyT) OMMUCHIBACTCS CleayiO-
M ypaBHEHUEM:

a=1,6 = 3,353,/ Rynr) )
NnJIn
a =1t— 3,353,/ Rynr)- ©)

I'padpuxk Ha puc. 1 mo3BoisieT caeiaTh Psil BbIBO-
noB. Bo-mepBbIX, paccMaTpuBaeMble HAHOCTPYKTYPH-
pOBaHHbIE MOJIMMEPHbIE KOMITO3UThl B OCHOBHOM OT-
HOCATCS K KaTeTOPUN TPOMEXKYTOIHBIX HAHOKOMIIO3M -
TOB. BO-BTOpBIX, UCTMHHEIE HAHOKOMMO3UTHI (a < 0,40)
peanu3yloTces mpu (3IM(1)/RYHT) > 0,37, yTo gJOoCTaTOU-
HO 0JIM3KO K OLIEHKE Puep ~ 0,50, coenmanHol B paboTe
[12]. U, B-TpeTbux, ypaBHeHUs (4) u (5) AEMOHCTPU-
PYIOT, YTO CHIDKEHUE WHIEKCA a MOXeT OBITh peaj-
30BaHO JIM0O MpU YBEIUUYEHUU qu), 0O IIpU YMEHb-
meHuu Ryyr.

ABTOpPBI paboTHI [16] MoKa3anm BaXXHYIO pOJIb B3a-
AMOIEHUCTBUIT MEXIy HAHOTPYOKaMW ISl YCUJICHMS
HAHOKOMIIO3UTOB ITOJMMETUIMETaKpwiIaT/QyHKIINO-
HAJIU3UPOBAHHbIE MHOTOCJIOMHbIE HAHOTPYOKU. B pam-
KaxX MUKpOMEXaHMYeCKMX Mojelieit [2] Oblsto oOHapy-
JKE€HO, YTO TIOSIBICHWE YKAa3aHHOTO B3aMMOIECTBUS
MIPUBOIUAT K M3MEHEHHUIO KATeTOpHHU 3THX HaHOMATe-
pUAJIOB OT UCTUHHBIX HAHOKOMIIO3UTOB K MPOMEXY-
TOYHBEIM. OLIEHUTh B3aMMOIEHCTBUS MEXIY KOJbIIe-
00pasHBIMI (DOPMHUPOBAHUSIMHA MOXHO B paMKaxX WX
MOIEMPOBAHNS KaK MaKPOMOJIEKYISIPHBIX KIyOKOB
[4]. ®PpakTanbHasE pa3MepHOCTh Dy yxasaHHBIX dop-
MMPOBAHUI OMpeesieTcsi ¢ MOMOILbIO CIEAYIOLIEro
ypaBHeHuUs [9]:

B ~1/(d-D)
Rynt = 3,49, ;

roe d — pa3MepHOCTh €BKJIMI0BA ITPOCTPAHCTBA, B KO-
TOPOM paccMaTpuBaeTcs (pakran (04eBHMOHO, B Ha-
meM ciydae d = 3).

BzaumMozeiicTBUsl MeXIy KOJblleoOpasHbIMU (op-
MUPOBaHUSIMU YIJIEPOAHBIX HAHOTPYOOK B paMKax
YKa3aHHON aHAJIOTUU OIIPEACIISIIOTCS IapaMeTpoM &,
CBSI3aHHBIM C Pa3MEpPHOCTHIO nypaBHeHI/ICM [16]

_ 2
Dy e+1’ ©)

ITockonbky Bapumaums D, coctaBmster 1...3 [6],
TO COINIACHO ypaBHEHMIO (6) IMMOJyYuMM BapUalluio
e = 1..—1/3. IIpn D,= 2,0, T.e. aHAJIOTMU C MAKPOMO-
JIEKYJISIPHBIM KJTYOKOM B MI€JIbHOM O-pacTBOpUTEIE,
¢ = 0 ¥ B3aMMOMEUCTBUS MEXIY KOJbIIcOOPa3HBIMU
(opmupoBaHusIMU OTCYTCTBYIOT. [Tpu DfMeHbLHe 2,0
3HAYEHUS € TTOJOXUTEbHBI, YTO COOTBETCTBYET B3au-
MOJIEUCTBUSIM OTTANIKMBaHust, a npu D > 2,0 3Have-
HUS & OTPUIATEIbHBI, YTO COOTBETCTBYET B3aMMO-
JEUCTBUSIM NPUTsDKeHUs [16].

Ha puc. 2 mpuBeneHbl 3aBUCHMOCTH JOJTA TTOBEPX-
HoCTel pa3nena da3 Puep = (31M(1)/RVHT) OT IIapaMeTpa
&€ JUIS1 pacCMaTpuBaeMbIX HAHOKOMITO3UTOB. Kak MoxXk-
HO BUIETh, 3TH 3aBUCUMOCTHU pacIiafgaloTcs Ha IBa JI1-
HEWHBIX yJacTKa ¢ TpaHWYHBIM 3HadeHreM ¢ = 0. [1pn
TTOJIOXUTENPHBIX 3HAYCHMSIX €, T.€. B3AUMOIEUCTBHUSIX
OTTaJIKMBAaHUSI MEXAY KOJIbLIeoOpa3HbIMU (POPMUPO-
BaHuAMU, BennuuHa (3/,4/RyyT) HE 3aBUCUT OT & U
nocrostiHa: (3/,4/Ryyt) = const ~ 0,268 st HaHO-
kommo3utoB [1I1/YHT u (3ly¢/Rypt) = const ~0,192
ans ITT1/YHB. OueBuaHO, YTO COMIACHO YpaBHEHU-
M (4) u (5) B 9TOM cllyyae UHAECKC a TaKXe SIBISIETCS
MOCTOSIHHOU BeInunHOM, paBHoit ~0,70 nsa TTTT/YHT
u ~0,96 mna II1/YHB. MoXHO HpeanoaoXuTh, 4To
MOCTOSIHHbIE 3HAYCHUST (3/y,q/Ryyt) 1IpH € > 0 siBIIsi-
I0TCSI XapaKTEepUCTUKON KayecTBa HAHOKOMIIO3UTA,
MOCKOJIbKY MMEHHO OHM OIpeAesiioT MUHUMAaIbHOE

31up/Rynr (3ly/Rent)

03r /

pAy

0.2+ iS¢}

0.1

Puc. 2. 3aBUCHMOCTH OTHOCHMTEJIbHO# 10JIM MOBEPXHOCTEl pasaea
®a3 (3l,,4/Ryyy) OT napaMeTpa B3aMMOAEHCTBHS KOJIbIEOGPA3HBIX
¢opMupoBaHMii HAHOHATIOJTHUTEN € 11 HaHOKommo3uToB ITIT/YHT
(1) n IITII/YHB (2)

Fig. 2. Dependence of the relative fraction of the phase division surfaces
(3liy/Reny) on the parameter of interaction of the ring-shaped
formations of the nanofiller ¢ for the nanocomposites of PP/CNT (1) and
PP/CNF (2)
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Puc. 3. CpaBHeHHe PacCCYMTAHHBIX COIJIACHO ypaBHeHHsM (3) u (4)
(1, 2) v NoyYEeHHBIX IKCNepUMeHTaNbHO (3, 4) 3aBMCHMOCTEN cTe-
nenn ycunenus E,/E, oT MaccoBoro coaepkanns HAHOHANIOTHATES

W, nns nanokomnosuros IITI/YHT (1, 3) m IIII/YHB (2, 4). 3a-
IITPHXOBAHHASA 00JIACTDh MOKA3bIBAET HHTEPBAJ KPHTHYECKHX CTPYK-

TYPHBIX TOYEK @ , Pn@ M @' 5 YKA3AHHBIX HAHOKOMIIO3HTOB

Fig. 3. Comparison of the calculated according to the equations (3) and
(4) (1, 2) and received experimentally (3, 4) dependences of the degree
of reinforcement E,/E,, on the mass content of nanofiller W, for the

nanocomposites of PP/CNT (1, 3) and PP/ CNF (2, 4). The dashed area
shows the interval of the critical structural points of ¢,, ¢;° and ¢,
for the above nanocomposites

3HayeHue a (cM. puc. 1) u, ciegoBaTelbHO, MaKCH-
MaJIbHO NOCTMXKUMOe 3HaueHue E,/E, nipu dpuxcupo-
BaHHOM 3HAYEHUU @,

Ha puc. 3 nmpuBeneHO cpaBHEHHE PaCcCUYMTAHHBIX
coryacHo ypaBHeHUSIM (3) U (4) ¥ MOJyYeHHBIX 3KCIIe-
PUMEHTAILHO 3aBUCUMOCTEN cTenenu ycunenus E,/E,,
OT MacCOBOTO COJEPXKAHNS HAHOHATIONHUTENA W, 11s
paccMaTpuBaeMbIX HAHOKOMITO3UTOB. Kak cienyer u3
9TOr0 CpPaBHEHMSI, MOJYYEHO XOPOIllee COOTBETCTBUE
TEOPUM U IKCIIEPUMEHTA — UX CPEIHEee PacXOXKIeHUE
cocTtaBisieT ~2,5 %, 4To maxe MEHbIIE MOrPEITHOCTH
9KCIIEPUMEHTA NIPU ONpesiesieHnu napamerpa £, /E, .

M B 3akimouyeHre pacCMOTPUM TIPUYMHBI U3MEHE -
Huda rpaagueHra dE,/dW, npu conepxanuun YHT
(YHB) ~1 macc. % nmnst paccMatpuBaeMbIX HAHOKOM-
mo3uToB. Kak mokaszano B pabote [6], IIsT HAHOKOM-
ITO3UTOB TIOJIMMEDP,/YTIIIepOIHbIE HAHOTPYOKM CYIIECT-
BYIOT TPM KPUTUYECKMX TOUKHU UISI CTPYKTYpPhl HaHO-
HaIoJIHUTEJISI B ToJIMMepHoO# MaTpulie. [1epBoii Takoit
KPUTUYECKOUN TOYKOM Ha 1IKajle KOHIEHTpALUI SBJIS -
€TCs MOPOT NEPKOIALIMU YIJIEPOAHBIX HAHOTPYOOK @,
KOTOpEIIf Hamboyee IPOCTO OMpPEmesseTCsl CISIyIo-
UM obpasom [6]:

2r
9 = 0,6( LVHTJ : Yl
YHT

VpaBHeHue (7) maet cienyroline 3HaUCHUST TOpoTra
MEPKOJISIINY YIVIEPOAHBIX HAHOTPYOOK (HAHOBOJIOKOH):
a1t HaHokommnosutos [I1/YHT ¢, = 0,90 macc. % u
o, = 0,69 macc. % — nna II1/YHB. Bropoii xputu-
YeCKOM TOYKOM SIBJISIETCS TTOPOT arperaTUBHOM yCTOM-
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YMBOCTH HAHOHATIOJHUTEISI @2 P , BBILLIE KOTOPOTO Ha-
YMHaeTCs1 ero arperauusi. BenmuuHa ¢fP onpenesnena
coIIacHO ypaBHeHU1o [16—18]:

olP = KT ®)
GmaCTp

rae y~ 10 — 6e3pa3MepHasi KOHCTaHTa; kK — MOCTOSIH-
Hag bonbumMana; 7' — abGcomoTHas TeMieparypa; 6, —
MOBEPXHOCTHAS YHEPIUS; A, — Pa3MeP CTPYKTYPHOM
€IVHULIBI.

B xauectBe T mpuHsTa TemiepaTypa MOJyYeHUs
paccMaTpuBaeMbIx HaHoKoMIo3uToB (7 = 463 K),
6,y = 0,10 Ix/m? [16] 1 derp = 2ryyr. [pu nenons-
30BaHMM YKa3aHHBIX MapaMeTPOB OLEHKU COIIACHO
ypaBHeHuio (8) maiot ¢iP = 0,96 macc. % mist HaHO-
komnozutoB II/YHT u ¢%P = 1,35 macc. % mis
II1/YHB.

M, HakoHel, TpeTbeil KPUTUUYECKOI TOUKOM SIBJISI-
eTCsl collepKaHue HaHOHAIOJHUTENS (pﬁp, npu Ko-
TOpOl OH oOpasyeT "3aMKHYThIe" KOJblicOOpa3HbIE
(opMUpOBaHUS ¢ KPUTUUECKUM PAAUyCOM R;(’HT [6]:

cTp

Kp — LYHT
Ryt m ©)
O1ieHUB BeIMYMHY RngT corjacHo ypaBHeHUO (9),
MOXHO PacCUMTaTh 3HAYCHUE Qp° C IMOMOLIBIO CO-
otHomeHus (1). 3HaueHHne (pgp 0Ka3aJioCh paBHBIM
0,80 macc. % niast Hanokommosutop IIIT/YHT u
IIT1/YHB. CnenoBatenbHO, BCce YKazaHHbIE KPUTH-
YeCKHe CTPYKTYpPHBIE TOYKM HAHOHAITOJHUTENIS B
MMOJTUMEPHOM MaTpHUIle YKJIAAbIBAIOTCS B JOCTATOY-
HO Y3KWU WHTEPBAI €ro KOHIEHTPAlMii, a UMEHHO
0,80...1,35 macc. %, KOoTOpHBIi MMOKa3aH Ha puc. 3 3a-
MITPUXOBAHHOM 061acThio. Kak MOXHO BUAETh, 3Ta
00J1acTh Ha IIIKaJle KOHIEHTpALWiT HAaHOHATIOTHUTE]IS
XOPOILIO COTJIACYETCS C KOHLICHTpAaLUe, IIpyu KOTOPOu
IIPOMCXOIUT U3MeHeHue rpagueHra d(E,/E,,)/dW,.
BOTO 0OCTOSTEIBLCTBO MO3BOJISIET MPEANONOXKUTh, YTO
TP yKa3aHHBIE BHIIIE KPUTUUECKUE CTPYKTYPHBIC
TOYKM HAHOHATIOJHUTEISI MMEIOT OTWHAKOBBIN (Pr3M-
YECKUI CMBICIT Y PEanu3yloTcsl MPaKTUYECKU OIHO-
BPEMEHHO.

3akimoueHue

Taxkum obpa3om, pe3yabTaTbl HACTOSILENW pabOThI
Mokasajiu, YTO B HAaHOKOMITIO3UTax MoJuMep/yriepo-
Hble HAHOTPYOKU (HaHOBOJOKHA) OCHOBHBIM (haKTO-
POM M3MEHEHMS UX CBOMCTB SIBISIETCS OTHOCUTENIbHAS
JI0JIs1 MOBEPXHOCTE! pa3nena a3, Kak 1 ISl Bcex Ha-
HoMmaTepuaysioB BooOiie. I1py HaaTuuum B3auMoaeicT-
BUI OTTAJIKMBAHUS MEXIy KOJblIeoOpa3HbIMU (Pop-
MMPOBAaHUSIMH YIJIEPOTHBIX HAHOTPYOOK yKa3zaHHasI
JIOJIS MTOCTOSTHHA U MaKCUMaJlbHa, 4TO Jej1aeT BO3MOX-
HbIM €€ MCMOJIb30BaHUE B KauecTBe 0a30BOI xapakTe-
PUCTUKM HaHOKoMMo3uTa. [TosiBieHne B3aumMomeicT-
BUI TIPUTSDKEHUSI TIPUBOIUT K PE3KOMY CHIDKEHUIO
OTHOCUTEJIbHOM IO MOBEPXHOCTEH pazaena a3, yTo
B KOHEYHOM WTOIe OIlpeesisieT CHUXKEHME CTeNeHU




YCWJIEHUSIT HAHOKOMIIO3UTOB, T.€. JA€T OTpHUIIATEJIb-
Hblii apdekT. Kputnueckuii MHIEKC B MEPKOJSILIM-
OHHOW MOJIEJIM YCUJIEHWST HAHOKOMITIO3UTOB SIBISIETCS
JIMHEWHOM cnagatonieil GyHKIMein noJIu IMOBEpXHOC-
Teil pasmena das. DTo o3HAYaeT HEOAHO3HAUHYIO 3a-
BUCUMOCTb CTEIIEHU YCUJIEHMSI OT COIAEpPKaHUSI HaHO-
HAIOJIHUTENISI, YTO OTKPBIBACT IIMPOKNE BO3MOXKHOC-
T YAYYIICHUS SKCIUTyaTAllMOHHBIX XapaKTePUCTUK
HaHOKOMITO3UTOB MOJIMMEP,/YIJIepoAHble HAHOTPYOKH.
ITpemnoxeHHast MePKOJILIMOHHAS TPAaKTOBKA MPUHIIU-
MNUAIBHO OTJIMYAETCS OT MUKPOMEXaHMYECKUX MOJIEe-
JIeli, MOCKOJIbKY OHa HE OIlepupyeT TaKMMU Tpaauiiy-
OHHBIMMU JUISI TOCJIEIHUX TTOKA3aTENSIMU, KaK MOIYJIN
VIIPYTOCTU MaTPUYHOTO MTOJIMMEPA U HAHOHATTOJTHUTE -
JIST, @ TAKXKE aCTIEKTHBIM OTHOIIIEHUEM TSI aHU30TPOII-
HBIX HAaHOHAIIOJIHUTEEH.
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The authors demonstrate that the main parameter, which determines the properties of the polymer nanocomposites and other na-
nomaterials is the fraction of the division surfaces of the polymer matrix — nanofiller. Within the framework of the percolation theory
of reinforcement the above fraction determines the critical index and, hence, the degree of reinforcement of the nanocomposites. An
important role is played by the type of interactions of particles (aggregates of particles) of the nanofiller.

Keywords: nanocomposite, carbon nanotubes, division surfaces, interaction, percolation, reinforcement degree

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 5, 2018 263




For citation:

Kozlov G. V., Dolbin I. V. Influence of the Nanofiller Interactions on the Reinforcement Degree of the Nanocomposites
of the Polymer/Carbon Nanotubes, Nano- i Mikrosistemnaya Tekhnika, 2018, vol. 20, no. 5, pp. 259—266.

DOI: 10.17587/nmst.20.259-266

Introduction

In recent 25 years great attention has been devoted to the
research of the polymeric nanocomposites, which is reflected
in a sharp increase of the publications on this subject [1]. In
this period numerous nanocomposites with nanofillers of dif-
ferent classes, using most varied polymers as matrixes, were
developed. However, in the practical aspect and theoretical
interpretation of the above nanomaterials a big imbalance is
quite obvious. For a quantitative description of the properties
of the nanocomposites the rule of mixtures of its different
modifications is mainly used, as well as its derivative micro-
mechanical models [2], which have a number of inherent
drawbacks. Firstly, they employ the properties of the compo-
nents of the nanocomposites (matrix polymer and nanofiller),
instead of the structural characteristics. Secondly, they apply
the initial characteristics of the specified components, which
for the nanocomposites can differ essentially from the real
characteristics of the same components in a polymer nano-
composite, which is due to the two effects typical for these na-
nomaterials: aggregation of the initial particles of the nano-
filler and formation of the interphase areas. So, the authors of
the article [3] proposed a procedure for calculation of the
module of elasticity of the specified components of Eag and
Ey, accordingly, and discovered, that for the nanocomposites
of the polyvinyl alcohol/carbon nanotubes Eag =71+£55GPa
and E;.= 46 £ 5.5 GPa at the rated values of the moduli of
elasticity of the carbon nanotubes ~1000 GPa and of the ma-
trix polymer ~2 GPa. Thus, the micromechanical models use
not the real, but the fictitious values of the specified param-
eters. The same conclusion can be drawn in case of the ani-
sotropic nanofillers (carbon nanotubes, organoclay, graph-
ene, etc.) and their aspect relations [4].

The specified drawbacks of the micromechanical models
resulted in development of new theoretical approaches using
an essentially different basis. Firstly, the interpretation of the
polymeric nanocomposites as random mixtures allows us to
use the percolation models for their description [5]. These
models have been successfully applied for description of the
properties of the nanocomposites of the polymer/carbon na-
notubes [6—8]. Secondly, for the carbon nanotubes a specific
kind of aggregation is formation of the ring-shaped structures
by them [4], which is due to a high aspect relation and low
transverse stiffness of this nanofiller. This circumstance allows
us to model the above mentioned ring-shaped structures as
the macromolecular coils [9—11]. And, thirdly, the decisive
role of the numerous phase division surfaces in the nanoma-
terials in general as a base for an essential change of the prop-
erties of the solid bodies is of a fundamental importance [12].
This principle is also correct for of the polymer nanocompos-
ites [13]. Proceeding from the above, the aim of the present
work is description of the degree of reinforcement of the na-
nocomposites of the polypropylene/carbon nanotubes (na-
nofibers) on the basis of the three principles specified above.

Experiment

The role of the matrix polymer was played by commer-
cially available Kaplen polypropylene (PP) of 01 030 brand
with the average molecular weight of (2...3) - 10% and poly-
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dispersity index of 4.5. As the nanofiller the carbon nanotubes
(CNT) of Taunit brand were used with the external diameter
of 20—70 nm, internal diameter of 5—10 nm and length over
2 micrometers. Besides, the multilayered nanofibers (CNF)
were used with the number of the layers of 20...30, diameter
20...30 nm and length over 2 micrometers. The mass content
of both types of the nanofillers varied within the limits of
0.15...3.0 % of weight.

PP/CNT and PP/CNF nanocomposites were obtained by
mixing of components in Thermo Haake two-screw extruder
of Reomex RTW 25/42 model, (Germany). Mixing was done
at temperatures of 463...503 K and the screw rotation speeds
of 50 min~! during 5 minutes. The test samples were obtained
by the die cast method on Test Sample Molding Apparate
RR/TS MP from Ray-Ran Co. (Taiwan) at 483 K and pres-
sure of 43 MPa.

The mechanical tests for a uniaxial tension were done on
the samples in the form of a two-sided shovel with the sizes in
accordance with GOST 112 62—80 standard, on T-TCS 2000
universal testing machine, manufactured in Germany, at 293 K
and speeds of strain of ~2 X 1073 s L

Results and discussion

In a polymeric matrix of nanocomposite the carbon nan-
otubes (nanofibers) form ring-shaped structures, the radius
Rcen of which can be defined by means of the following cor-
relation [14]:

2
nlL r
(2RCNT)3 — CNT'CNT , (1)
P
where Loyt and rony — length and radius of a carbon na-
notube, accordingly; ¢,, — volume content of the nanofiller,

which can be estimated according to the following formula
[15]:

/4

— n
¢y = —,
n pn
where W, — mass content of the nanofiller, p,, — its density
defined in the following way [15]:

p, = 188Qrenp /3, kg/m?,

where ren is given in nanometers.

As is shown in [12], the relative fraction of the phase di-
vision surfaces ¢, is estimated according to the following cor-
relation:

o= @

where s — width of the border region, L — size of a grain in
the nanomaterials.

With reference to the considered nanocomposites the cor-
relation (2) can be presented in the following way:

_ 3

(Pnp RCNT ’

where /;; — thickness of the interphase layer.




The value of /;is defined by means of the following for-
mula [14]:

3
7 + 1.
(plf: (Pn{( CNT 1fJ _ 1:| ,

where Qi — relative fraction of the interphase regions, which
is calculated with the help of the following percolation cor-
relation [14]:

o

no= 1+ (g, + 0",

7

where £, and E,, — elasticity moduli of the nanocomposite
and matrix polymer, accordingly (the correlation of E,/E,, is
usually called a degree of reinforcement of a nanocomposite).

And, at last, within the framework of the percolation
model of reinforcement of the nanocomposites the value of
E,/E,, is presented in the following way [6, 7]:

En
2= 111, 3)

m

where a — percolation index, close to the standard percola-
tion indexes of B, v and .

The affinity of index a to this or that standard percolation
index reflects the type of the reinforcing component of a na-
nocomposite. So, at @ ~ 3 ~ 0.40 a nanocomposite is rein-
forced by the interphase regions (true nanocomposites), at
a ~v=~0.80 — by the aggregate of the nanofiller and the in-
terphase regions, and at a ~  ~ 1.60 — only by the nanofiller
or filler (microcomposites). Thus, introduction of the initial
nano-sized particles into the matrix does not guarantee a na-
nocomposite in the long run [6].

Fig. 1 presents the dependence of index a on the fraction
of the phase division surfaces of ¢y; = (3/;/Rcny) for the
nanocomposites of PP/CNT and PP/CNF. This depend-
ence shows a linear recession a in the process of growth of
(3l,-f/RCNT), which according to the equation (3) means an
increase of E,/E,,. The correlation between the parameters a
and (3ll»f/RCNT) is described by the following equation:

a =16 — 3.35G1,/Rent) )
or

a = 1= 335031,/ Rony). 5)

The diagram allows us to draw a number of conclusions.
Firstly, the considered nanostructured polymeric composites
basically belong to the category of intermediate nanocompos-
ites. Secondly, the true nanocomposites (a < 0.40) are realized
at (3lz'f/ Rcent) > 0.37, which is rather close to the estimation
of (pl-f> 0.50 made in [12]. And, thirdly, the equations (4) and
(5) show, that a decrease in index a can be realized either in
case /, is increased or Reynr is decreased.

The authors of the work [16] demonstrated the important
role of interactions between the nanotubes for reinforcement
of the nanocomposites of polymethylmethacrylate /function-
alized multiwalled nanotubes. Within the framework of the
micromechanical models [2] it was revealed, that appearance
of the specified interaction leads to a change of the category
of these nanomaterials from true nanocomposites to the in-
termediate ones. It is possible to estimate the interactions be-
tween the ring-shaped formations within the framework of
their modeling as the macromolecular coils [4]. The fractal

dimension D, of the specified formations is defined by means
of the following equation [9]:

~1/(d- D)
Rent = 3409, i

where d — dimension of the Euclidean space, in which the
fractal is considered (in our case, obviously, d = 3).

The interactions between the ring-shaped formations of
the carbon nanotubes within the framework of the specified
analogy are determined by parameter ¢ connected with di-
mension Dy by equation [16]

_ 2
D= =1 (6)

Since variation Dy equals to 1...3 [6], then, according to
equation (6) we get variation ¢ = 1...—1/3. In case D.= 2.0,
that is, analogy with the macromolecular coil in an ideal 0 sol-
vent, ¢ = 0 and interactions between the ring-shaped forma-
tion are absent. In case Dfis less than 2.0, the values of ¢ are
positive, which corresponds to the interactions of repulsion,
while, if Df > 2.0 the values of ¢ are negative, which corre-
sponds to the interactions of attraction [16].

Fig. 2 presents the dependencies of the fraction of the
phase division surfaces ¢ = (31,-f/RCNT) on parameter ¢ for
the considered nanocomposites. These dependencies are di-
vided into two linear sections with the boundary value of
¢ = 0. In case of the positive values of ¢, that is, the interac-
tions of repulsion between the ring-shaped formations, the
value (3/;/Rcny) does not depend on & and is constant:
(31y5/ Rent) = const ~0.268 for the nanocomposites PP/CNT
and (3ll-f/RCNT) = const ~ 0.192 for PP/CNF. It is obvious,
that according to the equations (4) and (5), in this case index
a is a constant value equal to ~0.70 for PP/CNT and ~0.96
for PP/CNF. It is possible to assume, that the constant values
of (3lz'f/RCNT) at ¢ > 0 are the characteristics of quality of a
nanocomposite, because exactly they define the minimal val-
ue of a (see fig. 1) and, hence, the maximal possible achiev-
able value of E,/E,, at the fixed value of g,

Fig. 3 presents a comparison of the calculated according
to equations (3) and (4) and received experimentally depend-
ences of the degree of reinforcement of E,/E,, on the mass
content of nanofiller W), for the considered nanocomposites.
As it follows from this comparison, we have a good conform-
ity of the theory and the experiment — their average diver-
gence is ~2.5 %, which even less than the experiment error
during determination of parameter E,/E,,.

And in conclusion we will consider the reasons for varia-
tion of the gradient of dE,/dW,, at the content of CNT (CNF)
of ~1 % of weight for the considered nanocomposites. As is
shown in [6], for the nanocomposites of the polymer/carbon
nanotubes there are three critical points for the structure of
the nanofiller in a polymeric matrix. The first such critical
point on the scale of concentrations is the percolation thresh-
old of the carbon nanotubes ¢, which is most simply defined
as follows [6]:

0. = 0.6| 2renT| 7
LCNT

Equation (7) gives the following values of the percolation
threshold of the carbon nanotubes (nanofibers): for PP/CNT
nanocomposites — ¢, = 0.90 % of weight and ¢, = 0.69 % of
weight — for PP/CNF. The second critical point is the
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threshold of the aggregate stability of the nanofiller ",
above which its aggregation begins. The value of ¢,° was
found in accordance with equation [16—18]:

off = KT ®)
O_mastr

where y~ 10 — dimensionless constant, kK — Boltzmann con-
stant, 7' — absolute temperature, c,, — surface energy, a,, —
size of a structural unit.

As T the temperature for obtaining of the considered na-
nocomposites was taken (7' = 463 K), o, = 0.10 J/m? [16]
and ay,. = 2rcnt. During the use of the specified parameters
of estimation, according to the equation (8), ¢ = 0.96 % of
weight for the nanocomposites of PP/CNT and o,° = 1.35 %
of weight for PP/CNF.

And, finally, the third critical point is the content of the
nanofiller o, , at which it forms "closed" ring-shaped forma-
tions with the radius of Rinr [6]:

Rent = ch—:T : )

Having found the value of R(\y in accordance with equa-
tion (9), we can calculate the value of ¢, by means of corre-
lation (1). The value of ¢, turns out to be equal to 0.80 % of
weight for the nanocomposites PP/CNT and PP/CNF.
Hence, all the specified critical structural points of the nano-
filler in the polymeric matrix are within a rather narrow range
of its concentrations, namely, 0.80...1.35 % of weight, which
is shown in fig. 3 as the shaded area. As one can see, this area
on the scale of concentrations of the nanofiller agree well with
the concentration, at which d(E,/E,,)/dW,, gradient changes.
This circumstance allows us to assume, that the above men-
tioned three critical structural points of the nanofiller have
identical physical significance and are realized practically si-
multaneously.

Conclusion

Thus, the results of the present work demonstrated, that
in the nanocomposites of the polymer/carbon nanotubes (na-
nofibers) the major factor of variation of their properties is the
relative fraction of the phase division surfaces, just like for all
the nanomaterials in general. In the presence of interactions
of repulsion between the ring-shaped formations of the car-
bon nanotubes the specified fraction is constant and maximal,
which makes it possible to use it as the base characteristic of
a nanocomposite. Appearance of the interactions of attraction
leads to a sharp decrease of the fraction of the phase division
surfaces, which, in the long run, determines a decrease in the
degree of reinforcement of the nanocomposites, i.e. gives a
negative effect. The critical index in the percolation model of
reinforcement of the nanocomposites is a linear falling func-
tion of the fraction of the phase division surfaces. This means
an ambiguous dependence of the degree of reinforcement on
the content of the nanofiller, which opens ample opportuni-
ties for improvement of the operational characteristics of the
nanocomposites of the polymer/carbon nanotubes. The pro-
posed percolation interpretation differs essentially from the
micromechanical models, because it does not operate with
such characteristics, traditional for latter, as the moduli of
elasticity of the matrix polymer and nanofiller, and also the
ratio for the anisotropic nanofillers.
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BBenenne

IlepcneKTUBHBIM HamNpaBJIEHHEM Pa3BUTHS ad3poO-
KOCMHMYECKOI TEXHUKHU SIBJISIETCS CO3IaHMe M pa3pa-
00TKa MUKPOOECITUIOTHBIX JIeTaTeJIbHBIX allapaToB
(MmuxpobJIA) [1]. st co3manus nepcrieKTuBHBIX BJIA
¢ TypbopeakTuBHbIM aBurateneM (TPI) TpeOyrorcs
BBICOKO3(p(pekTrBHBIE cTapTep-reHeparopkl (CI'), nume-
IOIIMe MaKCUMAaJbHYIO TIJIOTHOCTb SHEPTUM M MakK-
CUMaJIbHBIM KO3(GULIMEHT MOJe3HOro NeucTBuUs [2].
IMTomuMo MukpoBJIA ¢ TypOopeaKTUBHBIM IBUTraTe-
JieM, 3a7a4m co3mgaHust BeicokoaddekTuBHbIX CI' cTO-
aT 1 B MUKPOBJIA Ha ayeKTpuuyeckoi Tsre. I'J1aBHbIM
HamnpaBJIeHUEM HMX DPa3BUTHUS SIBISIETCS TPUMEHEHUE
ruopunHbIX cxeM, rae CIT aBisieTcss OCHOBHBIM MCTOY-
HUKOM 3HEPruyd U BO MHOIOM OIIpeAesisieT BO3MOX-
HocTu MUKPOBJIA, BpeMsl IojieTa U €ero CKOPOCTHBIE
XapakTepucTuku [3—>5].

Hauboiee a3¢pdpekTMBHO TpeOOBaHMS, NPEIbIBIS-
emble K CI' MukpobJIA, MoryT OBITh peaiM30BaHbI C
MOMOIIBIO BHICOKOOOOPOTHBIX MarHUTOJIEKTPUIECKUX
re”HepatopoB (MBI') ¢ 3ybuoBoii oomoTkoit (MBT'30)
[2]. IpenmyiectBamn MBOI'30 gBiISIIOTCS OTCYTCTBHE
HEOOXOAMMOCTH MOJaYu HEPrUr IJIsT BO3OYXXACHUS,

MUHMMaJbHble Ta0apUTHBLIE pa3Mephbl JIOOOBOTO BHI-
JieTa Giarogapsi MpUMEHEHMIO 3yOLIOBOIl OOMOTKHU U,
COOTBETCTBEHHO, CHIXKEeHHUE MIMHBL potopa TP, uto
MOJIOXUTEBbHO CKa3bIBACTCS HAa BCEI pOTOPHOI TMHA-
muke TP/I.

B npoektupyemom CI' yactora BpallleHUsI poTopa
TP/, cocrasmsia 60 000 06/MuH, 4YTO OOYCIOBIEHO Xa-
paktepuctukamMu TP. OrpaHM4eHHOCTb MOIIHOCTH
MBI Ha ypoBHe 5 kBT coBpeMeHHBIX MUKPODBJIA BbI-
3BaHa OrPaHUYEHHOCTBHIO MOIIHOCTU M oobema TP]I,
TakK Kak MMeHHO oT Basia TPJI orbupaeTcss MmexaHuvec-
Kasli MOIIHOCTh JJIs1 BeIpaboTku MBI anekTpuyeckoit
sHeprur. OobeMoMm TP onpeaensioTcst npaKTUYeCKH
Bce pa3mepbl MUKpOBJIA [6—S§].

YBenuueHue riotHocTd MoutHoct CI' mo3BossieT
YMEHBILIUTb €ro 00beM U yBeauuuTh 0obeM TP npu
HEeU3MEeHHBIX pa3Mmepax MUKpoBJIA. Dto obecneuyut
yBeJIMueHHe BpeMeHU noJjieta MUKpobJIA, ero ckopo-
CTH U MOJIE3HON HArpy3KH, TOATOMY 3ajadya yBeJnue-
HUS TIOTHOCTU MolqHocTu CI' gBiasieTcss BaxXHOU U
BO MHOTOM OTIPEIEISIONIe TAKTUKO-TEXHUIECKHUE Xa-
pakTepucTuku MUKpOBJIA.

B MOBI mnpepnaraercsd MCOOJIb30BaTb MarHUTO-
MPOBOJI cTaTopa U3 aMopdHOro xejuesa U 3y0LIOBYIO
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00MOTKY. AMOp(HOE XKeae30 M03BOJIsIeT MUHUMU3U-
poBaTh MOTEPU B CTAIU B 5S—7 pa3 Mo CPaBHEHMIO C
KPEeMHMEBBIMU WU KOOATBTOBBIMU cIlJlaBaMu [9—11].
3ybuoBasi 0OMOTKAa MCHOJAB3YETCSl ISl TOCTMIKEHMSI
MUWHUMaJbHBIX Ta0apUTHBIX pa3MepoB, a 3TO MpPUBeE-
JIeT K MosIBJAeHUI0 B MBI mpocTpaHCTBEHHBIX TapMO-
HUK MarHuToaBuxkyieit cuibl (MJIC) u HaBeaeHUIO B
IMOCTOSTHHBIX MarHUTaxX BUXPEBBIX TOKOB. J11 MUHM-
MM3alMU OTUX MTOTEPh HA BUXPEBbIC TOKU B MOCTOSIH-
HBIX MarHuMTax ObUIa pellleHa 3amadya MHOTOKPUTEPH-
aJIbHOM ONTUMM3aLUU 11a30Boi 30HbI MBI, B pesyib-
TaTe MOTEPU B ITOCTOSIHHBIX MarHWUTaX CHU3WINCH B
2—2,5 pa3za.

1. IIpoekTHpoBaHNe W ONTHMHA3ATAS
npeajiaraeMoi TOnoJOruu

OCHOBHOI HOBU3HOU U TPYIHOCTbIO NPU pean3a-
uun MBI'30 sBasgeTcs Mcnojb3oBaHUe aMOpPGHOro
XeJie3a, Mo3TOMY ObLT BBIOpaH CJIENYIOINI alrTOpUTM
npoextupoBanusgs MBI'30.

Illae 1. OnpeneneHue yncia ma3oB cTaTopa. CxeMa
oxnaxaeHuss M3T'30 u uncio nazoB — (PUKCUPOBAH-
Hble. BeiOop MaTepuanoB poropa, IpeaBapUTeIbHbIE
9JIEKTPOMATHUTHBIE pacyeThl s BO3MOXHbBIX Bapu-
aHTOB YMCJa IIOJI0COB poTopa. PacueTbl 0OMOTOYHBIX
JNAHHBIX U MeXxaHWuyecKue pacyeThl potopa. CpaBHe-
HHE PACCMOTPEHHBIX TOTIOJIOTMI M OIpeIeIeHre OIl-
TUMaJIbHOTO YMCJIa T1ap MOJIIOCOB POTOpA.

Illae 2. Ananu3 potopHoit suHaMuku MBI'30 cos-
MecTHO ¢ BasioM TPII. B ciyyae HeynoBiIeTBOpUTEb-
HBIX PE3yJbTaTOB MOBTOpsieTC 1Iar 1 1 BhIOMpaIOTCs
HOBBIE TEOMETPUUECKUE pa3Mepsl potopa. Ilpu yooB-
JIETBOPUTEIBHBIX pe3ybTaTaXx MPOEKTUPOBAHUE TIPO-
JTOJIXaeTcs.

Illae 3. Ontumuzauusi ma3oBoir 30H6I MBI'30 u
pa3MepoB Ma30BOro eppoOMarHUTHOTO KJIIMHA TT0 KPH-
TEPUI0 MUHUMAJIbHBIX ITOTEPh C MOMOILbIO TeHETUYEeC-
KHUX aJTOPUTMOB, PEAIM30BAHHBIX B KOMMEPUYECKUX
MPOrpaMMHBIX ITPOIYKTAaX.

llae 4. Termnosele pacyetsl MOI'30. B cayyae He-
VIOBJIETBOPUTEILHBIX PEe3YIBTATOB BEHITIONHSIETCS KOP-
pPEKTUMpPOBKa Ha Iare 3 Wi, eclv MO3BOJSIOT TEXHO-
JIOTMYEeCKNEe BO3MOXHOCTH, ONTUMM3AINsS CUCTEMEI
oxnaxneHus. [Ipy ynoBIeTBOPUTENbHBIX pe3yabTaTax
CO3J1aeTCs1 MaKeTHbBI oOpasell.

INpenaraeMelii afTOPUTM OTJIMYAETCS OT M3BECT-
HBIX METOHOJIOrMil mpoekTupoBaHus MOI [12—14]
BBIOOpPOM M (puKcanMeld yucaa Ma3oB, a TAaKXKe CUC-
TEMOM OXJIAXIECHUS U OTCYTCTBMEM OrpaHUYCHUI Ha
YUCJIO TOJIOCOB. DTU OTJAMYMS OOYCIOBJIEHbI TEXHO-
JIOTUYECKNUMU OCOOCHHOCTSIMM MCIIOJIb30BAaHMS aMOp-
¢Horo xkeneza. OGBIYHO B BEHICOKOOOOPOTHBIX DJIEKT-
pUUYECKHUX MalllMHaX MCITOJb3YyeTCsl OfHAa Tapa MoJto-
COB IIJI1 MUHMMM3AlMK TIOTEPh B Xeye3e cratopa. Ho
MPU UCMHOJIb30BaHUN aMOP(HOTro Xeje3a, Y KOTOPOro
U TaK OYEeHb HU3KHWE YACIbHBIC MOTEPU, MOXKHO MC-
MOJIb30BaTh 0OJIbllIEe YKMCIIO MOJIOCOB, KOTOPOE Orpa-
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Puc. 2. Cucrema oxnaxnenns MOI'30
Fig. 2. Cooling system for TCMEG

HUYMBAETCS YMCJIOM T1a30B CTaTOpPa, T.e. BO3MOXHOC-
ThIO peaau3aly cXeMbl OOMOTKH ISl ONPeaeIeHHOTO
YH1cyia Ma3oB Ha Tomoc 1 (a3y. B ocTtanbHBIX MOMEH-
TaxX aJITOPUTM CXOXK CO CJIEIYIOLIEH YCTOSBIIECHACS I1OC-
JIEIOBATEJIbHOCTBIO pacyeToB [12—14].

Ilae 1. Ing ncnonb30oBaHUST aMOP(HOTO keje3a B
cratrope MOI'30 npennaraercsl CleIyrOLINIA TTOIXOM:
M3 JICHTBI aMOpMHOTO Xeje3a POpMUPYIOTCS HECKOTb-
KO MAarHUTOIIPOBOAOB TPeYyrojbHOi (opmbl. Hucio
TPEYTOJIbHBIX MATHUTOIIPOBOJOB COOTBETCTBYET YUCITY
ma3oB ctaropa MBI'30. BaxkHO OTMETUTD, YTO B LIESIX
SKOHOMUYECKUX M3IePKEeK TIPH TTPOU3BOJICTBE XKela-
TEJbHO, YTOOBI YMCIIO MaHHBIX MMA30B OBUIO MWHU-
MaJIbHbIM.

Ha puc. 1 (cMm. BTOpyto CTOpOHY OOJIOXKKHU) TTpUBE-
JI€Hbl MarHUTOIIPOBOABLI M3 aMOPGHOTO Xeje3a st
npoektupyemoro MOI'30, onHO M3 BaXHBIX ITPENMY-
IIECTB KOTOPBIX — TEXHOJIOTUYECKNE BO3MYIITHBIC Ka-
Haibl os oxiaxaeHuss MBI'30 (puc. 2), pacmojio-
JKEHHBIE B TeJIle CTaTopa, YTO 3HAYMTENBHO YIIy4YIlaeT
TEIIOOTBOJ, OT aKTUBHOM 30HEI MBI'30. Bo3ayx nBu-
JKETCS TI0 TpeM IIyTSIM: B TeJle cTaTopa, MO BO3MYIITHO-
MY 3a30py U 10 OBepXHOCTH ctartopa. I[Ipu orkase oT
BHeILlHero kojbla (cM. puc. 1, a) CI' Oynet uMeTh Bce-
o IBa KaHaya oxJIaxaeHus. st MUHUMM3a1uy a3po-
JWHAMUWYECKUX MOTepb B 3a30pe MEXIY CTaTOPOM M
poTOpOM OBIJIa YCTAaHOBJIEHA KepaMU4yecKash BTYJIKA.

Cratop ObUI BBITIOJHEH U3 aMoOp(HOro Kele3a
Mapku SBJACP ¢ unaykuueit HaceieHust 1,35 Ta u
yIOeTbHBIMU TTOTEPSIMM He Gojiee 5 BT/KT mpu yacroTte
1000 I'u m manykoum 1,25 To.

Oomotka MBI'30 — 3yboBass U3 MHOTOXUJIBHOTO
npoBoxaa. M3osius mpoBona — MOJMUMUIHAS C TeM-
nepaTypHbIM uHuekcoM 220 °C. [dng MUHUMM3AAW
rapMoHuk MJIC ucmoiib3oBaH (peppOMarHUTHHINA ma-
30BbII KJIMH.

PaccmaTpuBanm n1Be KOHCTPYKTHUBHEIC CXEMBI CTa-
TOpa: MarHUTOIPOBO/ U3 JICHTHl M1 MAarHUTOIIPOBOJ U3
HECKOJBKUX CepaeYHUKOB. OUeBUIHO, UTO TIEPBBIA
MarHMTOIIPOBO 0oJiee MPOCT B U3TOTOBJICHUH, a BTO-
poit uMeeT OoJiee HU3KME MOTEPU HA BUXPEBbIE TOKU U




rucrepesuc. ['eomeTpuyeckue pasMepbl MarHUTOIIPO-
BOJIa CTaTOpa BHIOMPAIM TaK, YTOOBI MHIYKLIMS B 3y0-
llax 4 CIUHKe Oblla OAMHAKOBOW. B 3TOoM ciyuae
yaeTbHBIe TIOTEPW B 3yOmax W CIIMHKE OyayT OgWHa-
KOBBIMH, a TIOJTHBIE TTOTEPH B Keje3de cTaTopa OyayT
3aBUCETb OT Macchl 3y0HoB M crtmHku. B M3I'30 ¢
pacripeesieHHON 0OOMOTKOM M MarHUTONPOBOJIOM U3
BIIEKTPOTEXHUUECKOI CTAIU CJIOKHO JOCTUYb OJUHA-
KOBOI Macchl 3yOLI0B 1 CIIMHKU, [TO3TOMY pacrpee-
JIeHWE TIOTeph 110 MArHUTOIIPOBOAY CTAaTOpa B HUX
MpakTUYEeCKU Bcerga HepaBHOMepHoO. Jlyist aByxmo-
mocHoro MBI'30 co mraMnoBaHHBIM MarHUTOIIPO-
BOIOM TIOTEpPW B CIIMHKE CTaTopa OoJIbllle MOTEeph B
gyonax. B mpemnaraemom MOI'30 cnmHka cratopa
(bopMUpyeTCS OTHESIBHO OT 3yOIIOB, YTO MTO3BOJISIET IO~
CTUTHYTBH MPUOIN3UTEIHFHO OTMHAKOBOM MAacChl CITUH-
K1 1 3y01oB (pa3Huna He 6omee 20—30 %), mosTomy
pacnpeje/ieHUe MOTeph B Xejle3e cTaTopa MpakTuyec-
KU PaBHOMEPHO.

C y4eToM reoMeTpryeCcKuX pa3MepoB cTaTopa ObLIU
paccuMTaHbl pa3Mepnl poTopa. MapKa MOCTOSIHHOTO
MarHuTa Mapku — SmCo (B.= 1,07 Ti; H, = 756 KA/Mm).
st obecrieueHusI MEXaHUYECKOM MMPOYHOCTU pOTOpa
MOBepX MAarHUTOB ObLIa YCTaHOBJICHA BTYJIKA M3 yT-
JIETUTACTUKOBOTO BOJIOKHA, KOTOpask UMEET JOCTaTOU-
HYIO MEXaHWYECKYIO IMMPOYHOCTDh U 00eCTICYNBACT MU~
HUMAaJIbHBIE TTOTEPH Ha BUXPEBBIC TOKW B OAHIAKHOM
000JI0UKE.

Ha cragym mpemBapWTeIbHBIX pacyeToB paccMart-
pUBAIN YETHIPEXITOIIOCHYIO 1 ABYXITOJIIOCHYIO TOTIO-
sorur. OOBIYHO B BBICOKOOOOPOTHBIX SJIEKTPUIECKUX
MalllTHAaX MCITOJIL3YeTCS OfHA rapa IOIOCOB UTST MU-
HUMU3AlMY OTeph B Xkesese cratopa. Ho Tak kak npu-
MeHsieTcsl aMop¢hHOe Xkejie30 ¢ 0UeHb HU3KMMMU YIEeb-
HBIMM TIOTE€PSIMU, B TOMOJOTMY MOXHO MCITOJIb30BaTh
1 OOJIBIIIOE YUCTIO TOJIIOCOB, KOTOPOE B TAHHOM CIy-
Yyae OrpaHMYMBaAETCS YKMCIOM a30B cTaTopa. B Tabi. 1
MIPUBENCHBI Pe3yIbTaThl PACYCTOB YETHIPEXITOTIOCHOM
U IBYXNIOJIIOCHOI Tomonoruit M3I'30.

M3 Tabu. 1 BUAHO, YTO YETHIPEXITOIOCHAST MAaTHUT-
Has CHCTeMa ITO3BOJISIeT JOCTUYhb 00Jiee HU3KMUX Mac-
corabapuTHbix nokazateneit MOI'30 3a cuer oTKaza
OT BHEIITHETO KOJIblIa MATHUTOIIPOBOAA M3 aMOP(HOTO
xene3a. MHOyKIWs B MarHUTOIIPOBOJE CTaTopa B Ue-
TBIPEXIIOJIOCHOM MarHuTHoM cucteme — 1,2 T, no-
Tepy B MOCTOSHHBIX MarHutax — 3 - 103 BT/M3. Ha
aTane ONTUMU3ALUUM ObUIM PacCMOTPEHbI BapUaHTHI
BBITIOJIHEHUSI POTOPA M3 HECKOJbKUX IMOCTOSIHHBIX
MAarHUTOB, PACIOJOXEHHBIX IPYT 32 IPYTOM B OCEBOM
HanpaBjieHuu. [1pu paBHOM BBIXOZHOM HAaTIpSKEHUU
B TOIIOJIOTHUSIX YMCJIO BUTKOB, TUIOTHOCTh TOKa W TIO-
Tepd B OOMOTKE MEHBIIE B YETHIPEXITOJIOCHON CHC-
teme. [Ipy 3TOM 3HAYMTETBbHBIE HEIOCTATKM TaKOMU
CHCTEMBI — BBICOKAs YacToTa IepeMarHUYMBaHMSI
craropa (2000 ') 1 oOycCJIOBIECHHBIE 3TUM MOTEPU B
MarHMTOINPOBOJEC Ha BUXPEBbIE TOKW U TUCTEPE3UC.

IIpu ABYXIIOJIOCHOM MAarHUTHOI CHUCTeMe 4acToTa
nepeMarHmymBaHuss cratopa cocrtasiasger 1000 I'm, a
WHOYKIIMS B MarHUTOIpoBoae craropa — 1,5 T, T.e.
BBIllIe MHAYKLUU HackieHus crutaBa SBACP. TTotepu
B MOCTOSIHHBIX MarHUTaxX Ha BUXPEBbIE TOKU U TUCTe-
pesuc cocrasistior 2,1 - 108 Br/m>, uto Ha 30 % MeHb-
11Ie, YeM B YeThIPEXMOJIOCHONH MarHUTHON CUCTeMe.

O4YeBUIHO, YTO YBEJIMYEHHUE YACTOTHI MepeMarHu-
YUBaHUS MEXIY IBYXIOJIOCHON U YEThIPEXITOJIOCHOM
MarHUTHOM cUcTeMaMU B 2 pa3a IPUBEIET K yBeInJe-
HUIO TIOTEPb Ha BUXPEBbIE TOKU B YETHIPEXITOJIOCHOM
MBI'30 B nepBoMm npubamxkeHuu B 4 paza. Ho macca
MarHUTONPOBOJA ABYXIojJiocHoro MBI'30 Bhille B
2 paza, uHaykuus Boire Ha 20 %, a morepu omnpeze-
JISIFOTCSI MAcCOM MArHUTOINPOBOAA, MAarHUTHOU WH-
OyKuue u yactoroir. [ToaToMy UTOroBble MOTEPU Y
YeThIPEXIOJIOCHOr0 poTtopa OyayT Bcero B 1,5 pasza
0oJIblIIe IBYXIOJIOCHOTO.

Tak xak ucnosb3yercst aMmopgHoOe Xejie30, IoTepu
B ctatope npu yactote 2000 I'u u unaykouum 1,2 Tn
B YETBIPEXITOIIOCHOH TOIIOJIOTUM He OYAYT IMPEBBIIIATD
7 Bt, a B aByXmomtocHoil — 4,6 Bt. Jlanee 3TOT BBIBO

Tabauua 1
Table 1
IMapamerpst MBOI'30 no npenBapuTesibHbIM pacueTam
Parameters of TCMEG by preliminary calculations

Tn
Saturation induction, T

TTapaMeTnst JByxmiontocHast | YeTbIpexmontocHast
Op tiong cucTeMa cucreMa
P Two-pole system Four-pole system
MormnrHocTs, KBT 5 5
Power, kW
Yacrora BpalleHUs 60 000 60 000
poTopa, 06/MUH
Rotor speed, rpm
JeiicTBytouiee hazHoe 115 115
HarpsekeHue, B
Effective phase voltage, V
Tun matepuana 5BJCP, 5BJCP,
TOJIIIMHA 25 MKM | TOJIIIMHA 25 MKM
Material type 5BDSR, 5BDSR,
thickness 25 um thickness 25 um
WHnyKims HachIEHUS, 1,35 1,35

THIT TTOCTOSTHHBIX Mar-
nutos, B(Tn)/H.(kA/m)
Type of permanent mag-

nets, B(T)/H (kA/m)

SmCo, 1,07/756

SmCo, 1,07/756
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Marepuan 6aHgaXHOMN Kap6on Kap6on

000J10YKH1

Material of the shroud Carbon Carbon

[Tpenen mpoyHOCTH Ma- 1500 1500

Tepuaia OaHIAXKHOK

obonouku, MIla

Strength of the material of

the shroud, MPa

Macca akKTUBHBIX 1 0,8

YacTeu, Kr

Mass of active parts, kg

XJagareHT Bosznyx Bosnmyx

Refrigerant Air Air
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OydeT mokasaH sKcnepuMeHTaIbHO. C yyeToM TOro
YTO MOTEPU B OOMOTKE Y YEThIPEXIOJIOCHON TOMOJIO-
run Hioke (22 Bt nipu 62,5 Br y ABYXIOMIOCHOI), TTpH
peanuzanuu MBI'30 ObL1a BEIOpaHa YETHIPEXIIOIIOC-
Hast ToroJjiorus. MToroBele moTepy B MAarHUTOIIPOBO-
Jle cTaTopa B JaHHOM ToImosoruu pasHbl 29 BT, a mig
JIBYXTIOIOCHOU — Goiee 60 Br.

DTOT pe3yabTaT OTJINYAET MPEACTABIICHHYIO paboTy
OT U3BeCTHBIX [12—14], Toe peKoMeHAyeTCs BLIOOD
JIBYXITOJTIOCHOM MAarHUTHOM CHCTEMBI. DTU OTIWYUS
MPOSIBJISIOTCS Oj1arogapsi UCIOJIb30BaHUIO aMOP(MHOTO
xese3a. BBUIy HeoCTaTKOB YETHIPEXTTIOIOCHOM TOITO-
JIOTUM, YTOOBI MOMYYUTH AEUCTBUTEIBHO 3(PPEeKTUB-
HBII TPOAYKT, IMOCJE pacyeTa KPUTUYECKUX YacCTOT
poTopa OblJla ONTUMM3MPOBAaHA I1a30Bas 30HA U BBI-
O6paHa a(pdekTrBHAS TOJIMHA CEKTOPa MOCTOSTHHOTO
MarHMTa o KPUTepUIo MUHUMYyMa TOTEePb.

Illae 2. Tlocne ompeaeneHus: Yucia Tmap MoJilocoB,
a TaKkXXe reoMeTpMYeCKMX pa3MepoB aKTMBHOM yacTu
MOBI'30 aHanu3upoBaiu AMHAMUKY poTopa. Tak Kak
MOBI'30 unrerpupoBan B TP/, To nMHaMUKy ero po-
TOpa HEOOXOIMMO paccMaTpUBaTh COBMECTHO C JIMHA-
mukoit poropa TPI. MHaue, mpocyuTaB TOJIbKO AWHA-
MMKY pOTOpa CaMOM 3JIEKTPUUECKON MallMHBbI, MOSIB-
JISIeTCSI pUCK pa3pyllieHus Ipu ycTaHoBKe Ha Ban TP/I.
DTa 0COOEHHOCTb KacaeTcsl BCEX MHTErpUpPOBaHHBIX
SJIEKTPUYECKNX MallH. B pesynbTaTe yCTaHOBJICHO,
YTO TPEThsl KPUTHYECKas 4acToTa MMEET MEeCTO IpHU
ckopoctH Beite Ha 117 % ot HommHaabHOM. Ha gac-
ToTax, oym3knx K 60 000 006/MUH, KpUTUYECKUX Yac-
TOT He HabmromaeTcsl. Pe3ynbpraThl aHaamM3a poTOPHOM

IUHAMWUKH CYUTATIUCH TTOJOXUTEIbHBIMU, UTO TI03BO-
JISIeT TIEPEeUTH K CIICAYIOLIEMY IIary.

Illae 3. OnTuMM3aLMs TTA30BOM 30HBI U OIpeaesie-
Hue notepb. [TazoBas 3onHa MBI'30 onTuMU3UpoOBa-
Jlach IO KPUTEPUI0 MUHWMYyMa IOTeph Ha BUXPEBEIC
TOKH B ITOCTOSTHHBIX MarHUTaX 3a c4eT (heppOMarHuT-
HOTO KJIMHa M3 MaTepmana Magnoval 2067. Pazmeps
rasa JOJIKHbI OCTaBaTbCSl HEM3MEHHBIMU BBUY TeX-
HOJIOTMYECKUX OrpaHUYECHUN Tpu (HOpMUPOBAHUU
MarHuTonpoBoaa u3 amopgHoro xenesa. [Ipu Heus-
MEHHBIX pa3Mepax Ia3za MCIoJb30BaHUE (eppomar-
HUTHOTO KJIMHA TIPUBEIET K YBEJIMYCHUIO MMOTEPh B 00-
MOTKE ¥ YBEJIMYEHUIO IJIOTHOCTHU ToKa. [1o3TOMYy OBI-
Jla TIpOBelleHa MHOTOKPHMTEepHUAIbHAS OTITUMM3ALIMS C
TTOMOIIBIO TEHETUIECKUX aJITOPUTMOB B TIPOTPaMMHOM
koMrIuiekce Ansys Maxwell. C ucriojib3oBaHUEM METOIA
[Tapero ompenmeaeHa onTUMallbHAsT BbICOTa (heppoMar-
HUTHOTO KJIMHA, TIPY KOTOPOM TTOTEPHU B IMTOCTOSTHHBIX
MarHuTax Ha BUXpeBble TOKM CHUKatoTcs B 1,75 pasa,
a TUIOTHOCTb TOKa U MOTEPU B MW YBEJIMUMBAIOTCS Ha
20 %. Ontumusanys MO3BOJUJIA CHU3UTh IOTEPU B
MOCTOSIHHBIX MarHWTax Ha BUXpEBbIe TOKU B 4 pasa.
ITocne aToro ObUIM pacCUMTAHBI IMOJHbIE IIOTEPU BO
Bcex anemeHTax MOBI'30 (taba. 2). Ilorepu B noa-
IIUITHUKOBBIX y3Jlax HE YYUThIBAJIM, Tak Kak MBI'30
uHTerpupoBaH B TP/l u He nMeeT COOCTBEHHBIX MO -
ITUTTHUKOBBIX Y3JIOB.

Takum obGpa3zom, moayyeH mnpoekt MOBI'30 misa
MuKpoBbJIA ¢ gactoroit Bpamenus 60 000 o6/mMuH,
mToTHOCTRIO sHeprun 0,2 xr/KBT mpm KI1 96,4 %.

Tabauua 2
Table 2
MMorepn MBI'30
TCMEG Losses
Tun notepb 3aBUCHMOCTb, XapaKTepu3yolllasl oTepu 3HavyeHUe BEJIUYMHBI
Type Dependence characterizing the losses Value
ﬁap(l)iunﬂamu;{ewne norepu cmp,, o3 D: / P,,.= 125 Br
1 = J[TFairt” b =
erodynamic losses P, T P =125W

Ilotepu B 06MOTKE P.,=ml 2R P, =27 Br
Losses in the winding P,=2TW
IToTepn B MarHUTOIIPOBOZE CTATOPa VYnenbHble TOTEpU B aMopdHOM kejede mpu yactote 2000 I'o u P.=7Br
Losses in the stator magnetic core uHaykuuu 1,2 Ta cocrasnstior 35 Br/kr P.=TW

Specific losses in amorphous iron at a frequency of 2000 Hz and induc-

tion of 1.2 T are 35 W/kg
[Motepu B 6aHmaxkHOI 000I0uKe poTopa 1 | OmpenensieTcss KOMIbIOTEPHBIM MOIEINPOBAHNEM B IIPOTPAMMHOM P, =12 Br
MOCTOSTHHBIX MarHUTaxX Ha BUXPEBbIe TOKU | KOMILIekce Ansys Maxwell 1*; =12 W
Losses in the shroud of the rotor and perma-| It is determined by computer modeling in the software complex Ansys
nent magnets on eddy currents Maxwell
J1o6aBoYHEbIE TTOTepU [Notepu Ha BuxpeBble TOKM U 3G deKT 6J1M30cTH B OOMOTKE CTaTopa, P,=15Br
Additional losses MoTepy OT MepeMarHMYMBaHUSI MarHUTOIPOBOAA P,=15W

HECUMHYCOUIAJIbHBIM MarHUTHBIM TTIOTOKOM, JIOTIOJTHUTEIbHBIC

MOTEePH B JIOOOBBIX YACTSIX

Losses on eddy currents and proximity effect in the stator winding, losses

[from magnetic reversal of the magnetic core by a non-sinusoidal magnetic

Sflux, additional losses in the frontal parts
Monueiii KT/ P 100 % 96,4 %

. T] = * (%)

Full efficiency Pt Pp+ P.+P,+P,+P,
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Illae 4. TloBepouyHbIE pacyeThl CUCTEMBbI OXJIaxKIe-
Hust MOI'30 npoomunu anst CI' coBmectHo ¢ TPII.
Oxnaxaenue CI' npenmnoaraeTcst OCyLIECTBISTb BO3-
JlyXOM, OTOMpaeMbIM OT MMIIeJIepa, KOTOPhIA 3aTeM
cOpachIBaeTCcs B KaHaJl LEHTPAJIbHOTO CTSIXKHOTO 00J1-
ta. [TocKONBKY cucTeMa YeThIPEXITOJIOCHAs, B HEM
OTCYTCTBYET AOIOJHUTENbHBIA KaHal OXJaXKIACHUS,
¢opmupyeMbIii CIMHKON cTatopa. Bo3myx mBuraercs
TOJILKO 1O JABYM MYTSIM: Yepe3 3a30p MEXIY CTaTOPOM
1 POTOPOM, a TaKXKe T10 CITMHKE cTaTopa. MakcuMalb-
Hasl TeMmnepaTypa Bo3ayxa Ha Bxoae B CI' mpuHuma-
Jace paBHoit +50 °C. Ckopocth Bo3zmyxa — 30 m/c.
TemnepaTrypa MOCTOSIHHBIX MarHMTOB HE IpeBbIlIana
80 °C, oomotku — 130 °C, MarHUTOIIPOBOIA CTATOpPa —
108 °C. IlonydyeHHBIC 3HAUYEHUSI TeMIlepaTyp He Iipe-
BBIIIAIOT YCTAHOBJIEHHBIX OTPaHUYEHUIA.

Pe3ynbTaThl TEMa0BOro pacuera MOATBEPAWIM pa-
6orocnocodoHocth MBI'30. Bece 3T0 MO3BOMMIIO TIe-
pEeNTH K CO3JaHUIO U MCIBITAHUSIM MaKeTHBIX 00pa3-
o MOI'30.

2. 3KCﬂepI/IMeHTaJIbele MAaKeThl U MX HCCJICA0OBAHUA

st SKCIIepMMEHTATBHBIX MCCIIEIOBAaHMI OBLIO CO-
3MaHO JBa TIOJHOPA3MEPHBIX BKCIIEPUMEHTATBHBIX
maketa MOI'30 i1 IBYXIOJIIOCHOM M YeTBIPEXITO-
JilocHO# cucteMm. Ha puc. 3 (cM. BTOpYIO CTOPOHY 00-
JIOXKKM) TPUBEIEHbI 3KCIEPUMEHTAIbHbIA MaKeT ye-
ThIpexmoarocHoro MOI'30 B cOope 1 ycTaHOBKA ISt
WCTIbITaHUI. VICTIBITaHYSI BBIMOTHSIIA Ha TIOHM>KEHHBIX
yacrorax: 3000 06/MUH 1151 ABYXIIOJIOCHOM CHUCTEMBbI
u 1500 06/MUH [JIs1 YeThIPEXIOMIOCHOM. [IBe pa3HbIe
YaCTOTHI BpallleHUsI OBUIN MCITOJIL30BaHbI IJIsT 00ecITe-
YeHMST PaBEHCTBA YaCTOT HAIPsDKeHUST 000OMX TeHepa-
TOPOB NpHU CpaBHeHUU. Pe3yabTaThl SKCEpUMEHTab-
HBIX MCCIEMOBAHNN OTIMYIAIOTCS OT JAHHBIX KOMITBIO-
TEPHOro MOoAeIMpoBaHUs He Gojee yeM Ha 3 %. [lpu
HUCITBITAHUSX OBIJIM MCITOJIb30BaHbI TogMITHUKY SKF
638/8-2Z ¢ yactoroit BpameHnust 10 90 000 06/MuH.

I'maBHOM 3apmauveil MpU KUCIBITAHUSIX MakeTa ObLia
onieHka ero sHeproaddextuBHoctTn M KIIJI myrem
MPSIMBIX U3MEPEHUI, T.€. OLIEHKA MOTPeOJIsIeMOM MOIII-
HOCTU NMpUBOIa (ACUHXPOHHOTO JABUTATENs) U BblAa-
BaeMoO¥l MOIITHOCTH MaKeTa B TeHEPaTOPHOM peXXUMe.

KII B reHepaTOpHOM peXrme OLleHUBaIU i 60-
Jie€ TOYHBIX UBMEPEHMIA, a TAKXKE IS IPOCTOM OLIEHKU
a’pOoAMHAMNYECKUX TTOTEPh W TIOTeph Ha TPECHHE B Ma-
KeTe. BBIJI0 M3roToBIEHO IBa pOTOpa M3 OTMHAKOBBIX
MaTepuasoB C ONIMHAKOBOI 00pabOTKOI MOBEPXHOCTH.
OnuH poTop OBUT BHITTOJTHEH ¢ TMTOCTOSTHHBIMUA MarHu-
Tamu, Jpyroil porop — 6e3 Hux. Ilpu nmycke npusoaa
MaKeTa C pOTOPOM C TTIOCTOSTHHBIMA MarHUTaMU Ha XO-
JIOCTOM X0y MoTpebsiemMast MPUBOIOM MOIIHOCTh CO-
crasisia 81,5 Br, nmpu nmycke npuBoma ¢ Mmy(dToii 6e3
coequHeHuss ¢ MOI'30 noTpebiisieMast MOIIHOCTh ObI-
na pasHa 60 Br. Ha xoioctoM Xony mpu reHepaTOpHOM
pexXuMe B CO3MaHHOM MaKeTe MMEIOT MECTO a3poiu-
HaMUYecKue MOTepU, MOTePU B CTATOPE HA TUCTEPE3UC

¥ BUXPEBbIE TOKH, a TaKXKe MOTEPU B IMOAIIUITHUKO-
BBIX OIOpax.

I[Ipu uaMepeHUU 3HEPronoTpedJeHUs] TPUBOIA
MBTI'30 ¢ poropoMm 0€3 MOCTOSTHHBIX MAarHUTOB B Ka-
YEeCTBE MPUBOAA BBICTYINAT ACHMHXPOHHBIN 3JIEKTPO-
JBUTaTEIb MOIIHOCTHIO 1,5 KBT ¢ yacToToii Bpalle-
Hust poropa 2800 06/mMuH. OLEHKY 3HepronorpeodJe-
HUsI ACUHXPOHHOIO 3JIEKTPOJIBUTATENSI MPOBOAWIN C
MOMOLIBIO aHau3aTopa MoliHocTy [Tpusma—50. Ipu
MycKe MakeTa IoTpebJsieMasi MOLIHOCTh MPUBOJA CO-
craBuia 80 Bt Ha ¢a3y. B ganHoMm ciyyae B MBI'30
UMEJId MECTO TOJIbKO a’poAWHAMWYECKUe TMOTepu U
MOTEPHU B MOAIIMITHUKOBLIX y3/IaX, T.. MEXaHUUECKHe
notepu. [ToaTOMy 04EeBUIHO, YTO MOTEPU B MATHUTO-
MPOBOJIE CTATOPA IBYXITOJIOCHOW MAarHUTHOU CUCTE-
MBI cocTaBistioT 4,5 Bt. 3a 10 MUH 3KcITyaTaliuu Ma-
Keta nByxmnoitocHoro MOI'30 marHuTonpoBoa Npu
9TOM 3HauyeHuM norephb Harpecs 10 60 °C. C yuyeToM
Macchl MAarHUTOMPOBOJA yAEAbHbIE MOTEPU COCTABU-
mm 11,25 Bt/kr, 4To SBIIIeTCS JOBOJBHO OOJBIINM
3HayeHueM 11 yactothl 50 I'. [TosTomy OB TIpOBeE-
JIeH PO TOTIOJTHUTENIBHBIX MCCIECIOBAHUI TSI BBISIC-
HEHMS CTOJIb 3HAUMTEJIbHOTO 3HAYEHUS MOTEPD.

[lorepr B MarHUTONMpPOBOIE CTAaTOpa OLIEHUBAIU
TIpU OIpeAesIeHHOM 3HAaYeHUW MarHUTHOW WHIYKIIUU
B 3yonax. Tak Kak B pa3paboTaHHOM MakeTe 0OMOTKa
3y0110Basi, TO BECh ITOTOK, IIPOXOISIINIA yepe3 Hee, Oy-
JIeT MOTOKOM uepe3 3yoell ctatopa. s oueHKu mar-
HUTHOM MHAYKIIMM B 3yOIlax cTaTopa K BbIBOJAM OJl-
HOIT 13 KaTylleK ObUI IMOAK/II0YEH MUJUIMBEOEpMETp, U
OBLIO YCTAHOBJIEHO, YTO MHAYKLIMS B 3yOLaX ISl IBYX-
MOJIIOCHOM cucTeMbl cocTaBisieT 1,5 Th, njis yeTbipex-
nomocHoit — 1,22 Tn. DTu maHHBIE XOPOILIO COIIacy-
JOTCSI C JAHHBIMU KOMITBIOTEPHOTO MOICIMPOBAHUS.

[IpuyrHa MoOJy4YeHHOTO 3HAYEHUS TOTEPh B ABYX-
MOJIOCHON KOHCTPYKIIMM — 3HAYUTEJIbHOE HAChIIIE-
HME MarHUTOIpPOBoaa cTaTopa. st amopgHOro xee-
3a SBJICP uHaykius HacklleHus coctapiusieT 1,35 Ti.
OlieHKa MOTepb MPU HACBIIIIEHHOM MarHUTONPOBO/E
He JOMycCKaeTcsl, TaK KaK B 3TOM cjIyyae MoTepu 3Ha-
YUTEJIbHO BO3PacTaloT MO CPaBHEHUIO C HOPMaJIbHbI-
MM YCIOBUSMU 3KCIUTyaTalMu. s 4eThIpexIoioc-
HOI CHCTeMbl JaHHbIE TTPOOJIeMbl OTCYTCTBOBAJIU, YTO
ele pa3 MOATBEPXKIAeT IPaBWIHLHOCTb BBIOPAHHOTO
yycsa MoJI0COB.

HeiicTBylolliee 3HaUeHUEe (Pa3HOTO HAMpPSDKEHUS B
makete CI' coctaBnseT 4,39 B ipu yactote 50 I'ur. I1pun
yBeJIMYeHUM 4YacTtoThl B 40 pa3 ¢a3Hoe HampspKeHUe
coctaBuT 118 B, 4TO COOTBETCTBYET TAaHHBIM KOMIIbIO-
TEPHOI'0 MOJEIMPOBaHUsl. Macca MakeTa C y4eTOM IO/~
LIIMITHUKOBBIX LLIUTOB, KOPIYyca U MOAIIMITHUKOB COCTa-
Buia 1 KT, T.€. INIOTHOCTh MOIIHOCTY paBHa 0,2 Kr/KBT.
ITosTOMY cleayrolIMM 3TaIrroM OBIJIa OlLIEHKA ITOTEPh B
MarHMTOIIPOBOE CTaTOpa TMPU BHICOKUX YacTOTaX Ie-
peMarHMYMBaHUS W TIPW 3HAYEHUSIX MArHUTHOM WH-
OYKIWW HIDKE WHIYKIWKA HachIlleHus1. B Mmaraurormnpo-
Box, ObUT ycTaHOBjAeH 10-TOMOCHBI poTop. MarHur-
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Hasl MHOyKUMs B 3a3ope coctaBuiaa 0,4 Ti, a morepu B
MarHurtomnposojae — 0,3 Bt/kr. 3a 10 MuH aKcrutyaTa-
MM TeMIlepaTypa cratopa m3MmeHuiaach Ha 0,8 °C, a
TeMIieparypa 3youoB cratopa — Ha 1 °C. Temnepatypy
CIMHKU CTaTopa M3Mepsiiv TerioBuzopom Testo 870,
TeMreparypy 3y0lI0B — YCTaHOBJICHHOM Ha UX MOBEp-
XHOCTU TEPMOIIAPON.

[TonyyeHHOE 3HaUEHUE yIeJbHBIX TOTEPh B XKeje3e
B 5—7 pa3 MeHbllie aHAJOTMYHbIX 3HAYEHUM JIJIsI 3JIeK-
TPOTEXHUUYECKUX CTaJieil, T.e. Pe3yJbTaThl 3KCIEPU-
MEHTAJIBHBIX MUCCIIEIOBAHUM TTOATBEPKAAIOT TEOPETH -
yeckue BbIBOABI. [1py 3TOM BBIMOJIHEHUE cTaTOpa U3
HECKOJIbKMX MakeToB — Hauobosee 3(pheKTUBHBIN Ba-
PMAHT MpU pealu3alMy Haulel TEeXHOJOTUU. DTO
MO3BOJIUT ellle 0oJiblle MUHUMU3UPOBATh moTepu. Ha
JMAHHBIA MOMEHT COBMECTHO C MHAYCTPHUAIBbHBIM Iap-
THEpOM OblIa MpopaboTaHa TEXHOJIOTUsSI M3TOTOBJIE-
HUS TAKOTO CTATOPA, U TIPH CIISIYIOIINX UCCIIETOBAHMSIX
OyzaeT nmpoBeieHa anpoOaliusl JaHHOU TOMOJOTUH.

Takxke Ha MakeTe ObLI MOCTaBJIEH OMBIT UIEaTbHO-
ro KOPOTKOTO 3aMbIKaHUA. B 3TOM cirydae TOK KOpOT-
KOTI0 3aMbIKaHUsI J151 YEThIPEXTIOIIOCHOM CUCTEMBI CO-
craBun 11,7 A ipmn gactote 50 I', T. e. CI' maxe mipu
MaJIbIX 4YacTOTax BpalleHUs] CIOCOOeH 00ecrevyuTh
JIBYKpaTHYIO Teperpy3Ky Io TOKY.

Takum oOpa3oM, yxke mepBOHAYaJIbHEIE DKCIIEPU-
MEHTaJIbHbIE HMCCJIEIOBaHUS TOKa3ajiu, YTO IOCTaB-
JIeHHasl HaMU 1ieJib 1ocTUrHyTa. CleayloluM 3Tanom
HAIllMX MCCIeA0BAaHUI OyayT WCTIBITAHWS HA ITOJTHYIO
YacTOTY U TMOJHYIO MOIIHOCTb, a TAKXe UCIBbITAHUS B
coctaBe MUKpODBJIA.

3akmouenue

B pabote mipeacrasneHa HoBast Tonojioruss MOI'30
C MarHUTOITPOBOZOM M3 aMOP(HOro Xeje3a Il mepe-
nekTuBHbIX MUKPODBJIA. TlpenioxeHa nocienoBaTeb-
HOCTb npoektupoBaHuss MOBI'30 ¢ MarHUTONPOBOAOM
13 aMop(dHOro xeje3a, COrIaCHO KOTOPOK ObLIU MpO-
BEIIEHBI pacyeThl HECKOIbKUX Tomojoruii MOI'30 me-
TOAaMU KOMITbIOTEPHOTO MOJEJIMPOBAHUSI U BbIOpaHO
ONITUMAJIBHOE YMCJIO T1ap TomocoB. [TokazaHo, 4To mc-
MoJIb30BaHE aMop(@HOro xkeneza Mo3BosieT 3ddek-
TUBHO KCIIOJIL30BaTh B MBOI'30 6osbliie omqHONM Naphl
MOJIIOCOB U MOBBICUTH TUIOTHOCTb dHEpPruu. st mMu-
HUMU3ALUU TTOTEPh B MOCTOSIHHBIX MarHMTax Ha BUX-
peBBIe TOKH TIpOBeleHa MHOTOKPUTEPHUAIbHASI ONTH -
MM3alMsl Ma30BO 30HBI C MOMOIIBIO T€HETUYECKHUX
aaropuTMOB. B pesynbrare mOTepM B TOCTOSHHBIX
MarHuTax Ha BUXpPEBbIE TOKM ObUIM CHYKEHBI B 4 pasza.

dna BepuduKauuy MOPenoXeHHONH MocaenoBa-
TEJIbHOCTU TPOEKTUPOBAHUS U OLIEHKU 3(PPEKTHB-
HOCTHU MCHOJIb30BaHMUsI aMOpP¢HOro xkejie3a ObLI CO-
3/laH TMOJIHOPa3MEPHBIN 3KCIIEPUMEHTAIbHbIN MaKeT
MOIIHOCThIO 5 KBT, ¢ 4yacToToif BpallleHusI poTopa
60 000 06/MUH, TIOTHOCTHIO MoIIHOCTH (0,2 KT/KBT 1
KII[1 96,4 %. Vicibitanust MakeTa MOATBEPAMIIN BCE
TEOpeTUYECKKE BHIBOJbI Y TTOKA3aJIu, YTO TPUMEHEHUE
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aMop@HOTO XeJe3a MO3BOJISIET CHU3UTh ITOTEPU B Mar-
HUTOIIPOBOJAE cTaTopa B 5—7 pas.

JaHHBle pe3ylbTaThl UCIIOJB3YIOTCS MPU CO3[a-
HUM HOBBIX NepcreKTUBHBIX MUKPODBJIA, a Takxe Oy-
YT UCHOJIb30BaHbI 111 MBI, mpuMeHsIeMbIX B APYTUX
MPOMBIIUIEHHBIX TpUIoKeHUsIX. CaeayolM 3TaroM
HUCCIEAOBAaHUI OyIeT IpoBeAeHNE MMOJHOLEHHBIX MC-
MbITAHUN MaKEeTHBIX OOpa3lOB Ha MOJHYIO pabodylo
4yacToTy U B cocTaBe MUKPODBJIA.

Paboma evinonnena npu nodoeprcke Poccuiickoeo Ha-
yuHoeo ¢ghonda, npoexm 17-79-20027.
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This paper presents a new topology of a high-speed magnetoelectric generator with a stator magnetic core made of amorphous
alloy for micro-unmanned aerial vehicles, which was determined by using the proposed design algorithm. It is shown that the use
of amorphous alloys in the stator magnetic core makes it possible to efficiently use more than one pole pair in the high-speed mag-
netoelectric generator, and consequently, to increase its power density. To minimize the eddy-current losses in permanent magnets,
the slot zone optimization was made by using the genetic algorithms. As a result, the eddy-current losses in permanent magnets were
reduced by 300 % more. To confirm the theoretical conclusions, a full-sized 5 kW experimental model with a rotational speed of
60,000 rpm, a power density of 0.2 kg/kW and an efficiency of 96.4 % was created. The use of amorphous alloys made it possible

to reduce losses in the stator magnetic core by 400—600 % more.
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Introduction

A promising direction in the development of aerospace
engineering is the development of micro uncrewed aerial ve-
hicles (micro-UAV) [1]. To create a promising UAV with a
turbojet engine (TJE), a high-efficiency starter generators
(SG) are required that have the maximum energy density and
maximum efficiency [2]. In addition to the micro-UAV with
a turbojet engine, the tasks of creating of highly efficient SGs
are also in micro-UAYV on electric traction. The main direc-
tion of development is the use of hybrid circuits, where SG is
the main source of energy, and largely determines the capa-
bilities, flight time and speed characteristics of micro-UAV
[3—35].

The most effective the requirements for micro-UAV’s SGs
can be realized with the aid of high-speed magnetoelectric
generators (MEG) with a tooth coil (TCMEG) [2]. Advan-
tages of the TCMEG are the absence of the need for power
for excitation, the minimum dimensions of the frontal out-
reach due to the use of a tooth coil and, correspondingly, a
decrease in the length of the TJE rotor, which has a positive
effect on the entire rotor dynamics of the turbojet engine.

In the designed SG, the rotor speed of the turbojet engine
was 60,000 rpm, which is due to the characteristics of the tur-
bojet engine. The limited power of the MEG at 5 kW of mod-
ern micro- UAV is caused by the limited power and volume
of the turbojet engine, since the TJE shaft gives the mechan-
ical power for production of MEG electric energy. The vol-

ume of the turbojet engine determines almost all the dimen-
sions of the micro-UAV [6—38].

Increasing the power density of the SG makes it possible
to reduce its volume and increase the volume of turbojet en-
gine with the same dimensions of the micro-UAV. This will
ensure an increase in the micro-UAYV flight time, its speed
and payload, so the task of increasing of the power density of
the SG is important and in many respects determines the tac-
tical and technical characteristics of the micro-UAV.

In MEG, it is proposed to use a stator core made of amor-
phous iron and a toothed coil. Amorphous iron makes it pos-
sible to minimize losses in steel by 5—7 times in comparison
with silicon or cobalt alloys [9—11]. The spiral winding is
used to achieve the minimum dimensions, and this will lead
to the appearance of the spatial harmonics of the MMF in
MEG and the eddy currents in the permanent magnets. To
minimize losses on eddy currents in permanent magnets, the
issue of multicriteria optimization of the MEG slotted area is
solved. As a result, losses in permanent magnets decreased by
2—2.5 times.

1. Design and optimization of the proposed topology

The main novelty and difficulty in the implementation of
the TCMEG is the use of amorphous iron, so the following
design algorithm for the TCMEG was chosen.

Step 1. Determination of a number of stator slots. The
cooling scheme for TCMEG and the number of grooves are
fixed. Selection of rotor materials, preliminary electromag-
netic calculations for possible variants of the number of poles
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of the rotor. Calculation of winding data and mechanical cal-
culations of the rotor. Comparison of the considered topolo-
gies and determination of the optimal number of pairs of rotor
poles.

Step 2. Analysis of the rotor dynamics of TCMEG togeth-
er with the shaft of the turbojet engine. In case of unsatisfac-
tory results, step 1 is repeated and new geometric dimensions
of the rotor are selected. With satisfactory results, the design
work continues.

Step 3. Optimization of the TCMEG slotted area and di-
mensions of the groove ferromagnetic wedge by the criterion
of minimal losses using genetic algorithms implemented in
commercial software products.

Step 4. Thermal calculations of TCMEG. In case of un-
satisfactory results, the correction is performed in step 3 or,
if the technological capabilities permit, the optimization of
the cooling system. With satisfactory results, a prototype is
created.

The proposed algorithm differs from the well-known
MEG design methodologies [12—14] by selecting and fixing
the number of grooves, as well as the cooling system and the
absence of restrictions on the number of poles. These differ-
ences are due to technological features of the use of amor-
phous iron. Typically, high-speed electrical machines use one
pair of poles to minimize losses in the stator iron. But when
using amorphous iron, which already has very low specific
losses, a larger number of poles can be used, which is limited
by the number of stator slots, i.e. the possibility of implement-
ing of a winding circuit for a certain number of slots per pole
and phase. In other cases, the algorithm is similar to an es-
tablished sequence of calculations [12—14].

Step 1. For the use of amorphous iron in TCMEG stator,
the following approach is proposed: several triangular mag-
netic cores are formed from the amorphous iron strip. The
number of triangular magnetic cores corresponds to the
number of slots in the TCMEG stator. It is important to note
that, for the sake of economic costs in production, it is de-
sirable that the number of these grooves is minimal.

Fig. 1 (see the 2nd side of cover) shows the magnetic cores
from amorphous iron for the projected TCMEG, one of the
important advantages of which are technological air channels
for TCMEG cooling (fig. 2) in the body of the stator, which
significantly improves the heat removal from the TCMEG
core. Air moves in three ways: in the body of the stator, along
the air gap and over the surface of the stator. If the outer ring
fails (fig. 1, a), the SG will have only 2 cooling channels. To
minimize aerodynamic losses, a ceramic bushing is installed
in the gap between the stator and the rotor.

The stator is made of amorphous iron SBDSP with satu-
ration induction of 1.35 T and specific losses of no more than
5 W/kg at a frequency of 1000 Hz and induction of 1.25 T.

TCMEG winding is a tooth-typed from the stranded wire.
Wire insulation is made of polyimide with a temperature in-
dex of 220 °C. The ferromagnetic slotted wedge was used to
minimize MDS harmonic distortion.

Two stator cores were considered: a magnetic core from a
tape and a magnetic core from several cores. It is obvious that
the first magnetic core is simpler to manufacture, and the sec-
ond has lower losses for eddy currents and hysteresis. The ge-
ometric dimensions of the stator magnetic core were chosen
so that the induction in the teeth and back was identical. In
this case, the specific losses in the teeth and the back are the
same, and the total losses in the stator iron depend on the
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mass of teeth and back. In TCMEG with a distributed wind-
ing and a magnetic core of electrical steel it is difficult to
achieve the same mass of teeth and back, so the distribution
of losses along the stator magnetic core in them is almost al-
ways uneven. For a two-pole TCMEG with a stamped mag-
netic core, the losses in the stator back are greater than the
losses in the teeth. In the proposed TCMEG, the stator back
is formed separately from the teeth, which makes it possible
to achieve approximately the same mass of the back and teeth
(the difference is not more than 20—30 %). Therefore, the
distribution of losses in the stator iron is almost uniform.

Taking into account the geometry of stator, the dimen-
sions of the rotor are calculated. The brand of permanent
magnet is SmCo (B.= 1,07 T; H,= 756 kA/m). To ensure the
mechanical strength of the rotor, a carbon fiber bushing is in-
stalled over the magnets, which has sufficient mechanical
strength and provides minimum losses for eddy currents in the
shroud.

At the stage of preliminary calculations, the four-pole and
two-pole topologies were considered. Typically, high-speed
electrical machines use one pair of poles to minimize losses
in the stator iron. But since amorphous iron is used with very
low specific losses, a large number of poles can be used in to-
pology, which in this case is limited by the number of stator
slots. Tab. 1 shows the results of calculations of the four-pole
and two-pole TCMEG topologies.

From Tab. 1 it can be seen that the four-pole magnetic
system allows to achieve lower mass dimensions of TCMEG
due to throwing out of the outer ring of the amorphous iron
magnetic core. The induction in the stator magnetic core in
the four-pole magnetic system is 1.2 T, the losses in perma-
nent magnets are 3 * 108 W/m3. At the optimization stage, the
embodiments of a rotor of several permanent magnets ar-
ranged one after another in the axial direction are considered.
With equal output voltage in topologies, the number of turns,
current density and losses in the winding are smaller in a four-
pole system. At the same time, significant drawbacks of such
a system are the high frequency of stator reversal magnetiza-
tion (2000 Hz) and the resulting losses in the magnetic core
for eddy currents and hysteresis.

With a bipolar magnetic system, the frequency of the sta-
tor reversal magnetization is 1000 Hz, and the induction in
the stator magnetic core is 1.5 T, i.e. above the induction of
saturation of the SBDSP alloy. Losses in permanent magnets
on eddy currents and hysteresis are 2.1 * 108 W/m3 , which is
30 % less than in a four-pole magnetic system.

It is obvious that the double increase in the frequency of
the reversal magnetization between the two-pole and four-
pole magnetic systems will increase in the eddy current losses
in the four-pole TCMEG in the first approximation by a fac-
tor of four. But the mass of the magnetic core of the two-pole
TCMEG is twice higher, the induction is higher by 20 %, and
the losses are determined by the mass of the magnetic core,
magnetic induction, and frequency. Therefore, the total loss
of a four-pole rotor will be only in 1.5 times more that of a
two-pole rotor.

Since the amorphous iron is used, losses in the stator at a
frequency of 2000 Hz and induction of 1.2 T in the four-pole
topology will not exceed 7 W, and in the bipolar topology —
4.6 W. This conclusion is further was proved experimentally.
Taking into account that the losses in the winding for the
four-pole topology are lower (22 W at 62.5 W in a bipolar),
a four-pole topology was chosen in the implementation of




TCMEG. The total losses in the stator magnetic flux in this
topology are 29 W, and for the bipolar — more than 60 W.

This result distinguishes the presented work from the
known [12—14], where the selection of a bipolar magnetic
system is recommended. This difference is due to the use of
amorphous iron. In view of the shortcomings of the four-pole
topology, in order to obtain a truly effective product, after cal-
culating the critical rotor frequencies, the groove zone was
optimized and the effective thickness of the permanent mag-
net sector was selected by the criterion of minimum losses.

Step 2. After determining the number of pairs of poles, as
well as the geometric dimensions of the active part of TCMEG,
the dynamics of the rotor was analyzed. Since the TCMEG
is integrated into the turbojet engine, the dynamics of its rotor
must be considered together with the dynamics of the turbojet
rotor. Otherwise, after calculating only the dynamics of the
rotor of only the electric machine itself, there is a risk of de-
struction when installed on the TRD shaft. This feature ap-
plies to all integrated electrical machines. As a result, it was
found that the 3 critical frequency occurs at a speed higher by
117 % of the nominal. At frequencies close to 60,000 rpm,
there are no critical frequencies. The results of the analysis of
the rotor dynamics were considered positive, which allows us
to proceed to the next step.

Step 3. Optimization of the slotted zone and determina-
tion of the losses. The TCMEG slotted area was optimized by
the criterion of minimum loss of eddy currents in permanent
magnets due to the ferromagnetic wedge from the Magnoval
2067 material. The groove dimensions should remain un-
changed due to technological limitations in the formation of
an amorphous iron core. With the same size of the groove, the
use of a ferromagnetic wedge will lead to an increase in losses
in the winding and an increase in the current density. There-
fore, multi-criteria optimization was carried out using genetic
algorithms in the software complex Ansys Maxwell. Using the
Pareto method, the optimum height of a ferromagnetic wedge
is determined, at which the losses in permanent magnets in ed-
dy currents decrease by 1.75 times, and the current density and
losses in copper increase by 20 %. Optimization made it pos-
sible to reduce losses in permanent magnets by eddy currents by
4 times. After that, the total losses in all elements of TCMEG
were calculated (see Tab. 2). Losses in the bearing units were
not taken into account, since TCMEG is integrated into the
turbojet engine and does not have its own bearing units.

Thus, the TCMEG project for a micro-UAV with a rota-
tional speed of 60 000 rpm, an energy density of 0.2 kg/kW
with an efficiency of 96.4 % was obtained.

Step 4. Calibration calculations of the cooling system of
TCMEG were carried out for the SG together with the tur-
bojet engine. Cooling of SG is supposed to be carried out by
air, taken from the impeller, which is then discharged into the
channel of the central coupling bolt. Since the system is four-
pole, there is no additional cooling channel formed by the sta-
tor back. The air moves only along two paths: through the gap
between the stator and the rotor, and also along the stator
back. The maximum air temperature at the entrance to SG
was assumed to be +50 °C. The air speed is 30 m/s. The tem-
perature of permanent magnets did not exceed 80 °C, wind-
ings — 130 °C, stator magnetic core — 108 °C. The obtained
temperature values do not exceed the established limits.

The results of the thermal calculation confirmed the op-
erability of TCMEG. All this allowed to proceed to the cre-
ation and testing of TCMEG prototypes.

2. Experimental models and their studies

For experimental research, two full-size experimental
TCMEG models for two-pole and four-pole systems were
created. Fig. 3 (see the 2nd side of cover) shows the experi-
mental model of the four-pole TCMEG assembly and the in-
stallation for testing. The tests were performed at reduced fre-
quencies: 3000 rpm for the bipolar system and 1500 rpm for
the four-pole system. Two different rotational speeds were
used to ensure that the voltage frequencies of both generators
were equal when compared. The results of experimental studies
differ from computer simulation data by no more than 3 %.
The bearings SKF 638/8-2Z7 with a speed of up to 90,000 rpm
were used in tests.

The main task in testing of the layout was to assess its en-
ergy efficiency and efficiency by direct measurements, i.e. es-
timating the power consumption of the drive (asynchronous
motor) and the output power of the model in the generator
mode.

The efficiency in the generator mode was evaluated for
more accurate measurements, as well as for a simple estima-
tion of aerodynamic losses and friction losses in the layout.
Two rotors were made from the same materials with the same
surface treatment. One rotor was made with permanent mag-
nets, another rotor — without them. When starting the drive
of the model with the rotor with permanent magnets, the
power consumed by the drive was 81.5 W at idle speed, when
the drive was started with a coupling, without connection to
the TCMEG, the power consumption was 60 W. At idling un-
der the generator mode, only the aerodynamic losses occur in
the created layout, stator losses due to hysteresis and eddy
currents, as well as losses in bearing bearings.

When measuring the energy consumption of TCMEG
drive with a rotor without permanent magnets, an asynchro-
nous electric motor with a power of 1.5 kW with a rotor speed
of 2800 rpm was acting as a drive. The energy consumption
of the induction motor was estimated using a Prism-50 power
analyzer. When starting the model, the drive's power con-
sumption was 80 W per phase. In this case, only the aerody-
namic losses and losses in the bearing assemblies (i.e. me-
chanical losses) took place in the TCMEG. Therefore, it is
obvious that the losses in the stator magnetic core of the bi-
polar magnetic system are 4.5 W. For 10 minutes of operation
of the model of the two-pole TCMEG, the magnetic core at
this loss value was heated to 60 °C. Taking into account the
mass of the magnetic core, the specific losses amounted to
11.25 W/kg, which is rather large value for the frequency of
50 Hz. Therefore, a number of additional studies were carried
out to elucidate such a significant value of losses.

The losses in the stator magnetic core were estimated at a
certain value of the magnetic induction in the teeth. Since in
the designed layout the winding is tooth-typed, all the flow
through it will flow through the stator tooth. To estimate the
magnetic induction in the stator teeth, one millimeter was
connected to the terminals of one of the coils and found that
the induction in the teeth for the bipolar system is 1.5 T, for
the four-pole system it is 1.22 T. These data are in good agree-
ment with computer simulation data.

The reason for this loss in the bipolar structure is a sig-
nificant saturation of the stator magnetic core. For amor-
phous iron, SBDSP, the induction of saturation is 1.35 T. Es-
timation of losses with a saturated magnetic core is not al-
lowed, since in this case the losses significantly increase in
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comparison with normal operating conditions. For the four-
pole system, these problems were not present, which again
confirms the correctness of the chosen number of poles.

The effective value of the phase voltage in the SG layout
is 4.39 V at a frequency of 50 Hz. With an increase in fre-
quency of 40 times the phase voltage will be 118 V, which cor-
responds to the data of computer simulation. The weight of
the model taking into account the bearing shields, shell and
bearings was 1 kg, i.e. the power density is 0.2 kg/kW.

Therefore, the next step was to estimate the losses in the
stator magnetic core at high magnetization frequencies and
at magnetic induction values below saturation induction.
A 10-pole rotor was installed in the magnetic core. The mag-
netic induction in the gap was 0.4 T, and the loss in the mag-
netic core was 0.3 W/kg. For 10 minutes of operation, the sta-
tor temperature has changed by 0.8 °C, and the temperature
of the stator teeth — by 1 °C. The temperature of the stator
back was measured with a thermal imager Testo 870, the tem-
perature of the teeth — by the thermocouple installed on their
surface.

The obtained value of specific losses in iron is 5—7 times
less than the analogous values for electrical steel, i.e. the re-
sults of experimental studies confirm theoretical conclusions.
At the same time, the stator of several packages is the most ef-
fective option when implementing our technology. This will
further minimize the losses. At the moment, in cooperation
with an industrial partner, the technology for manufacturing
of such a stator has been worked out and, under the following
researches, an approbation of this topology will be carried out.

Also the experience of an ideal short circuit was put on the
model. In this case, the short-circuit current for the four-pole
system was 11.7 A at a frequency of 50 Hz, that is the SG is
capable of double current overload, even at low rotational
speeds.

Thus, the initial experimental studies have already shown
that our goal has been achieved. The next stage of our re-
search will be tests for full frequency and full power, as well
as tests as part of the micro-UAV.

Results and conclusions

The work presents a new topology of TCMEG with a
magnetic cores made of amorphous iron for promising micro-
UAVs. A sequence of TCMEG designing with a magnetic
core from amorphous iron was proposed, according to which
the calculations were made for several topologies of TCMEG
by computer simulation methods and the optimal number of
pole pairs was chosen. It is shown that the use of amorphous
iron makes it possible to efficiently use more than one pair of
poles in TCMEG and increases the energy density. To min-
imize the losses in permanent magnets for eddy currents, the
multiobjective optimization of the slotted zone with the aid of
genetic algorithms was made. As a result, the losses in perma-
nent magnets for eddy currents were reduced by a factor of 4.

To verify the proposed design sequence and evaluate the ef-
ficiency of using of amorphous iron, a full-size 5 kW experi-
mental model with a rotational speed of 60,000 rpm, a power
density of 0.2 kg/kW and an efficiency of 96.4 % was created.
The tests of the model confirmed all theoretical conclusions
and showed that the use of amorphous iron makes it possible
to reduce losses in the stator magnetic core by 5—7 times.
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These results are used in the creation of new promising
micro-UAVs, and will also be used for MEGs used in other
industrial applications. The next stage of the research will be
full-fledged testing of prototypes for the full operating fre-
quency and as part of the micro-UAV.

The work was supported by the Russian Science Foundation,
project 17-79-20027.
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NMCCAEAOBAHUE TETEPO®MA3HbLIX NMOAUKPUCTAAANYECKUX MNMAEHOK
HA OCHOBE CYAbOUAA KAAMHNA C AOBABAEHUEM CYAbBOUAA CBUHLA

Ilocmynuaa é pedaxyuro 04.10.2017

IIposeden cpasrHumenvhblil anarus mopghosoeuu, H0BEPXHOCMHO20 NOMEHUUAAA U XapaKkmepucmuyeckux epemer nienok CdS
u CdS-PbS, nonyuennsix ¢ npeobradanuem wupoko3onHo2o komnonenma CdS, memodamu eudpoxumuteckoeo ocaxcoenus (I'’X0)
u mepmuyeckoeo ucnaperus 6 eaxyyme (THUB). [lokazano, umo y obpasyos, noayuentsix memoodom I'XO, epemena peaaxcayuu
CUCHANA 8 KUA02ePU080M OUANA30He YACMOM HA NOPAOOK MeHble, a NomeHyualbHble 6apvepsl Ha epanuyax gaz CdS u PbS 6oaee
Bblpadicenvl, yem y 00pazyos, nosyuenHoix memodom THUB. Dmo deasaem memod I'’XO nepcnekmueHvim 045 nNoAYHeHUS paduayu-

OHHO-CMOUKUX ¢0m0%y6€m6’um€/lbl-lblx mamepuanos.

Karoueewie caosa: eemepoghasnuvie noaynpo8oOHUK0Gble NACHKU, CYAbPUO KAOMUS, CYAbDUO CGUHUA, SUOPOXUMUUECKOE 0CANC-

aeﬂue, mepmu4eckKoe ucnaperHue

BBenenne

[TonynpoBoAHUKOBbBIE TBEPAbIE PACTBOPHI C PEry-
JIMPYeMbIM COCTaBOM M C BO3MOXHOCTbIO M3MEHe-
HUs GU3NIECKUX, POTOEKTPUUECKUX U ONITUYECKUX
CBOMCTB B LIMPOKOM JMarnia3oHe MpeaCTaBIsIIOT UHTe-
pec B KauecTBe (pOTOUYBCTBUTEIbHBIX M TIOMUHECIICH-
THBIX MaTepUaIOB 3JEKTPOHHON U OMTO3JIEKTPOHHOI
TeXHUKU. B mocnennue necaTuieTns: akTUBHO HCCIIe-
JYIOTCSI BO3MOXKHOCTH MCIOJIb30BAaHMST TBEPIbIX pac-
TBOpOB Ha ocHOBe AIIBVI kak B KauecTBe IJIEHOYHBIX
IUIaHApHBIX CTPYKTYp [1, 2], Tak U B BuAe KBaHTOBO-
pa3MepHbIX 00beKkTOB [3, 4]. Tak, HanmpuMep, KOMITO-
3UTHI M TBEPIbIE PACTBOPHI HA OCHOBE XaJbKOT€HUIOB
KaJMusi, B YACTHOCTU Ha OCHOBE CyJb(uaa KaaMus
(CdS ¢ mmpuHO# 3anpenieHHoN 30HbI 2,4 5B), mo3-
BOJISIIOT CO3/1aBaTh reTepOIepexoibl, Ha KOTOPbIX MPO-
ucxonuT 3(p¢GeKTUBHOE pa3deieHue HOCHUTEIEH 3a-
psna, yBeJIMYeHUE BPEMEHU XKU3HU HEPaABHOBECHDIX
HocuTeJiell 3apsaa [5], MOBBILIEHME MHTEHCUBHOCTH
(hOoTONIIOMUHECLIEHTHBIX TIPOLIECCOB U T.M. MaTepuabl
Ha ocHoBe CdS ycmelHo MPUMEHSIIOT B Pa3IMYHbIX
00JIacTIX COBPEMEHHOM TEXHWKHU, B YACTHOCTU TIpU
M3TOTOBJICHUH BHICOKO((MEKTUBHBIX U ACIIEBBIX COJI-
HEYHBIX 2JIEMEHTOB, OCHOBAHHBIX Ha Te€TEepPOIIePEeX0-
nax [6—9].

BBeneHue B cocraB MaTepuaja OrpaHMYEHHO pac-
TBOPUMBIX KOMITOHEHTOB MOXET IPUBOAUTHL K CO3/a-
HUIO TeTepoda3Horo Marepuana ¢ rereporepexogamu
MEeXIy HaHO- U MUKPOpa3MepHBIMHU (hazaMU, KOTOPhIE,
B CBOIO OYepelb, MOTYT CMJILHO U3MEHSITh CBOMCTBA U
paciuupsTh 00J1acTh MpuMeHeHust MmaTepuana. Tak, CdS
u PbS (cynbdua cBuHLA ¢ LIMPUHOK 3ampelieHHON
30HHI 0,37...0,41 3B) 06pa3yioT psix B3aUMHO OTrpaHu-
YeHHBIX TBEPABIX pacTBOPOB, mpuueM CdS pacTBOpsi-
erca B PbS 1o 4 moin. % nipu 600 °C u no 31,5 moib. %
npu 1000 °C, a PbS pactBopsietca B CdS maxe mpu
1070 °C tonbko g0 0,6 mon. %. U3BecTHO, 4TO M0OaB-
Jnenue B coctaB CdS cynbguaa cBMHIIA B KOJIMYECTBAX,
MPEeBBILIAIOIINX Mpeaesl PACTBOPUMOCTU, IIPUBOIUT K
00pa3oBaHUIO reTepoda3HbIX paaralliOHHO-CTONKUX
cTpykTyp [10]. DTO IpoucxoauT Garogapsi TOMy, 4YTO
B 1IMPOK030HHOM CdS 00pa3yloTcsl y3KO30HHBIE IIpe-
uunutathl (asel) Ha ocHoBe PbS, gpisioliuecs: ret-
TepaMM paaralliOHHBIX TOYeUHBIX nedekToB. [1pn nsy-
YeHUN TeTepoda3HbIX TUIEHOYHBIX 00Pa3IIoB, IMOTyJeH-
HBIX Ha OCHOBE OTPAaHMYEHHBIX TBEPABIX PACTBOPOB
CdS B PbS u PbS B CdS (kparko — CdS-PbS), o6Ha-
PYXKMBAIOT TaKXKe HOBBIE ONTO3JIEKTPOHHBIE U OIITO-
noHHble 3PdexTr [11—13], pacmmpsiomme 001acThb
MPUMEHEHUsI 3TOTO TeTepoda3HOro Matepuaia.
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TaxuM 006pa3oM, U3ydeHUE TEXHOJOTMYECKUX PexKU-
MOB U MCCJIeOBaHUE MOJUKPUCTAUIMYECKUX CIIOEB,
ITOJTYYeHHBIX Ha OCHOBE OTPAaHMYCHHBIX TBEPIBIX pac-
TBopoB CdS-PbS, npeacrapiasitior co0oil akTyaJabHYIO
3ajavy, MOCKOJbKY MO3BOJISIIOT CYIIECTBEHHO YMEHb-
IIUTh MPOSIBICHUE TaKUX HEAOCTATKOB COEAMHEHUM
AIIBVI, kak OwbicTpast (pOTOyTOMISIEMOCTH, Majoe
ornicTponeiictBue [10, 14], nerpagauus 0o BIUSHUEM
BHEIIHMX BO3IECTBU [15], ¥ TTO3BOJISIIOT MOIYYUTH
HOBBIE (DYHKIIMOHAJBbHBIE BO3MOXHOCTH MaTepHaa.

Kax mpaBuio, rerepodasHbie CUCTEMbl Ha OCHOBE
yKa3aHHbIX KOMITIOHEHTOB MOJIy4aloT OMHUM M3 A0CTa-
TOYHO JIe1lIeBbIX U BOCIIPOU3BOAUMBIX METOAOB, K KO-
TOPBIM OTHOCATCS, B MEPBYIO OuYepedb, TMAPOXUMU-
yeckoe ocaxaenne (I'XO) [16, 17] u TepMudecKoe mc-
napenue B Bakyyme (THB) [10, 18]. CoorHolueHue
kommoHeHToB CdS u PbS nipu n3roroBieHnn MaTepm-
ajia 3aBUCHUT OT TOTO, B KaKOM 00JIaCTU CrieKTpa IMpe-
roJjiaraeTcsl MCIoJIb30BaTh IOJyYEeHHBbIA (HOTOUYBC-
TBUTEJbHBIN MaTepual. B BUaAMMOM auamnasoHe Iojy-
YUJIU pacIlpoCTpaHEHUE MaTepuajbl C COOTHOLIEHUEM
komioHeHTOB CdS 1 PbS B ucxomnoit mmxre 9:1 [19],
B uH(ppakpacHoi obinactu — 3:7 [20]. Heobxomumo
OTMETUTh, YTO (HDOTOINEKTPUUYECKUE CBOMCTBA TOHKUX
IUIEHOK, NOy4eHHbIX MeTogoM TH B, n3ydyeHnl B 00J1b-
mweit crerrenu [10, 14, 21—23], Tak Kak IJIEHOYHEIE
CTPYKTYPBI, TIOJIy4aeMble 3TUM METOIOM, MMEIOT BHI-
COKYIO BOCIIPOM3BOJAVMMOCTD 2JIEKTPOGU3UUECKUX Ta-
pameTpoB. IIpu atom meton I'XO mo cpaBHEHUIO C
JPYTMMU TOHKOIIJIEHOUHBIMU TEXHOJIOTHUSIMU OTJIYa-
€TCSl BBICOKOW MPOM3BOAUTENbHOCTHIO, 3KOHOMUY-
HOCTBIO, IMPOCTOTOM TEXHOJIOTUIECKOTO O(OPMICHUS,
BO3MOXHOCTbIO HaHECEHMS IJIEHOK Ha MOBEPXHOCTHU
OOJIBIION TJIOIIAAM, CIOXHON (DOPMBI U pa3IUIHON
MPUPOJbI, BBICOKOM aare3ueit MmieHKU K MOAJIOXKe, a
TaK>XKe BO3MOXHOCTbIO JIETMPOBaHUSI CJI0SI OpraHuyec-
KMMHM MOHAMU WJIM MOJIEKYJIaMU, HEe JOMYCKalOMMU
BBICOKOTeMIIepaTypHoro HarpeBa. K HegoctaTkam me-
toga I'’XO oTHOCAT, B MEPBYIO ouyepenb, HECTAOWJIb-
HOCTb MapaMeTpoB 00pa3lOB HEKOTOPOE BpeMsl MOCIe
WU3TOTOBJICHUSI U yXYIIIeHNe (DOTOUYBCTBUTEIBHOCTU
IUIEHOK ¢ TedeHreM BpeMeHHu [24]. Bo MHOroM 0Jraro-
Japsi 3TUM TipuuurHaMm metoaom I'XO mojyyanu B oc-
HOBHOM TBEpPIbIE PACTBOPHI C MpeodyagaHueM Y3KO-
30HHOTO KOMITOHEeHTa PbS 115 ucroib3oBaHus MaTe-
puasa B MHPpaKpacHOM Iuana3oHe, B KOTOPOM 3TH
HeIOoCTaTKU ObLIM MeHee BbipaxkeHbl. [TockonbKy pac-
tBopuMOcTh CdS B PbS moctaToyHo BhICOKasi, TO A0O-
OapjieHMe B MICXOIHYIO IIMXTY Majioro koiaudecta CdS,
Kak MpaBUjIo, He TIPUBOIMIIO K CO3MAHUIO TeTepodas-
HOro Martepuasna, a CrocoOCTBOBAJIO JIUIIb IJIaBHON
KOPpEKLIMY MapaMeTpOB PEIIEeTKH U CBOMCTB TJIEHKU
Ha ocHoBe PbS.

B npencraBieHHO paboTe MpoOBeAeH CPAaBHUTEIb-
HbI aHaIu3 MOPGOJOTMHU, MOBEPXHOCTHOTO TMOTEH-
LMajia 1 XapakKTepUCTUUYEeCKUX BpeMeH IieHoK CdS u
CdS-PbS, monydyeHHBIX ¢ NpeobnagaHueM ITHPOKO-
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30HHOro KomioHeHTa CdS MeTogamMu TUAPOXUMUYEC-
KOT'0 OCaXkIeHUs U TEPMMUYECKOIO UCIIapeHusl B BaKy-
yMe, U cAeNaHbl BBIBOJBI O MEPCIEKTUBaX MpPUMEHe-
HUSI TOTO WJIM MHOTO METOJa.

1. O0BeKTHI HCCIeN0BAHMA
M TEXHOJIOTHS CHHTE32a

B pabote ObUIM McclieqOBaHbBI ITOJUKPUCTAJIIN-
yeckue rerepodasnbie mieHku CdS-PbS npu Beco-
BoM cooTHoueHun CdS u PbS B ucxonnoii muxre 9:1
W TUIEHKHW, WCXONHAs IIMXTa KOTOPBIX CcomaepsKaja
"qucthiit" CdS.

Hnsg cunte3a no metony TUB ucnonb3zoBaiu mo-
polkoo6pasHyw muxty u3 CdS n PbS nonymnpooa-
HUKOBOTO KJIacca YMCTOTHL. B KauecTBe akTMBaTopa B
wuxty no6asnsiin CuCl, B konuuectse 10 0,1 Bec. %.
[renku moyrydaau B OMHOTUTIIEBOM peXXMMe UCIIape-
HUS IIpU NOAAEPKAaHUM BaKyyMa 107 MM pt. ct. Uc-
MTOJTb30BAJIM CTEKJISTHHBIC TIOUTOKKY TIPU TeMIlepaType
80...100 °C, TremmepaTypa pe3UCTUBHOIO MCIApUTEIIS
coctapisuia 780 °C, mpuyeM Bo M30exkaHUE HEKOHT-
pOMPYEMBIX BBIOPOCOB BEIIECTBA BBIBEICHHWE Ha
TeMnepaTrypy cyoJrMaluy MPOUCXOAWIO B HECKOb-
KO 3TafnoB B TeueHue yaca. B pesynbrare mojaydyaiuch
IUIEHKU C HAHOKPUCTAJUIMYECKON CTPYKTYpOM, Mpak-
TUYECKN HEUYBCTBUTENIbHEIC K OcBeleHni0. CeHCOu-
JIU3ALMIO TIPOBOIUIN OTXKUTOM Ha BO3IyXe IMPHU TeM-
nepatype 545 + 5 °C B reuenue 15 muH. ToniuHa no-
JIyUeHHBIX TUIEHOK Kosiebasiach oT 1 10 1,3 MKM.

Hnst cunre3a metogoM I'’XO rerepodasHbBIX mie-
Hok CdS-PbS ucrnonb3oBaau BOIAHBIM pacTBOpP C KOH-
ueHTtpatueit 0,025 MoJib/J1 cMecH CeAYIOIIUX KOMITO-
HEHTOB: CBUHEL a30THOKUCIbI Pb(NO3), — 0,269 T,
xnopuctelit Kagmuii CdCl, — 1,002 r u Tomoye-
sBuHa (NH,),CS — 0,475 r. B pesynbrare runponusa
(NH,),CS B pacTBOpe NOABIAOTCA CYJIbMUL-UOHBL U
HauMHaeTcs oOpa3oBaHME W OcCaXIeHUe CYIb(pUI0B
KaaMusd U cBUHLA. IS MOJIy4eHUsI TOMOT€HHOIo 00-
pas3na Ha ocHoBe TOJIbKO CdS a30THOKMCIBIN CBUHEI]
He 100aBJIsSLIN.

2. MeToauka n3MepeHmii
M pe3yJbTaThl HCCJIENOBAHUM

HccrienoBanne NMOBEPXHOCTH METOJAMH CKAHHPY-
oeid MEKpockonuu. sl mccienoBaHUs MONMYYeH-
HBIX 00pa3IIOB UCITOJb30BAIN METOMBI, KOTOPBIE 1103~
BOJISIIOT OXapaKTepru30BaTh MOP(MOJIOIUIO TOBEPXHOCTU
(aromHO-cujioBasgs Mmukpockonusi — ACM) u noTeH-
LMaJIbHBIA pesibed MOBEePXHOCTU (CKaHUPYIOLLash MUK-
pockonusi 3oHaa KenpBuHa — CM3K). ACM- u
CM3K-u3mepeHUs1 IPOBOIUIIM C TIOMOILBIO 30HA0BOM
HaHonabopatopuu "NTEGRA-Spectra" (NT-MDT,
Poccus). CkaHupoBaHue OCYILIECTBIISIIIOCH C YaCTOTOM
0,3...0,5 I'; B MOIyKOHTAKTHOM pEXMMe Ha BO3IyXe C
noMmoiibio KantwieBepa NSG11 ¢ 3010TbIM HambLIe-
HueM. 1 aHayM3a MOJYyYeHHBIX TaHHBIX MCIOJIb30-




BaJld TIpOrpaMMHOe oOecIeuyeHne
Gwyddion 2.31.

PesynbTaThl u3MepeHuit Mopdo-
norun MerogoM ACM mpeacrasie-
HBI B BUJIe TUITUIHBIX YIaCTKOB TT0-
BEPXHOCTHU MCCJIEAYEMBIX CTPYKTYD,
nojydeHHbIX MetogoM I'XO (puc. 1)
u metogoMm TUB (puc. 2). Ha puc. 3
MmokaszaHbl Mpoduau pejabeda Mo-
BEPXHOCTU BIOJb JMHUI Ha COOT-
BETCTBYIOLIMX U300paxkeHUssx ACM,
YTO TIO3BOJISIET BHU3YAJIIbHO OLIEHUTH
U3MEHEHME CTEeTNeHM U3PEe3aHHOCTHU
(1I€pOXOBATOCTU) MOBEPXHOCTU 0O0-
pasuoB Ipu gobasieHun PbS B co-
CTaB UCXOAHOM LIWXTHI.

PacnipeneneHusi moBepXHOCTHOTO
noTeHlMana i UCCIeAyeMbIX 00-
pasuoB CdS m CdS-PbS, momyuyeH-
HBIX C TIOMOILIBIO PA3IUYHBIX TEXHO-
JIOTW, TIpeAcTaBiieHbl Ha puc. 4. Ha-
JINYUE MUKPOMETPOBBIX YYaCTKOB C
TTOHVKEHHBIM TTOBEPXHOCTHBIM TT0-
TEHLIMAJIOM 3a CcYeT oOpa3oBaHUS
3epeH PbS maeT Bo3MOXHOCTb olie-
HUTb HANPSIKEHHOCTh 3JIEKTpUYEC-
KOTO IOJISI U DHEPreTUYECKuii 6apb-
€p Ha rpaHuLAax Y3KO30HHON U 1LIU-
POKO30HHOI (pa3.

HccienoBanne xapaKTepucTHyec-
KHX BpeMeH 10 YaCTOTHBIM XapakKTe-
puctnkaMm. M3MmepeHre YaCTOTHBIX
XapaKTepUCTUK eMKocTu C TpOBO-
IUad Ha 30HA0BOM craHuuu Cas-
cade Microtech PM5 B koMmmiekce
¢ npubopom Agilent Technologies
B1500A. MHTepBan udMeHeHus yac-
ToTHI f coctaBui 1 kI'u...1 MI'u ipu
AMIUTATYIE TIEPEMEHHOTO HaTIpsTKe-
Husg 50 MmB. ITo 3aBucumoctu C(f)
Ha pUC. 5 ObUIM oNpeaeacHbl BpeMe-
Ha peJlaKcalliyi T CUTHaJla B COOT-
BETCTBUU C (HOPMYJIOi

_ 1 Ci-C)
= ! 5. ()
TN(CyH) = (C )

rne C; nu C, — 3HAYeHUA €MKOCTU
Ha yacToTax f| u f, B 'l cooTBeTCT-
BEHHO. 3Ha4ye€HME 4YaCTOTHI f| BbI-
Oupanu MPOU3BOJILHO, a 3HAUYCHUE
J> — Takum 06pa3oM, 4TOObI 3HAYE-
HME eMKOCTHU Ha 3TOi 4aCcTOTe ObLIO
B 0,7 paza MeHble, yeM nipu f;. Ha
pHUC. 5 He TTOKa3aHa BBICOKOYACTOT-
Hast yacThb C(f) XapaKTepUCTUKMU,

Puc. 1. ACM-u300paxkenns NOBEPXHOCTH 00Pa31OB, Moay4eHHbIX MeToaoM ['XO0: a — CdS;
b — CdS-PbS

Fig. 1. AFM images of the surface of the samples obtained by the HCD method: a — CdS; b —
CdS-PbS

Puc. 2. ACM-u300paxeHdsi NOBEPXHOCTH 00pa3noB, noaydeHHbix meroaom TUB: a — CdS;
b — CdS-PbS

Fig. 2. AFM images of the surface of the samples obtained by the TEV method: a — CdS; b —
CdS-PbS
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Puc. 3. IIpoduan peabeda noBepxHOCTH BIOJb JHHUIA HA puc. 1, a u b, cooTBeTCTBEHHO
Fig. 3. Profile of the surface relief along the lines in fig. 1, a and b, respectively
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Puc. 4. Pacnipenenienne noBepxXHOCTHOrO nMoTeHIuaNa romorennoi ek CdS (meron TUB) (a), rerepoda3subix mienok CdS-PbS, noayuennbix

metonom TUB (b) u I'XO (c)

Fig. 4. Distribution of the surface potential of the homogeneous CdS film (TEV method) (a), the heterogeneous CdS-PbS films obtained by the TEV

method (b), and by the HCD method (c)

TaK Kak IMpU yacTtoTax Bblile 25 KI'l usMeHeHUs1 eM-
KOCTH He HaOJIIoJaiu.

3. AHaJM3 pe3yabTaTOB MCCJIeI0BAHMIA

Ananu3 puc. 1—3 noka3sIBaeT, 4To y 00pa31oB, 0-
JTy4eHHbIX MeTonoM TU B, nokpriTre 6ojiee OmHOPOA-
Hoe, He HabJomaeTcsl OOJIbILIMX CKOTIJIEHU (HEOaHO-
POIHOCTE1) HAa TOBEPXHOCTU, YTO XapaKTEePHO 11 00-
pa3uoB, IMoJiydeHHBIX MeTogoM I'XO.

O6pabotka ACM-u300paxkeHuii, MpoBeIeHHAs C
nomouibio mporpammbl Gwyddion 2.31, mokasania, 4To
cpenHss apudmeTudeckasl 1epoXoBaTOCTb 00pPa3loOB
CdS BHe 3aBMCHMMOCTHU OT CIlIocoba MoJyYeHUs] Haxo-
nuTcs B nMarasoHe 50...52 HM, HO TIpU 3TOM MaKCH-
MaJibHasl BEICOTa HEPOBHOCTEM y 00pa3IoB, MOTyIeH-
HbeiX MeTogoM I'XO, B 2 pa3a mpeBbllliana 3HAUCHUE
3TOro mapameTpa y obpasloB, MOJYyYEHHbIX METOIOM
THUB (cm. puc. 1 u 2). 115 00pa3loB ¢ Y3KO30HHBIM
KOMITOHEHTOM IE€POXOBATOCTh MOBEPXHOCTU U Mak-
cUMaJTbHasl BEICOTa HEPOBHOCTEN pesibeda yMeHbBIIa-
qmuch Ha 20...30 % 1mo cpaBHeHHUIO ¢ oOpasiamu 0e3

Yacrora, kI'n
Frequency, kHz

j
¢

Puc. 5. YacToTHble 3aBHCMMOCTH €MKOCTH JJIfl IUIEHOK JIBYX COCTAa-
BoB: /, 2 — "uncteiit" CdS; 3, 4 — CdS ¢ nmo6asnenuem PbS. 3a-
Bucumoctu I, 3 — meton TUB; 2, 4 — meton 'XO

Fig. 5. Frequency dependences of the capacity for the films of two
compositions: 1, 2 — "pure” CdS; 3, 4 — CdS with addition of PbS.
Dependencies 1, 3 correspond to the TEV method, and 2, 4 — to the
HCD method
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PbS BHe 3aBUCHMMOCTM OT MeTOJA MOJydeHUs. DTO
CBSI3aHO C TeM, YTO oOpazyloluecs npeuunurarsl PbS
cAepXuBaloT pocT KpuctaiutoB CdS, B pesyibrare
Yero o0pas3yeTcs] MeJTKOKPHCTAITMIecKast CTPYKTypa
obpaslia, 4TO ITOATBEPXAAeTCs CpaBHEHUEM Ipodu-
JIeit Ha puc. 3.

ITockonbky Ha ACM-u3o00paxeHusx o00pa3loB,
noaydyeHHbIX MeTogoM I'XO, uMmeroTcs 6ojiee 3HAYM-
TeJIbHbIe CKOIUIEHUSI U HEOAHOPOIHOCTU IO BBICOTE
penbeda, TO paclpeneicHre BBEICOT HEPOBHOCTEHU
OyZeT OTAMYaThCSl OT HOPMAJIbHOTO pacIpeaeacHMs
(Taycca). [ToaTomy cpemHsis 11epOXOBaTOCTb U MAKCH-
MaJibHasl BBICOTa HEPOBHOCTHU pesibeha MOTYT OBITH B
JAHHOM CJIydae JMIIb BCIIOMOTaTeIbHBIMU TTapaMeT-
paMM, TTO3BOJISIIOIIUMU OIIEHUTh HEKYIO YCPETHEHHYIO
XapaKTEePUCTUKY MO BCE CKAHMPOBAHHOM IIoNIanu
oOpasua. 1 mogoOHBIX CKAHOB IIOCTPOEHUE IIPO-
¢uneit (cM. puc. 3) sBIAAETCS HEOOXOAUMBIM IIarOM
aHaImM3a, TTO3BOJISTIOIINM OIIEHUTh MOP(OJIOTHIO Ha
Pa3IMYHBIX MUKPOYYaCTKaX, OTIMYAIOIIMXCS CpeaHeit
BBICOTOI HEPOBHOCTEM U 11€pOoX0BaTOCThIO. [ToCcKOb-
Ky TOJIIIMHA TUIEHOK COM3MepHuMa C pa3MepaMu Kpuc-
TaJUIMTOB, TO 9TO CPAaBHEHUE AT BO3MOXHOCTb OlLIE-
HUTb M3MEHEHHWE CpPeIHero pasMepa KpUCTaUIMTa B
mwieHke. CpaBHeHMe npodwieit Ha puc. 3, a, u 3, b,
MTOATBEPKAAEeT BEIBOA 00 YMEHBIIIEHUH pa3Mepa Cpel-
Hero KpUCTaJIUTa PU BBEACHUM B COCTAB IIEHKU y3-
Ko3oHHOM (a3el PbS ¢ 1,00...2,00 mxm mo 550...450 HM,
HECMOTPSI Ha TO YTO ITOBEPXHOCTb TUIEHKU BBITJISIAUT
0osiee HEOTHOPOAHO (cM. puc. 1, b) BciencTBue ume-
IOIIMXCSl CKOIJIEHWM pazMepoM 10 2,5 MKM, CBSI3aH-
HBIX co crrenudukoit Metoma I'XO.

HccnenoBanusi, nmpoBeaeHHble B pexkxume CM3K,
MOKa3aJIM, YTO paclipeie]ieHrue MTOBEPXHOCTHOTO II0-
TeH1uMana mno mwieHke CdS, He uMeloleil y3KO30HHBIX
BKItoYeHuit PbS, mocrarouHo ogHOpoOAHOE, y4acTKU
MaKCHMMaJIbHOTO ¥ MMHUMAJIBHOTO MOTCHIIMAJIOB OT-
Jmnyatrorcst He 6osee yeM Ha 100...120 MB (puc. 4, a).
M3MeHeHue noTeH1Mana 00ycIOBIEHO HATUYMEM MEX-
3epEeHHbIX Pa3yNopsA0UEHHbIX 00JacTell U CKOTJIEHU-




€M Ha 3TUX yJacTKax 1e(eKTOB U MPUMECHBIX aTOMOB.
CpenHuii mepenaj 3HaueHU I MOTeHIMala Ha CyOMMK-
POMETPOBBIX O0JIACTSIX CKaHa MOBEPXHOCTH oOpasia
CdS-PbS, nmonyuyennoro metogoM THUB (puc. 4, 6),
cocranpisieT 250...260 mB. s o6pasna, mMoaydyeHHOTo
MetogoM I'’XO (cMm. puc. 4, 6), 5To 3HaUEHUE JOCTUTAECT
300 mB. Takum o0pa3oM, HaTM4YKE Y3KO30HHBIX BKITIO-
yeHuii PbS npuBoaut K 6ojee 3HAUUTEIbHBIM M3Me-
HEHUSIM MOTeHLIMaIa Ha CYOMUKPOMETPOBBIX YUacTKax
1 obecIeynBacT BO3ZHUKHOBEHME JIOKATBHBIX 2JICKT-
pUYECKMX MO Ha rpaHMLIax 3epeH 10 10° B/M. He-
CKOJIKO MEHBIIINe 3HAa4eHWs TpaaueHTa MOTeHIINAaIa
Ha rpaHunax 3epeH CdS u PbS B miaeHkax, moyiydeH-
HBIX MeTomoM TUB, MoryT OBITH OOYCIOBJICHBI HAIM-
yueM OoJjiee BBICOKMX TeMIlepaTyp B Mpoliecce IOy-
YeHWSI TUIEHKW 1, COOTBETCTBEHHO, 60JIee CyIIeCTBeH-
HOI B3aMMHOI pacTBOPUMOCTU KoMmoHeHToB CdS u
PbS, npuBonsieii K criiaxkuBaHUIO MeXX(a3HbIX HEP-
reTUYeCcKux 0apbepoB.

IIpn moGaBnenuu PbS moreHLManbHbIE Oapbepbl
MEXIy 3epHaMU B CPEIHEM YBEJIMYWIUCH B 2 pa3a, uyTo
OTPa3mIOCh Ha M3MEHEHUM TTPOBOAMMOCTH 0Opa3IioB
KaK Ha MTOCTOSIHHOM, TaK ¥ Ha IepeMEHHOM TOKE, a TaK-
Ke Ha BpeMeHax pejlaKCalli 3JIEKTPUIeCKOro CUTHA-
Jna. MI3ameHeHue uMnegaHca o0pas3loB IIpU BBEICHUU
PbS 06yciioBaeHO B OCHOBHOM U3MEHEHMEM €MKOCT-
Holi cocTapisoleit. Ha puc. 5 mokasaHbl YaCTOTHEIE
3aBUCUMOCTHU 3KBUBAJICHTHON €MKOCTH, TTOJTYIeHHOM
MIpU M3MEPEeHUSIX UMITeJaHca UCCIeIyeMbIX 00pa3IioB
B KMJIOTE€PLIOBOM JAMaria3oHe 4yacToT.

PaznuyHble abCOMIOTHBIE 3HAYEHUSI €MKOCTU Ha
MaJIbIX YacToTax (puc. 5) cBA3aHbl C pa3HOI BO3MOX-
HOCTbIO HAKOILUIEHUS 3JEKTPUUYECKOro 3apsiga B 00b-
eMe TJIeHKA. B MenKokpucTammueckoit (Co cpemHuM
pasmepom Kpuctayinta okoso 0,6 mxm) rmienke CdS,
nojgydyeHHoil Merogom I'XO, obbemHasi gossi Goiiee
HU3KOOMHBIX MEXKPHUCTAJUTUTHBIX TTOrPAaHUYHBIX 00-
JlacTeil Oonee 3HauuTeNbHast, yeM B IieHke CdS co
cpeaHuM pasmepom 3epHa 1,0...1,2 MKM, TTOJTy4yeHHOM
MmeTonoM THB. DTo mpuBOAUT K TOMY, YTO Ha MaJIbIX
YacToTax MaTepual, ImojaydyeHHbIM MeTtogoMm I' X0, nme-
€T MEHBIIYI0O 9KBUBAICHTHYIO €MKOCTb (KpuBas 2 Ha
puc. 5) Gmarogapst TOKaM YTEUKM 10 MEKKPUCTAJIJIAT-
HBIM TpaHuLiaM. Beenenue PbS npuBogur K yBenuue-
HUIO aOCOJIIOTHOTO 3HAYEHUsI eMKOCTH i1 00pa3loB,
noJjiyueHHbIX MeTogoM ['’XO, uto 00yCI0BAEHO MOSB-
JieHneM Ha rpanunax ¢a3 CdS u PbS ob6aacreit, ooen-
HEHHBIX OCHOBHBIMU HOCHTEJISIMU 3apsiga. B ImieHKe
CdS, nonyueHHoit metonom TUB, eMKoCTh He3HAUM-
TeJTbHO YMEHBIIAETCS IIPY BBEIEHNH Y3KO30HHOTO KOM-
MOHeHTa Giarogaps npeobnagaHuio 3deKra pasymo-
psimouyeHuss ocHoBHoit Matpuubl CdS, BHoOcHUMOro
MpeunMTaTaMyu HepaCTBOPEHHOTO U30BLITOUHOTO KOM-
noHeHTta PbS, u, Kak cieacTBue, yMEHbUICHUIO pa3-
MepoB 3epeH CdS.

Peructpanus GbIcTporo cmaga eMKOCTH Ha MaJlbIX
YacTOTaX CBMIETEJbCTBYET O HAIMYMHU MEIJIEHHBIX

XapakTepruCTHIEeCKHE BpEMeEHa T, C
Characteristic times t, S
q’ggir_lra:flg Merton Tepmudeckoro | MeToa rUApOXUMU-
Frequenc I HCTIapeHUS YECKOTO OCAXKICHUS
ranqe X 13,/ Method of thermal Method of hydroche-
8¢, IHz evaporation mical deposition
CdS CdS-PbS CdS CdS-PbS
Menee 3,5—4 | 1,26-107%| 4,37-107%] 2,32-107*| 5,60- 10*
Less 3,5—4
Bornee 4 572-107°]1,58-107°| 2,23-107°| 2,04+ 107°
More 4

TIPOLIECCOB M COCTOSIHMI, KOTOpPhIE Ha OOJIBIIMX Yac-
TOTax "BBIKJIIOYAIOTCS ", HE yCIeBas Iepe3apsKaThbes 1
TOCTaBIISITh HOCUTEIN 3apsiia B 30HY ITPOBOIUMOCTH.
B Tabnuile mokaszaHbl XapaKTepUMCTUUYECKHUE BpeMeHa
I "MeIJIeHHBIX" W "OBICTPHIX" MPOILECCOB, PACCUM-
TaHHBIE, COOTBETCTBEHHO, MIJISI y4acCTKOB "ObICTpOro"
W3MEHEHHUSI eMKOCTH B 3aBUCUMOCTH OT YacTOTHI U
YY4aCTKOB €€ OTHOCUTEJIbHOM cTabwim3anuu. M3 aHa-
JIU3a pacyeTHbIX 3HAYEHUI BpEMEH CJIenyeT, YTO BHE
3aBUCMMOCTH OT cIioco0a CHMHTe3a TUIEHKU BBEACHUE
Y3KO30HHOI'O KOMIIOHEHTa M MoJlydeHUe rerepodas-
HOTO MaTepuayia PUBOAUT K HEKOTOPOMY YBEIMYE-
HUIO (B 2—3 pasa) BpeMeH, XapaKTepU3yIoLIuX "Mell-
JIEHHBIE" TIPOLIeCCHI. DTO CBSI3aHO C YBEMICHUEM DHEP-
reTuyeckux GapbepoB Ha rpanunax ¢az CdS u PbS
10 CPaBHEHWIO C MEX3CPECHHBIMH T'paHHWIIAMU B OI-
HOKOMITOHEHTHOM TTOJTMKPUCTAIITAYECKOM TTOTYIIPO-
BogHuke CdS. 3HaueHUs BpeMeH, COOTBETCTBYIOIINX
"OBICTPLIM" TIpOLIECCAM, BBeleHUe KOMIIOHeHTa PbS
yMEHbIIIaeT, TIpUYeM B MaTepuase, MOJyyeHHOM Me-
tonoM TUB, nmpumepno B 3,6 pasa, a B Marepuale, Io-
JnyaeHHOM MeTtonoMm I'’XO, — Gojee yeM Ha MOPSIIOK.
TeHmeHIIUS K YMEHBIIEHUIO BPEMEHM Tepe3apsIKu
BJIEKTPOHHBIX COCTOSIHUI M pejlaKCallii €MKOCTHOTO
CHTHaJla MOXXET OBITH CBSI3aHa C IBYMsS (DaKTOpaMHU.
IlepBrhIii (hakTOp — 3TO TeTTEPUPOBAHUE Y3KO30HHOM
(azoit PbS ToueuHBIX TeXHOJIOTUYECKUX Ne(EKTOB U3
ocHoBHOM Matpulibl (CdS), OTBETCTBEHHbIX 32 BOBHUK-
HOBEHME MEJIKMX YPOBHEH, KOTOpbIe CIOCOOCTBYIOT
"3aTITMBAHUIO" TIPOLIECCOB Tepe3apsiaKy Oraromapst
sddexram "TipUInIaHus” Ha HUX HOCUTEJIEH 3apsiaa.
Bropoii akTop — 3TO BOZHUKHOBEHHE B 3aIlpellicH-
Hoit 30He CdS "rybokux" sHEpreTUYecKUX YpOBHEIN,
COOTBETCTBYIOIINX PAaCTBOPEHHOMY CBUHITY. [Ty0oKMe
YPOBHU CITOCOOCTBYIOT YBEJIMUYEHUIO CKOPOCTH pe-
KOMOMHAaIMM HOCUTeJe 3apsiaa, YTO Takxke MPUBO-
IAT K YMEHBIICHWIO XapaKTePUCTUICCKUX BpeMEH
MaTepuaa.

3aKkmouenne

Takum obpazoM, BBeAeHUEe B cocTaB ruieHku CdS
Manoro kojudectBa PbS mpuBoguT K yMEHBIIEHUIO
BpeMEeH Tepe3apsiiKi JEKTPOHHBIX COCTOSTHUM U pe-
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JIaKCallMU 3JIEKTPUUYECKOr0 CUTHAJIA Ha YacToTaxX, Ipe-
Beiaroomux 3...5 kI'a, npuyem marepuan CdS—PbS,
nmojiyueHHbIii MetogoM I'XO, mokaszan 3HayeHUs Xa-
PaKTepUCTUYECKUX BpPEMEH B YKa3aHHOM [IMAaIla3oHe
YacTOT Ha MOPSIOK MEHbIE, a 3HAYSHUs MOTeHLIMAJIb-
HbIX OapbepoB Ha rpaHuiax ¢a3 CdS u PbS, criocobe-
TBYIOIIVX TTOBBIIIIEHUIO PaIUaIllMOHHON CTOMKOCTH, Ha
15...20 % 6onplie, yeM B ieHKax CdS-PbS, monyueH-
HBIX MeTogoM THUB. DTo cBUIETEeILCTBYET O MEPCIeK-
TUBHOCTU WMCIOJb30BaHUs OoJjiee ACLIeBOrO METoAa
I'XO pia nmonyyeHUs paauMalMOHHO-CTOUKUX (DOTO-
YYBCTBUTEJIBHBIX TJIEHOK B BUAMMOM AMana3oHe yac-
TOT, MOCKOJIbKY, KaK TOKa3ajiu Halllu 0oJjiee paHHUE
pa6otsl [10, 19, 22, 23], co3gaHue TaKOro MOTEHLIU-
aJIbHOTO pejibeda B MPUMOBEPXHOCTHBIX CIOSIX TIEH-
ku CdS 3HaunTEIbHO YMEHbBIIIAeT HECTAOMIIBHOCTD T1a-
paMeTpoB OOpa3lioB M YBEJIWYMBAET PaAMALIMOHHYIO
CTOMKOCTD 6€3 yXyIIIeHUsT (POTOUYBCTBUTETBHOCTH.
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Introduction

The semi-conductor solid solutions with a controllable
composition and possibility of varying of their physical, pho-
to-electric and optical properties in a wide range are of in-
terest as the photosensitive and luminescent materials for the
electronic and optoelectronic technologies. Active research is
going on of the possible use of the solid solutions on the basis
of AIIBVI, as the film planar structures [1, 2], or in the form
of the quantum-dimensional objects [3, 4]. So, for example,
the composites and the solid solutions on the basis of cadmi-
um chalcogenide and cadmium sulphide, in particular, (CdS
with the width of the forbidden zone of 2.4 ¢V) allow us to
create the heterojuctions, on which an effective separation of
the charge carriers, increase of the life time of the nonequi-
librium charge carriers [5], growth of the intensity of the pho-
toluminescent processes, etc, take place. The CdS based ma-
terials are applied in various spheres of technologies, in par-
ticular, in manufacturing of the highly effective and inexpen-
sive solar elements on heterojunctions [6—9].

Introduction of the boundedly soluble components into
the composition of a material can lead to creation of a het-
erophase material with the heterojunctions between the nano-
and microdimensional phases, which, in turn, can change
radically the properties and expand the sphere of application
of a material. Thus, CdS and PbS (lead sulphide with the width
of the forbidden zone of 0.37...0.41 eV) form a number of sol-
id solutions, at that, CdS is dissolved in PbS up to 4 mol. %
at 600 °C and up to 31.5 mol. % at 1000 °C, while PbS is dis-
solved in CdS even at 1070 °C only up to 0.6 mol. %. As is
known, addition of the lead sulphide into CdS in the quan-

tities, exceeding the solubility limit, leads to formation of the
heterophase radiation-resistant structures [10]. This occurs
due to the fact that in the wide-band CdS the narrow-band
precipitates (phases) based on PbS, which are the getters of
the radiation dot defects, are formed. During investigation of
the heterophase film samples, received on the basis of the
bounded solid solutions of CdS in PbS and PbS in CdS
(CdS-PbS, in brief), the new optoelectronic and optoionic ef-
fects are also discovered [11—13], which expand the sphere of
application of this heterophase material.

Thus, investigation of the technological modes and of the
polycrystalline layers based on the bounded solid solutions of
CdS-PbS is a topical task, because it allows us to reduce
considerably the possible appearance of such drawbacks of
AIIBVI compounds as a quick photofatigability, low speed of
operation [10, 14], degradation under the influence of the ex-
ternal factors [15], and it offers new functionalities of the ma-
terial.

As a rule, the heterophase systems on the basis of the
above-mentioned components are received by one of the
rather cheap and reproducible methods, among which, first of
all, are the hydrochemical deposition (HCD) [16, 17] and the
thermal evaporation in vacuum (TEV) [10, 18]. In manufac-
turing of the material the correlation of CdS and PbS com-
ponents depends on the part of the spectrum, in which the
photosensitive material is expected to be used. In the visible
range the most widely used materials have the correlation of
CdS and PbS components in the initial batch of 9:1 [19], in the
infra-red range — 3:7 [20]. It is necessary to point out that the
photoelectric properties of the thin films obtained by the TEV
method have been studied more thoroughly [10, 14, 21—23],
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because the thin film structures obtained by this method have
a high reproducibility of the electrophysical parameters. At
that, compared with the other thin-film technologies, HCD
is distinguished by high efficiency, economy, and simplicity of
the technological solutions, it allows deposition of films on
the surfaces of big areas, complex forms and different nature,
it is also known for a high adhesion of the films to the sub-
strates and a possibility of doping of the layer with the organic
ions or the molecules, not tolerant to a high-temperature
heating.

Among the drawbacks of HCD are, first of all, instability
of the parameters of the samples in a certain period after man-
ufacturing and deterioration of the photosensitivity of the
films in the course of time [24]. In many respects due to these
reasons the HCD method was mainly employed for obtaining
of the solid solutions with prevalence of the narrow-band PbS
component for use of the material in the infra-red range, in
which these drawbacks were less pronounced. Since solubility
of CdS in PbS is rather high, an addition of a small quantity
of CdS into the initial batch, as a rule, did not lead to for-
mation of a heterophase material, but only promoted a
smooth correction of the parameters of the lattice and prop-
erties of the film on the basis of PbS.

This work presents a comparative analysis of the morphol-
ogy, surface potential and characteristic times of the CdS and
CdS-PbS films received with prevalence of the wide-band
CdS component by the methods of hydrochemical deposition
and thermal evaporation in vacuum, and also presents con-
clusions concerning the prospects of application of this or that
method.

1. Objects of research and the technology of synthesis

The work presents the results of the research of CdS-PbS
polycrystalline heterophase films with the weight correlation
of CdS and PbS in the initial batch of 9:1, and of the film, the
initial batch of which contained "pure" CdS.

For synthesis by the TEV method a powder-like batch was
used from CdS and PbS of the semi-conductor cleanliness
level. CuCl, was added to the batch as the activator in the
quantity up to 0.1 of weight %. The films were obtained in a
single-crucible mode of evaporation in the vacuum main-
tained at 107> mm of the mercury column. Glass substrates
were used at the temperature of 80...100 °C, the temperature
of the resistive evaporator was 780 °C, at that, in order to
avoid uncontrollable emissions of the substance, the sublima-
tion temperature was achieved in several stages during an
hour. As a result the films were obtained with a nanocrystal-
line structure practically insensible to illumination. The sen-
sitization was done by annealing in the air at 545 £ 5 °C dur-
ing 15 min. The thickness of the received films varied from
1 up to 1.3 um.

For synthesis of the heterophase films of CdS-PbS by the
HCD method a water solution was used with the concentra-
tion of 0.025 mol/I of the mixture of the following compo-
nents: lead nitrate Pb(NO3), — 0.269 g, cadmium chloride
CdCl, — 1.002 g and thiourea (NH,),CS — 0.475 g. As a re-
sult of the hydrolysis of (NH,),CS the sulphide-ions appeared
in the solution and formation and deposition of cadmium and
lead began. For reception of a homogeneous sample on the
basis of only CdS the lead nitrate was not added.
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2. Measurement technique and results
of the research

Research of the surface by the methods of the scanning
microscopy. For research of the received samples the methods
were used, which allowed to characterize the surface mor-
phology (the atomic-force microscopy — AFM) and the po-
tential relief of the surface (Kelvin probe force microscopy —
KPFM). ACM and KPFM measurements were taken with the
help of NTEGRA-Spectra probe nanolaboratory (NT-MDT,
Russia). The scanning was carried out with the frequency of
0.3...0.5 Hz in a semicontact mode in the air with the help of
NSGI11 cantilever with a gold deposition. For the data anal-
ysis Gwyddion 2.31 software was used.

The results of measurements of the morphology by the
AFM method are presented in the form of the typical sites of
the surface of the investigated structures received by the HCD
method (fig. 1) and the TEV method (fig. 2). Fig. 3 presents
the profiles of the surface relief along the lines on the corre-
sponding AFM images, which allows us to estimate visually
the variation of the degrees of the irregularities (roughnesses)
of the surface of the samples, when PbS is added into the
composition of the initial batch.

The distributions of the surface potential for CdS and
CdS-PbS, received by means of various technologies, are pre-
sented in fig. 4. Presence of the micrometer sites with the sur-
face potential lowered because of formation of PbS grains
gives us a chance to estimate the intensity of the electric field
and the power barrier on the boundaries of the narrow-band
and wide-band phases.

Research of the characteristic times by the frequency
characteristics. Measurement of the frequency characteristics
of capacity C was taken on Cascade Microtech RM5 probe
station in combination with Agilent Technologies B1500A de-
vice. The interval of variation of frequency fwas 1 kHz...1 MHz
at the amplitude of 50 mV of the alternating voltage. By the
dependence C(f) in fig. 5 the times of relaxation of signal t
were found in accordance with the following formula:

SR
lfda "
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where C; u C, — values of capacity on frequencies f; and f,
in Hz, accordingly. The value of frequency f; was selected ar-
bitrarily, while the value of f, was selected so that the value
of the capacity on that frequency would be 0.7 times less than
at f;. Fig. 5 does not show the high-frequency part of C(f)
characteristic, because at frequencies above 25 kHz a varia-
tion of the capacity was not observed.

3. Analysis of the results of the research

Analysis of fig. 1—3 shows that the samples received by the
TEV method have a more homogeneous covering and no big
congestions (heterogeneities) are observed on the surface,
which is characteristic for the samples received by the HCD
method.

Processing of the AFM images, done by means of Gwyd-
dion 2.31 software, demonstrated that the average arithmetic
roughness of CdS samples irrespective of the method of re-
ception was within the range of 50...52 nm, but, at that, the
maximal height of the roughnesses of the samples received by




the HCD method exceeded twice the value of this parameter
of the samples received by the TEV method (see fig. 1 and 2).
For the samples with a narrow-band component the rough-
ness of the surface and the maximal height of the relief rough-
nesses decreased by 20...30 % in comparison with the samples
without PbS, irrespective of the method of reception. This
was connected with the fact that the formed precipitates of
PbS contained the growth of the CdS crystallites, as a result
of which a fine-crystalline structure of the sample was formed,
and this was proved by the comparison of the profiles in fig. 3.

Since on the AFM images of the samples received by the
HCD method there are more considerable aggregations and
heterogeneities by the relief height, then the distribution of
the heights of the roughnesses will differ from the normal dis-
tribution (of Gauss). Therefore, in this case the average
roughness and the maximal height of a relief roughness can be
only the auxiliary parameters, allowing us to estimate a cer-
tain averaged out characteristic for all the scanned area of the
sample. For such scans construction of the profiles (see fig. 3)
is a necessary step of the analysis, allowing us to estimate the
morphology in various microsites, differing by the average
height of the roughnesses. Since the thickness of the films is
comparable with the sizes of the crystalline particles, this
comparison provides an opportunity to estimate the variation
of the average size of a crystalline particle in a film. Compar-
ison of the profiles in fig. 3, @ and 3, b confirms the conclusion
about the reduction of the size of an average crystalline par-
ticle, in case of introduction of a narrow-band phase of PbS,
from 1.0...2.0 um down to 550...450 nm into the composition
of the film, in spite of the fact, that the film surface looks
more non-uniform (see fig. 1, b) due to the available aggre-
gations with the sizes up to 2.5 um, connected with the spe-
cificity of the HCD method.

The research in KPFM mode demonstrated that the dis-
tribution of the surface potential on the CdS film, which has
no PbS inclusions, is rather homogeneous, the sites of the
maximal and minimal potentials differ not more than by
100...120 mV (fig. 4, a). The variation of the potential is
caused by the presence of the intergranular disordered areas
and a congestion of defects and impurity atoms in these sites.
The average difference in the values of the potentials in the sub-
micrometer areas of the scan of the surface of the CdS-PbS
sample, received by the TEV method (fig. 4, b), equals to
250...260 mV. For the sample received by the HCD method
(fig. 4, ¢) this value reaches the level of 300 mV. Thus, the
presence of the narrow-band inclusions of PbS leads to more
considerable changes of the potential in the submicrometer
sites and ensures appearance of the local electric fields on the
boundaries of grains up to 10° V/m. Somewhat smaller values
of the gradient of the potential on the boundaries of CdS and
PbS grains in the films received by the TEV method can be
due to the presence of higher temperatures in the course of
obtaining of the film and, accordingly, to a more essential
mutual solubility of the CdS and PbS components, leading to
smoothing of the interphase energy barriers.

Addition of PbS on average doubled the potential barriers
between the grains, which was reflected in the change of the
conductivity of the samples, both on the direct current and
the alternating current, and also on times of relaxation of the
electric signal. Variation of the impedance of the samples in

case of introduction of PbS was mainly caused by a change in
the capacitor component. Fig. 5 presents the frequency de-
pendences of the equivalent capacity received during meas-
urements of the impedance of the investigated samples in the
kiloherz range of frequencies.

Different absolute values of the capacity on small frequen-
cies (fig. 5) are connected with the different abilities of accu-
mulation of an electric charge in a film volume. In a fine-
crystalline CdS film (with the average size of a crystalline par-
ticle of about 0.6 um) received by the HCD method, the vol-
ume fraction of the more low-resistance intercrystalline
boundary areas is more considerable, than in the CdS film
with the average size of a grain of 1.0—1.2 um, received by the
TEV method. This leads to the fact that on small frequencies
the material, received by the HCD method, has smaller
equivalent capacity (curve 2in fig. 5), due to the leakage cur-
rents on the intercrystalline boundaries. Introduction of PbS
results in an increase of the absolute value of the capacity for
the samples, received by the HCD method, which is due to
the appearance of the areas, impoverished by the basic charge
carriers, on the boundaries of the CdS and PbS phases. In the
CdS film received by the TEV method, the capacity decreases
insignificantly in case of introduction of the narrow-band
component, thanks to prevalence of the effect of disordering
of the basic CdS matrix, brought by the precipitates of the un-
dissolved redundant PbS component, and as a consequence,
to reduction of the sizes of the CdS grains.

Registration of a fast recession of the capacity on the small
frequencies testifies to the presence of the slow processes and
states, which "are switched off" at bigger frequencies, having
no time to be recharged and to deliver the charge carriers to
the conductivity zone. The table presents the characteristic
times for the "slow" and "fast" processes, calculated, accord-
ingly, for sites of a "fast" variation of the capacity, depending
on the frequency and the sites of its relative stabilization.
From the analysis of the calculated values of times it follows,
that regardless of the method of synthesis of a film, the in-
troduction of a narrow-band component and reception of a
heterophase material leads to a certain (double or triple) in-
crease of the times characterizing the "slow" processes. This
is connected with an increase of the energy barriers on the
boundaries of CdS and PbS phases in comparison with the
grain boundaries in a single-component polycrystalline sem-
iconductor of CdS. Introduction of a PbS component reduces
the values of the times corresponding to the "fast" processes,
in the material received by the TEV method approximately in
3.6 times, and in the material received by the HCD method —
more than 10 times. The trend for reduction of the time for
a recharge of the electronic states and relaxation of a capac-
itor signal can be connected with two factors. The first is get-
tering by the PbS narrow-band phase of the dot technolog-
ical defects from the basic matrix (CdS), responsible for oc-
currence of the small levels, which contribute to "tightening”
of the processes of a recharge due to the effects of "sticking"
of the charge carriers to them. The second is appearance in
the forbidden CdS zone of the "deep" energy levels corre-
sponding to the dissolved lead. The deep levels promote in-
crease of the speed of recombination of the charge carriers,
which also leads to a reduction of the characteristic times of
a material.
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Conclusion

So, introduction of a small quantity of PbS in the com-
position of the CdS film leads to a reduction of the times for
recharging of the electronic states and relaxation of the elec-
tric signal on the frequencies exceeding 3...5 kHz, at that, the
CdS—PbS material, received by the HCD method, demon-
strated the values of the characteristic times in the specified
range of frequencies by an order less, while the values of the
potential barriers on the boundaries of the CdS and PbS
phases, promoting increase of the radiation resistance, by
15...20 % more than in the CdS-PbS films received by the
TEV method. This testifies to the good prospects of the use
of the less expensive HCD method for reception of the radi-
ation-resistant photosensitive films in the visible range of fre-
quencies, because, as our earlier works [10, 19, 22, 23] dem-
onstrated, creation of such a potential relief in the near-sur-
face layers of the CdS film reduces considerably the instability
of the parameters of the samples and increases the radiation
resistance without a deterioration of the photosensitivity.

The research was done with support of RFBR (project
Ne 16-08-00524_a).
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TEXHOAOIUU NMOAYHEHNA TOHKNX NMAEHOK HUTPUAA KPEMHUA
AASl MUKPODSAEKTPOHUKHU U MUKPOCUCTEMHOM TEXHUKM.
YACTb 1. TEPMUYHECKN AKTUBHUPOBAHHBIE NMPOLECCHI

B NMNPOTOYHbIX PEAKTOPAX

Ilocmynuna é pedaxyuro 12.01.2018

B yacmu 1 0630pa npoanaiu3uposansl cocmosnue U HANPAeAeHUs Pa3eumus MexHOA0ULl NOAYHEHUs CIEeXUOMEempPU4ecKux
monxux naenoxk numpuda kpemnus (C-TIIHK) oaa unmeepanrvhvix mukpocxem (UMC) u MukposseKkmpomexaHuuecKux cucmem
(MOMC). Paccmompenst npombiuinenHble npoyeccst npu mepmuxeckol axkmusayuu Sil,, SiCly, SiH,Cl, u eazo06pasnoeo am-
MUAKa 8 NPOMOUHBIX PeaKmopax 045 XUMUYECK020 ocaxcoeHus u3 2a3oeoll gazvl (XOI'D), a makce HanpasareHus ux mooughu-
Kayuti. CHuxcenue memnepamyput u dasrenus npu XOI'D nozsonsem yayuuums Kongopmuocmo C-TITHK na mpexmeprwix (3D)
cmpykmypax ycmpoticme UMC u MOMC. OboeaujeHue nieHoK KpemMHUeM N03604s5em NOAY4amb NACHKU C YMEHbULEHHbIMU Me-
Xanuveckumu Hanpsaxcenuamu oas npumenenui 8 MOMC. [Ipoanaiu3uposanvl HeKomopbie NPUMEPbL HOBbIX PeaceHmo8 Ha 0CHOGe
kpemuus ona XOI'D (Si,Clg), Hoevie Koncmpykyuu peakmopos. Paccmompennvie HanpaeneHus He oOHAPYICUAU NEPCHEKMUE
NPUHUUNUAALHO2O YAYHUIeHUS KOHMDOPMHOCU MOHKUX NAEHOK 0 cA0XCcHbIX 3D-cmpykmyp.

Karoueevie caosa: Humpua KpDeMHUs, MOHKUe NACHKU, mepMuvecKas aKkmueauus Xumu4ecKkux pealmuﬁ, npomo4Hsvle peaKkmo-

pbl, UHmeepaabHsvle MUKDPOCXeMbl, MUKDOCUCMEMHAA MEeXHUKA

BBenenune

TOHKOIIJICHOUHbIE HEOpPTaHWYeCKUEe MaTepHrasbl
SIBJISIIOTCSI OCHOBOI COBPEMEHHBIX 3JIEKTPOHHBIX KOM-
MOHEHTOB, U3TOTABIMBAEMbIX C TIOMOIIbIO UHTETPasIb-
HBIX TEXHOJIOTUI MUKPOIJIEKTPOHUKU, HAHO- U MUK-
POCUCTEMHOI TeXHUKHU. XPOHOJOTUUYECKU MEPBBIMU
B TEXHOJIOTMU UHTerpaibHbIX MUKpocxem (MMC) Ha-
Yaju UCIOJb30BaTh ToHKME IuieHku (TTI) mmokcupa
KPEMHUSI U CUJIMKATHBIX CTEKOJ, HUTPUAA KPEMHUS,
MoJIMKpUCTajLInYeckoro kpeMHus [1]. Beayiee Mmecto
nns co3nanusi TIT 3aHMMalOT MeTOAbl XMMMYECKOIO
ocaxaeHus u3 razoBoii ¢asel (XOI'D), mpu KOTOPHIX
HEOoOXOIUMBII MaTepral CUHTE3UPYETCs ITyTeM XUMU-
YeCKUX peakldil HEMOCPEICTBEHHO B XOJ€ MHOTOCTY-
MEHYATBIX TEXHOJIOTUUECKUX LIMKIOB M3TOTOBJICHUS
HNMC. CoBokynHoCTb 061111X BorpocoB XOI'D ToH-
KUX TJIGHOK MNPUMEHUTENbHO K TexHojsoruu MMC
ObLIa geTajJbHO 0000I1IeHa B padote [2]. B pabdore [3]
ObUIM BBIIEJICHBI OCHOBHBIC UTOTU, TPEHIBI U 3aJa4u
pa3Butus MetogoB XOI'D TOHKUX MJICHOK IJis mepc-
nektuBHBIX UMC 1 HaHO- ¥ MUKpPOBJIEKTPOMEXaHM-
yeckux cuctem (naee — MBOMC).

ToHKME TJIEHKUM HUTpUIA KpeMHHUs (majiee —
TITHK), onuceiBaeéMOro CTeXuoMeTpruuecKon hopmy-
aoit SizNy (coorHomenue Si:N = 1:1,33), apnsiorcs
ONIHUM U3 HauboJyiee BOCTPEOOBAHHBIX IUINCKTPUKOB
B TexHojiorun UMC u MOMC. IIpumenenne TITHK
OCHOBBIBAETCS Ha Hanuuuu y SizN, psana yHUKasb-
HBIX CBOWCTB, HAIIPUMEP YCTOMUYMBOCTU K arpeccuB-
HBIM XUMUYECKNM KUCIIOTaM ((TOPHUCTOBOMIOPOTHAS,
rops4asi oproocgopHasi), OTIMYMKU CKOPOCTEN Ij1a3-
MEHHOTO TpaBjieHUs] BO (Topcomepxkallux ra3oBbIX

CMeCSX OT TaKOBBIX IS TMOKCHIA KPEMHUSI, UTO 00ecC-
MEeYNBaeT CEJICKTUBHOCTh TPABIICHUS, TTOBBIIMICHHON
TBEPAOCTH, TETTEPHUPYIOIINX CBOMCTB IO OTHOIIECHUIO
K HexeJateJbHbIM i TexHoaoruu MMC noHam Ha-
Tpusa U T.4. [4, 5]. K HacTosieMy BpeMeHU METOIbI 1
obopynosanme moayderrss TITHK mpu XOTI'® mo pe-
aKUMsAM aMMOHOJIM3a (peakuuam ¢ amMmMmuakom NH;)
COENMHEHUI KPEeMHUS MPOILTM MHOTOJIETHIOIO aIlpo-
6auuio B maccoBoM mpousBoactse UMC u MOMC.
OpmHako pa3BUTHE WHTETPATBHBIX TEXHOJOTUIA CTABUT
HOBBIE 3a/1aUX KaK 110 ONTUMU3AINNA ¥ MOTU(UKAITNN
CYIIECTBYIOIINX TIpolieccoB/cocTaBa/cBoiictB TITHK,
TaK U Mo pa3paborke HOBbIX MeTogoB XOI'® TITHK.
Lenb HacTosiIero 0630pa — aHaJIM3 COCTOSIHUS M Ha-
npaBjJeHu pa3BuTus TexHonoruii nmomxyyenus TITHK
Ha 6a3e MHPOPMALIMOHHBIX UCTOUYHUKOB TPEX IIOCIE-
Hux gecartwieTuii. OCHOBHOE BHUMaHUE YAEJIeHO T0-
nyuyenuto TITHK, coctaBy 1 0OCHOBHBIM (hU3UKO-XU-
muueckum coiictBam TITHK. B vactu 1 paccmatpu-
BalOTCS TEPMHUYECKM aKTUBHUPOBAHHBIC ITPOIIECCH B
MOPOTOUHBIX peakTopax XOI'D.

CocTaB TOHKHMX IUIGHOK HHUTPHIA KPEeMHHS

B cayyae nonydyenust TITHK Merogamu XOT'® uc-
T0JIb30BAHKE CTEXUOMETPUYECKOM opmyJibl SisN, He
SIBJISIETCS OJHO3HAaYHbIM. COCTaB MoJy4yaeMoro mare-
puana 3aBUCHUT OT TUIIA MCXOMHBIX XMMUUECKUX pea-
reHTOB U OT yciaoBuii XOI'®D, rmaBHBIM U3 KOTOPBIX
siBJisieTcs TeMnepatypa. Hanpumep, B coctaBe TITHK
KaK OCTaTOYHbIE MOTYT MPUCYTCTBOBATh 3JIEMEHTHI U3
WCXOOHBIX XUMMYECKUX peareHTOB (XJI0p, KUCIOPO,
yraepon). OgHaKo TOMUMO KpeMHUsI U a30Ta, Haubo-
Jee pacnpoctpaHeHHbI KomnoHeHT TITHK — Bomo-
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poI, UICTOYHMKOM KOTOPOTO SIBJISIIOTCSI UCXOIHBIE pe-
areHThl. KoHueHTpamust Bomopona B TITHK moxer
OBbITh OT HECKOJIBKMX €AUHMIL (BBICOKUE TeMIIepaTyphl
XOI'®D) 10 HECKONBKUX JECATKOB aTOMHBIX ITPOLIEH-
TOB (HHM3KHME TemIepaTypsl moiaydeHus XOI'd) [5].
DTO NMPUHLUNHUAIBHO IJISI MHOTUX TPWIOXEHUM, B
ToM uncie a1 MOMC [6, 7]. Takum obpa3oM, Ijis
xapakTepucTuku peanbHoro cocraBa TITHK B obiem
BHIE TIpaBWIbHEE WCIOIb30BaTh OOIIYyI0 (QOpPMYITy
Si N H,. B nuteparype BcTpeyaioTcsi Takue 00O3HA-
‘ICHI/IH l'IJ'IeHOK kak SiN [8] u a-SiN  [9] m1s meHok
C KOHIIEHTpalLueil Bogopoaa MeHee 5 % wn a-SiN :H
[9] 1 o-SiN:H [10] mi1s niaeHOK ¢ KOHIEHTpaluei Bo-
nopona 6onee 5 %. I[Ipu BHICOKOTEMIIEpATYPHBIX OT-
Xurax KoHueHrtpauus Bogopona ¢ TITHK cHuxaer-
cs. [IpencrapiieHus1 0 COCTaBe MIEHOK MOXHO KOCBEH-
HO, HO OBICTPO COCTaBUTH ITO 3HAUCHHIO ITOKa3aTeJIs
npeaoMyIeHus (n): I CTEXMOMETPUYECKOro SizNy
n = 2,02 £ 0,02; 3HaueHUs BhIlIE COOTBETCTBYIOT 000-
ralieHuIo MaTepuaia KpeMHUEM, 3HaUeHUsI HUXe —
oboraleH1I0 MaTepuana, Kak MpaBUiio, KUCIOPOIOM
[4, 5].

IIpombinuiennbie TexHoJorun noaydenus TITHK
npa XOI'®

B HTerpaabHBIX TEXHOJNOTHSIX IS TIOYYSHHST Ma-
TEepUAaJIOB Ha TTOJIYITPOBOTHUKOBEIX MOIOXKAX (IMC-
ku auameTpom a0 300 MM, TojiuHOU 1o 1 MM) uc-
MOJIL3YIOT JBa HaNpaBiIeHMSI TEXHOJOIMYECKMX IpO-
eccoB XOI'D.

Hanpaeaenue 1 Bximodaer npoueccel XOI'® mpu
temneparypax 750...900 °C B Tak Ha3bIBaeMbIX O0b-
€MHBIX (IPYIIIOBBIX) TPYOUATHIX IIPOTOYHBIX PEAKTO-
pax Huskoro gasiaeHus (PHJI) ¢ "ropsuuMu cTeHKa-

u" (puc. 1, a)) (Takue peakTopbl U3BECTHBI Kak Low
Pressure CVD, LPCVD). IIpomecch peaan3oBaHbI 3a
CUET TEPMUYECKOM aKTMBALMU XMMMUYECKUX PEeaKIIUi

aMMOHOJIN3a MOHOCHJIaHA WU €TO XJIOP3aMellleHHBIX.
Konuenrpauus Bogopona B Takux TITHK o0Gbr4yHO co-
craBisieT MeHee 5 % [5—7], 1 UX MOKHO CYMUTATh CTE-
xuomeTpuaHbiMu; Hke 3T TITHK o6o3HayeHBI Kak
C-TIIHK. Takue C-TIIHK HeoOxomuMbl, HaIpuMmep,
IUISL UCTIOJIb30BaHUSI B CyOMapuIpyTe W3TOTOBJICHUS
MMC, uzectHom Kak Front-End-of-Line (FEOL), mo-
ITyCKaroIlleM BBICOKHE TeMIlepaTypbl 06paboTku. B xo-
ne FEOL dbopmupylotrcst TpaH3UCTOPHBIE CTPYKTYPbI
MMC c aneMeHTaMU MX U30JISILUM C IIOMOIIbIO BHICO-
KOTeMIIepaTypHOIr'0 OKMCJIEHUs YY4aCTKOB B KPEMHUU
(LOCal Oxidation of Silicon, LOCOS), uzonupyoiux
TpaHIlIe B KPEMHUN C UX 3aIIOJIHEHUEM IUOKCHUIOM
kpemHus (Shallow Trench Isolation, STI), uzonupyio-
mux obnacreit "crieiicep” ("spacer”) 1j1s1 3aTBOPOB TpaH-
3ucTopoB. B rexHonornsasx MOMC C-TITHK ucnonb-
3yIOT B KaueCTBE 3allIUTHBIX MOKPBITUM Ha KPEeMHUHU
MIpYA HEOOXOIUMOCTH UTUTEIBHOTO TPABJICHUSI OTKPHI-
TBIX YYaCTKOB KPEMHHUS IyTeM aHM30TPOITHOTO TpaB-
JieHust B BogHbIX pactBopax KOH [11]).

BpyTTo-peaknumu aMMOHOIM3a COeAMHEHU KpeM-
HUSI 1 OCHOBHBIE XapaKTepUCTHUKN COOTBETCTBYIOIINX
npoueccoB XOI'® mnsa monyuenus C-TITHK mpuse-
JEHbI HIXKE.

Peakuua ammoHonnsa MoHocunaHa (SiHy, ras
MIpY HOPMAJIBHBIX YCJIOBUSIX) OITMCHIBACTCS CXEMOU
3SiH4 + 4NH3; — SisN4 + 12H,. JlocronHcTteoM
npoliecca, peaM30BaHHOTO B MHTEpBaje TeMIepaTyp
750...800 °C, npu maBmenun okojo 130 ITa, cooTHO-
wenun NH5/SiH4 > ~50, asnsgercsa orcyrcTBue Ha-
KOITJIEHUsI TTOOOYHBIX MPOAYKTOB pPeakIIMM Ha CTEH-
Kax peakTopa M BaKyyMHO# cuctembl. HemoctaTku
npoliecca: Hu3Kasi IpoOUM3BOAUTEIbHOCTh (IS €€ YBe-
JIMYeHUST VCITOJB3YIOT TaK Ha3bIBAEMBIN ITPOTOYHO-
I PY3UOHHBIM peakTop, MpeacTaBisIonMii coboit
HWIMHIPUYECKYIO TpyOy, BHYTPM KOTOPOI paszMelia-
eTcsl nephOpUPOBAHHBIN UUIWHAPUYECKU KOHTEM-
Hep C NoUT0XKaMU [2]); HEOMHOPOAHOCTb
toauHbel C-TITHK Ha nomnoxkax; He-
KOH(MOPMHOCTh pocTa Ha peabedhe UMC;
makpoaedexktHocth C-TITHK.

*----

N

Peakuusi ammoHonM3a TeTpaxjaopcu-
nana (SiCly, XMIKOCTb IIPU HOPMaJIbHbIX
ycnoBusax) onucana cxemoit 3SiCl, +
+ 16NH; — SisN, + 12NH,4CL. Jocto-
MHCTBa mpolecca, nmpoBoaumMoro B PH/I

npu 800...900 °C, naBaeHUM OO0 HECKOJb-

CxeMbl OCHOBHBIX THIOB NMPOMBINLIEHHBIX NMPOTOYHBIX PEAKTOPOB IUISi MOJyYeHHS
C-TITHK B PH/I (@) n KAB-TII npu IIXO (b): 1 — BBOI peareHToB; 2 — BbIBOJ
MOGOYHBIX MPOLYKTOB peakluy; 3 — HarpeBarelb; 4 — MOJTyNPOBOIHUKOBAS MOA-
6 — OylueBoe pacrpefe-

JIOXKa; 5 — pacrupee/IUTeIbHBIN BBOM (OMIIMOHAIBHO);
JIUTEJILHOE YCTPOWCTBO; 7 — PaaMo4YacTOTHBIN 3JIeKTPO.I

Simplified sketches of production flow reactors for stoichiometric silicon nitride deposition
in hot-wall CVD system (a) and non-stoichiometric films in single-wafer plasma-
enhanced cold-wall CVD system (b): 1 — reactants "in"; 2 — reaction by-products "out";
3 — heater; 4 — semiconductor wafer; 5 — distributed feed (optional); 6 — gas mixture

assembly or showerhead; 7 — Radio frequency electrode
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KAX COTeH TacKajieil, COOTHOLICHUM
NH;/SiCly > ~10: BbIcOKast MpOM3BOAM-
tenpHOCTh (100 TomIOXeK/mpoliecc) B
npoctoMm nuauHapudyeckoMm PITI; xopo-
mast onHopogHocTe C-TITHK u xoHpop-
MHOCTb pocTta Ha penbece UMC; oTcyTcT-
BUE MaKponeheKTOB; BOBMOXHOCTb BbIpa-
LIMBAHMS TUIEHKU OJMHAKOBOM TOJILIMHBI
W PaBHOMEPHOCTH TOJIINHBI OITHOBpE-
MEHHO C JBYX CTOpPOH momioxek. Hemo-
CTaTKU: HEOOXOAMMOCTb MCITOIb30BaHUS
razoHocutenss M nopayu napos SiCly




(a30T, aproH); yacrass HeoOXOAUMOCTb XMMUUYECKOW
00paboOTKM (OUYMCTKM) peakTopa M CTEHOK BaKyyMHOI
cucrembl ot ocankos tuna NH,CL

Cxemy pocra C-TITHK png peakuyuyd aMMOHO-
musa puxnopeunana (SiH,Cly, raz mpu HOpmaib-
HBIX YCJIOBMSIX) OTOOpaXarT CAEAYIOLIMM O0pa3oM:
3SIH2C12 + 10NH3 —> Si3N4 + 6NH4C1 + 6H2 B Ha-
crosuee Bpemsa amMmoHomu3 SiH,Cl, — ocHOBHOIA
npowmbilieHHbIH MeTon ronydyeHust C-TITHK mis tex-
Hosjoruit UMC u MOMC, peanu3oBaHHBI B LIU-
smHapudeckux PHJI npu 700...800 °C, naBaeHUU OKOJIO
50 ITa, coornowenun NH3/SiH,Cl, > ~5. JloctouHCT-
Ba B 1eJ0M aHanornyHel ¢ SiCly, HO KOIMYeCTBO He-
JKeJIaTeIbHBIX TTOOOYHBIX TIPOAYKTOB BIBOE MEHBIIIE.

Paccmorpennbie Metoabl monydeHuss C-TITHK
HUMEIOT Xopolllee TeopeThuyeckoe onucaHue. OcobeH-
Hoctu kuHeTuku pocta C-TITHK nipu XOI'®D ¢ yyac-
tuem SiHy SiCly n SiH,Cl, cucremarusupoBaHsl u
KoJuuecTBeHHO omnucaHbl B [2]. IIpouecchr XOI'®D
peanu3yloTcsl B TaK Ha3blBaeMOW KMHETUYECKOl 00-
JIaCTU, KOTOpasl XapaKTepU3yeTCs JUHEMHON 3aBUCHU-
MOCTBIO B "appeHWYCOBCKMX KoopAauHaTax' (Jjrora-
pudM KOHCTAHTBI CKOPOCTHM peaklMy IIPOTUB 00paT-
HOIi abcotoTHOM TemIepatyphl). [IpennoxeHa cxema
YHUBEPCAJIbHOM NBYXCTAAUMHOM IOCIENOBATEIBLHOMN
peaKkIny Co CTAIUSIMU 00Pa30BaAHMS IIPOMEKYTOTHO-
ro npoaykta (IIIT) B razoBoii (pase u ero pacxomgoBa-
HUs Ha TTOBEPXHOCTH TMOIOXKHU: "MIcXomHbIe peareH-
o1 — [1I1 - C-TITHK + mo6ouynbie nmponykThl". I1o
peakuuu ammonoausa SiH, poct C-TITHK onucan
KaK JIUMUTHUPYIOILIMICS CTaaueid TOMOIreHHOIo oopa-
30BaHUs B razoBoit ¢aze IIII (mpeamnonaraaock, 4YTo
3TO MOryT ObITh, Hanipumep, SiH,, SiHj, azorcomep-
xkamue ITIT u 1.4. [5]). B aTtom cnyyae nuddysust men-
JneHHo oopasymoierocs 111 K MoBepXHOCTHY MOIJIOXKEK
B 00beMHOM peakTope (puc. 1, a) siBisieTcst KpuTudec-
KU BaxKHOU U ompenessseT 06003HaYeHHbIE BbIlIE He-
npocratky mporecca XOI'D. IIpoueccer XOI'® 1o pe-
akuuam ammonosusa SiH,Cl, u SiCly ¢ npakTuyecku
WISHTUIHBIMU KUHETUUECKMUMU XapaKTepPUCTUKAMMU B
PH/I onucaHbl Kak JUMUTUPYEMBIE CTaIuE pacxomao-
Banud I1I1 Ha moBepXHOCTU MTOIIOXKEK (TeTeporeHHast
cragus). B kauectse I1I1 B s7aHHOM cjiyyae BBICTYTAlOT
coenunenus SiH,CINH, u SiCI3NH,, 6bicTpo o6pa-
3ylollMecss B ra3oBoi (pase MyTeM IMPUCOETUHEHMS
aMMuakKa K xjaopuaam KpemHus ¢ otuierienuem HCI.
B pesynbrare satoro B peakrope XOI'® ycraHaBimBa-
eTcs TmocTosTHHAsE KoHneHTpauus [1I1, a creacTeuem
JIMMUTHpOBaHusA npoiecca XOI'D rereporeHHoI cra-
el sIBsieTcsl He3aBUCUMOCTbh OT NUMGOY3MOHHBIX
npoieccoB. Kak cieactBue, npoiecc UaeT ¢ MajabiMU
(okomo 1 %) HeomHOPOIHOCTAMM TOJIIIMHBI M CBOICTB
mieHok C-TITHK B PH/I, a Takke ¢ o4eHb BBICOKOM
(>90 %) KOH(bOPMHOCTBIO UX HAHECEHUST Ha CIIOXKHBIC
penbedsr UMC. KonnyecTBeHHOE OIMMcaHue 3aKOHO-
mepHocTeil pocta C-TITHK B PHJI ¢ momoipio Ku-
HETMKHM ITOCJIeI0BaTeIbHBIX HEOOPAaTUMBIX PeaKIInid
MEePBOTO MOPSIAKA B TAK Ha3bIBAEMbIX 3aMKHYTBIX CUC-
Temax [12] mo3BoJMIO ameKBaTHO OOBSICHUTL COBO-

KYITHOCTb HaOJIIOMaeMBbIX CXOACTB M OTIMYUN pOCTa
C-TIHHK u npenjioXuTh MOAXOOBI IJIsSI MOAEPHMU3A-
LIMU TIPOLIECCOB.

Hanpaeaenue 2 BiloyaeT BapuaHTbl TEXHOJOIU-
YeCKMUX TIPOIECCOB MPU HU3KUX TeMIlepatypax (Me-
Hee 450 °C). Ilpouecchl OCyIIECTBISIOTCS, KaK IIpa-
BWJIO, U3 MOHOCWJIaHAa, aMMMaKa 1 a30Ta IIpU pa3iny-
HBIX COOTHOIIEHMSIX C MCITOJIb30BaHMEM TIa3MEHHOM
aKTUBallUM (Jajiee 0003HAYarOTCs KaK "TJIa3MOXUMMU-
yeckoe ocaxnenue, [1XO"). Hampasnenue I1XO pea-
JIN30BaHO, KaK MPaBUJIO, B IIPOTOYHBIX pEAKTOPaX MH-
IUBUIYaJbHOIO THUIIA, HAIpUMeEp AUOMHOIO THUIIA C
XOJIONHBIMM CTEHKaMM, MOKa3aHHOro Ha puc. 1, b.
B 3apy0eskHOiT IMTepaType Takue peakKTOphl Ha3bIBalOT
"Plasma-Enhanced CVD, PECVD". Ilpu ITXO ¢op-
mupylorcsa Hecrexuomerpudyeckue TITHK, xoHkper-
HBIIl COCTaB KOTOPBIX 3aBUCUT OT TeMIIepaTyphl, MPU-
pOBI peareHTOB M COCTaBa Mapora3oBoil CMecH, MIoT-
HOCTM BBICOKOYACTOTHOM MOIIHOCTU, YAAJE€HHOCTU
TUIa3MEHHOTO MCTOYHMKA OT IMOMJIOXKHU U T.O. B oT-
JINYMe OT BBICOKOTEMIIepaTypHBIX IpoueccoB XOI'D
C-TITHK, ans nmia3MeHHBIX MPOLECCOB aleKBaTHBIX
OpyTTO-peakuuit B 1utepatype HeT. Huxke mist otiau-
YU TaKUX HECTEXMOMETPUUYECKUX MaTepuajoB OT
BeicokoTemmepaTypHbix C-TITHK aBTop ucnonb3yeT
TEPMUH "KpPEeMHUI-a30T-BOIOPOACOAEPXKAIE TOHKHE
mienku, KAB-TTI", 4yTo naeHTMYHO OOO3HAYEHUSIM
a-SiN,:H [9] n a-SiN:H [10]. BeicokoTeMnepaTypHbie
orxxuru KAB-TII npuBoasT K morepe Bogopoaa, u,
COOTBETCTBEHHO, COCTaB TaKUX IJIEHOK MOXET MpU-
onmkaTbesl K ctexruomerpuuyeckoMy. Iporeccst T1XO
WCIOJIb3YIOTCSI B TOMYCKAIOIIEM TOJIbKO HU3KUE TeM-
nepaTtypbl cyomapiipyte usroroBieHus MMC, us-
BecTHOM Kak back-end-of-line (BEOL — ¢opmupona-
HUEe MHOTOYPOBHEBO cucTeMbl MeTaymmu3anuu MMC),
Harnpumep, 1 puHuIIHOM naccuBaiiuu UMC win B
KauyecTBE CTON-CJIOEB [IJIsI TPaBJIECHUS.

[NpyHOUTIHATBPHBIM HETOCTATKOM BCEX IIPOIIECCOB
IIXO sBnsitercsl cuibHasE HEKOH(MOPMHOCTh ILICHOK,
YTO SBJISIETCS NMPUHLUMIMAIBHBIM OrpaHUYEHUEM IO
MPUMEHSIEMOCT B TIEPCIIEKTUBHBIX MPUOOpax. DToT
BOIIPOC ITOJPOOHO paccMOTpeH B MoHorpadum [2].
[1a3sMeHHBIE METONBI TTOIYYeHUs TOHKHMX TIJICHOK He
SIBJISIIOTCSI CTPOTO XMMWYECKUMMU TTPOLIeCCaMM, He OIU-
CcaHbl aJeKBaTHBIMU CXEMaMU IPOLIECCOB U B 0OJIb-
LLIOM CTENEeHM 3aBUCST OT UCIOJIb3yeMOM amnmapaTyphbl.
B cBs3M ¢ 3TUM TakMe TICHKM IPEACTaBIISIIOT CaMo-
CTOSITEIbHBIN MHTEPEC M HAXOMATCS BHE pPaMOK IaH-
Horo o03opa.

Hanpapjienns coBepiieHCTBOBAHMS TE€XHOJIOTHIA
XOI'® TIIHK

7151 TPOTOYHBIX PEaKTOPOB MOXKHO BBIAETUThH Ye-
ThIp€ HaMnpaBJeHUs] pa3BUTUSI TEPMUYECKU aKTUBUPO-
BaHHKIX nponieccoB XOI'® TITHK B npoTouHbIX pe-
aKTOpax.

Cosepuencmeoganue Cyuw,eCmeyoujux npomblulieH-
Hoix npoueccos noayuenus C-TITHK ¢ npomounvix PHJJ.
CoBeplIeHCTBOBaHME MOApa3yMeBaeT yTOUHeHUe Oa-
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30BBIX PEXMMOB IPOIIECCOB (B OCHOBHOM MMEETCS B
BUAY MpOILECC aMMOHOJM3a IUXJOPCUIaHA), yYallle
BCETO — TEMIIePATyphl, TaBJICHUS, 3HAYCHNI Ta30BBIX
noTokoB [13, 14]. Llennio gBisieTcs yiIydlieHUe XapaK-
TepucTuk npouecca noaydyeHusi C-TTTHK, Hanpumep
CHUXXEHHE HEpPaBHOMEPHOCTHU TOJIILIMHBI TUIEHKU Ha
MTOUTOXKAaX, TTOBBIIIEHUE TTOBTOPSIEMOCTH TIpoliecca U
T.I.; COCTaB 1 CBOMCTBa MaTepuaja Ipyu 3TOM OCTaloT-
csl HEeM3MEHHBIMHA. YITy4llleHre KOH(GQOPMHOCTH OCaXK-
nmeHust TI1 aist CTPYKTYp C MOBBIIIEHHBIMM aCIEKT-
HBIMU OTHOIIEHUSIMU TSI TeTePOTEHHBIX IPOIIECCOB
MOXET OBITh ONTUMHM3UPOBAHO C HCIIOJIb30BaHUEM
Mojaxojaa, Ha3blBaeMoro "Kputepuit (momyib) Tuie"
(3amMCTBOBaH M3 TEOPUU TETEPOTEHHOIO KaTajaum3sa,
CBS3BIBAET Mpouecchl AU y3uu 1 KOHCTAHTY CKOPO-
CTU TeTepOTreHHOW peakliun); B 001leM BUIE 1OCTHUTa-
€TCs MMyTeM CHUXEHUS JaBJICHUS U TeMIlepaTyphl Mpo-
meccoB XOI'® [2]. MUmeroTcs Takke IIPpUMEPBI MOJIE-
JIMPOBaHUSI 3TOro Impolecca [15, 16].

Modepnuzayusa npoyeccoé noay4eHus nieHoK 6 npo-
mounvix peaxmopax XOI'®d. Tlog MomepHHM3aIuUE
(kaKk TIpaBWJIO, OTHOCUTEJIBbHO 0a30BOro IIpoliecca)
MoApa3yMeBaloTCs MPUHUMMUATIbHbBIE U3MEHEHUS pe-
KkuMoB XOI'D, Ho 6e3 M3MeHEeHUs TUIIa UICXOIHBIX pe-
areHTOB WIU cItocoba moaauu peareHToB npu XOI'®D,
B IEJISIX TTOMCKAa HOBBIX COCTaBOB M CBOMCTB MaTepH-
ajyioB. JIng MOMC TakuMu HOBBIMU CBOMCTBAMU ITJIe-
HOK OKa3aJInCh MeXaHWueckue HampsokeHus [17, 18].
B pa6ote [17] B npoTtounbsix PHJI npu npoyux Heus-
MeHHbIX ycioBusx (800...850 °C u 30...70 I1a) nyrem
usmeneHus coorHowenus SiH,Cl,/NHj3 1o 14 (To ectb
MpY CUJIBHOM OOOTallleHWM Ta30BOM CMECH MO M-
XJIOpCUJIaHy) MojJydaau oOoraiieHHbIe KpeMHUEM
IUTEHKW CO CHIDKEHHBIMH MEeXaHMYEeCKUMU HaTpsKe -
HusMmu. Jlajlee Takue IUIEHKM 0OO3HadeHbl "obora-
weHHble kKpeMHueM TITHK" uau OK-TITHK. B pe-
3ynbTaTe yBeaudeHus cootHowenus SiH,Cl,/NH;y B
yKa3aHHbBIX BbILIE Mpenejax MmokaszaTelb IpeoMJe-
HUS TUICHOK M3MEHSJICS OT TUITMYHOTO 3HAYCHMST IS
C-TIIHK ~2,0 g0 oboraiieHHOro no KpeMHuio ~2,7.
ITpu atom mexaHnuyeckue HampsokeHusi B OK-TITHK
IUIaBHO cHmXaymch ¢ 1,2...1,4 T'Tla no ~ —0,15 I'Tla.
Bbnuzkue 3HaUeHNST MEXaHMYECKUX HATIPSKEHUI, OKO-
1o 0,13 I'Tla, npeacrasieHsl B padote [18], roe ucce-
JIIOBaHUS MpoBeleHbl NMpu Temmeparype 835...875 °C,
nainenuu 39 Ila u pUKCMPOBAaHHOM 3HAYEHUU OTHO-
uieHud rasosblx norokos SiH,Cl,/NH3 = 10. Cxopo-
ctu pactBopeHus a1 OK-TITHK B cranmaptusupo-
BaHHbIX B TexHosoruu MMC pacTBopax: TpaBUTeIs AJIs1
okcuga — Buffred Oxide Etch, BOE (25 °C), 40 % HF
(25 °C) u H3PO, (160 °C) 6pun mpumepHO B 2,5—3,
a B KOH (50 °C) — npuMepHoO 5 pa3 MeHbllle, YeM Ta-
koBble it C-TITHK. AHamornuHbie McclieqoBaHMS
BBINIOJIHEHBI aBTOpaMu paboThl [19] st MOHOCUIIaHA
u ammuaka B PHJ/I B unrtepBane 725...775 °C u co-
orHowenun NH;/SiH, = 0,2...1,6. 3meHenusa me-
XaHWYEeCKUX HAIPSKEHUN B TJIEHKAX COCTaBIISUIM OT
—0,5 I'lTa oo 0,9 I'Tla.
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ABTOpHI IIPUBEACHHBIX BbIIIE padOT OTMEUAIU, YTO
npu nonydyeHun OK-TITHK paBHOMepHOCTH IJIEHOK
CUJIbHO yXyJlllajach Mo JjiuHe padoueit 3oHbl PH/I.
ITo mHeHUIO aBTOpa 0030pa, MPUUYMHA 3TOrO 3aKJIIO-
YaeTcsT B TOM, YTO TPU MAJIbIX COOTHOIIEHUSIX aMMU-
aka K KpeMHUICOIepKallleMy HCXOIHOMY pearecHTy
BbicOKMe TeMmnepatypbl XOI'dD co3naioT yciaoBus mjs
MapajieJIbHOTro MpOoTeKaHUs peakiluii muposusa (Tep-
MHMYECKOTO pa3JIOKEHMST) MCXOMHBIX KpeMHUIcomep-
xkawux peareHtos SiH, u SiH,Cl,. BoaMoxHOCTb Tep-
Mopacliaga 3TUX pearecHTOB B OJM3KUX 2KCIEPUMEH-
TaJIbHBIX YCIOBUSIX KOMIIOHEHTOB ObLIM UCCJIEAOBaHbI,
Hanpumep, B paborax [20, 21]. ITapannenbHo mpoTe-
KalolllMe peakilM MHUPOJIM3a BBI3LIBAIOT HAKOIJICHUE
KOHIIEHTpAIMii MOOOYHBIX TPOAYKTOB IO JUTMHE peak-
nvuoHHo# 30Hbl PH/I. Takum oGpa3om, mpu ocaxmie-
Huu OK-TITHK B npotounbsix PH/I B KaxX1oM ycioB-
HOM ceueHNH pabodeit 30HBI peakTopa KOHIIEHTPAITUN
HMCXOIHBIX PEareHTOB M MOOOYHBIX TPOAYKTOB OYymyT
paznuyatbesi. COOTBETCTBEHHO, IO JUIMHE PEaKTOpPOB
OynyT pasnmmyathest M coctaB, U cBokicTBa OK-TITHK,
yKa3bIBasi Ha HETIPUTOMHOCTD TIPUMEHEHUS TAKUX TIPO-
LIECCOB 1 peakTopoB Ml mpousBoactsa MOMC.

ABTOpPY NpeacTaBisieTcs, yTo Oojiee yAauHbIM Ba-
puanToM TtoiryaeHust OK-TITHK mormo ObI ciayXkuTh
TUIa3MEHHOE OCakKAeHUE TMPU TOHVXXEHHOUN TeMrmepa-
type okoso 400 °C. Ha Takyio BO3MOXHOCTb, B 4acT-
HOCTH, YKa3bIBAalOT pe3yJbTaThl paboThl [22], aBTOPLI
KOTOPOI1 M3yJaJlu CUHTE3 U CBOWMCTBA TJICHOK TaK Ha-
3bIBAEMOTO TOJYU3OJUPYIOLIETO TOJUKPUCTATINYEC-
KOro KpeMHMs, IojiydeHHoro B mporouHom PHJI c
BIIEKTPOJHON cucTtemMoi (cM. geTtaiaud B pabore [23])
npu cootHoweHun NH;/SiH, = 0,5..5. Mexanu-
yeckue HanpspkeHus Takmx Onmmskux K OK-TITHK
IUICHOK HaXOAWJIVCh B 00JIACTU CXaTus B OUara3oHe
—0,9...—0,3 I'TTa. IlpeuMyl1iecTBO JaHHOTO MpoLECca
COCTOUT B OTCYTCTBMM KaKHUX-JIMOO TEPMOAKTUBUPO-
BaHHBIX peaklMii aMMOHOJIM3a U TepMopacraia npu
HU3KHUX TeMIlepaTypaxX OcCaxIeHus, T.e. 3aKOHOMep-
Hoctu pocTta TII mperMMyllecTBEHHO OIIpeneIsIIoTCs
KOHCTPYKIIMeil 000pydOBaHUS U XapaKTepUCTUKAMU
HCIOJIb3YEMOT0 IIa3MEHHOTo paspsina. bojee Toro,
MoJlydeHue TIJIEHOK B MHIMBUIYAJIbHBIX TJIa3MEHHbBIX
peakTtopax (puc. 1, b) MoxeT narthb elle 6ojee paBHO-
MepHBIe TTIOKPHITUS, X0Ts npouecchl [1XO umerot or-
paHUYEeHUS O KOHGOPMHOCTU OCaXKIEHUsI.

Hoeguvie peazenmot 0aa noaywenus TITHK ¢ npomou-
Hovix peaxmopax XOI'®D. O61Iel Le/TbI0 UCCIeTOBAHUIA
3TOro TUMA ObLI MTOMCK PEAareHTOB, MO3BOJISIOLIMX CY-
IIECTBEHHO MOHM3UTh TEMIIEPaTypy OCaXKIeHUs. AB-
Topbl pabdotel [24] m3yyanu TITHK, momydyeHHble B
PH] ¢ "ropssanMu cTeHKaMu'" U3 TpUC(IMMETHIIAMU-
Ho)cunana ((CHs),N);SiH u ammuaka npu teme-
patype 650...900 °C u maBrenuu meHee 130 Ila. AB-
TOPBI UCKaJIM TaK Ha3bIBaeMblli environment friendly —
KpeMHUIicoepKallluii peareHT, ClIOCOOHbIN 3aMEeHUTh
B npoussoactse MMC onacueie (SiHy) n xoppoaupy-
towue (SiH,Cl,, SiCly) pearentsl. PocT ruieHok B qua-
mmazoHe 650...800 °C u paBnenun 20...80 I1a ¢ cooTHO-




meHueM NH3/((CH3),N)3SiH or 1 1o 10 cocrabisn
ot 0,3 1o 9,0 HM/MuH. ONTUMAaJIBHON TeMIepaTypoi
ocaxaeHust aBTophl mocuntaau 8§00 °C u cooTHOIIIE-
Hue NH3/((CH3),N);SiH = 10. B cocrase miueHok
OOHapyXeH yriiepos ¢ KOHIeHTpanuei 1o 5 at. % u
BOJOPO (KOHILIEHTpalusl He mpuBoautcs). KoHbpop-
MHOCTb MOKPBITUI ObLJIa OLIEHEHA [JIS1 CTPYKTYPBI TJ1y-
ouHoit 1 Mxm 1 mmpuHoit 0,75 MKM Ha YpOBHE BCETO
70 %. ABTOpPBI [25] MCcemoBaI BO3MOXHOCTh POCTa
rieHok SiN,:H npu temneparype 250...500 °C ¢ yuac-
tMeM cMecu onuromepa Si)Clg u ruapasuna N,oH,.
CKOpOCTh OCaxkIeHUsI COCTaBIsia 0KOJIo 4 HM/MUH,
a Tokazateib IpenomiaeHus 1,67...1,75. CkopocTh
OCaxXIeHUs pe3KO CHIKaJIach IpU TeMIlepaTypax Me-
Hee 350 °C, uto ObLIO OOBSICHEHO 0Opa3oBaHUEM IT0-
no6ubeix NH,4Cl marepuanos. Konuenrtpauusa Bonopo-
Ia omeHeHa Ha ypoBHe 30 aT. %. ABTOpPHI [26] mccie-
JIOBaJIM POCT IUIEHOK U3 Sil, 1 aMMuaka B peakrope
armocdeproro tuma npu 350...550 °C. Cxkopoctu
pocTta cocTaBsin 0kojo 80 HM/MUH, KOHLICHTpaLIUs
noja B IieHkKax coctasisiia 0,8...4,2 at. %, KOHLIEH-
Tpauus Bomopoaa okoiyio 30 at. %. KoHdopmHOCTH
TII oueneHa aBTopaMu jaydiie 85 % Ha CTPYKType C
pa3mepamu 1,6 MKM Ha 1 MKM, OJHAaKO C HaKJIOH-
HBIMU CTeHKaMH, YTO He TTO3BOJISIET cAeIaTh aaieKBaT-
HBIX CPaBHUTEIBHBIX OILIEHOK. ABTOpPHI [27] mccne-
IOBaJIM POCT IJIEHOK M3 TeKCaMEeTHJIIMCIIOKCaHa
(CH3)3Si0Si(CH3); 1 ammuaka npu aTMocdepHOM
nmaBneHun u Temieparypax 750...850 °C. Ilpu ontu-
MaibHOI TeMItepaTtype ocaxaeHust 800 °C mocTuray-
Thle 3HAYEeHMSs IToKazaTensl mpejaomieHus 1,88 coot-
BETCTBOBAJIM CKOPee OKCUHUTPUIY KPEMHUSI.

Hoevte xoncmpyxuuu npomounvix peaxmopog 04s
noaywenuss TITHK npu XOI'®D. B nanHOM pa3szene aB-
TOp XOTeJI OBl aKIEHTUPOBAaTh BHUMaHWE Ha TaK Ha-
3pIBaeMoM Karanutudeckom XOI'D, B 3apybOekHOIM -
tepatype HaseiBaeMoM Catalytic CVD, Cat-CVD wim
Hot-Wire CVD, HWCVD. Cytb MeTOaa 3aKJII0uaeTcs
B TOM, YTO B TIPOTOYHBIX peakTopax pa3baBicHHAas
WHEPTHBIM Ia30M peakiIMOHHAas CMeCh aMMHUaKa ¢ I1-
cunanoM SipH¢ [28] winm SiH, [29] npoxoaut cHava-
Jla HaJl BOJbGpaMOBOil MPOBOJOKOI/IEHTOM, Harpe-
TOM 10 BbicOKO# TemriepaTypbl (okojio 2000 °C), un
Jajiee TIOCTYITaeT K TTOMJIOKKE, HaXOMSIIIecs TIpU TeM-
neparype okojo 300 °C. IIpu sToMm popma moaioxkex
U WX pasMepbl MOTYT CWJIbHO pa3inyaThCs, TaK Ke
Kak ¢opMa U noyjioxeHue BojbppamoBoit HuTU. [lpu
OCaXXIEHUN JOCTUTAIOTCS BHICOKHME CKOPOCTH TTOPSIIKA
80...170 um/MuH [28]. JeTanbHbIi OTYET MO STOMY BU-
Iy TIOyJ4eHUs TUIEHOK MPUMEHMTENBEHO K CO3TaHUIO
(hoTOBOJIBTAMYECKUX YCTPOUCTB Pa3aIUYHOrO pa3Mepa
u opMbl puBeaeH B ceblike [29]. ITo olieHKe aBTOpa
0030pa, Takoii MeTol, KaK 1 nHble MeToabl XOI'D ¢
aKTUBALIMEIl peareHTOB, BPSII I MOXET OBITh 3(pdeK-
TUBEH IJIs1 pellleHUsT 3ajay Co3AaHUsT KOH(POPMHBIX
nokpeituii B ycrpoiictBax UMC nu MOMC ¢ BbICOKO-
aCMeKTHBIMU CTPYKTYpaMU.

3akiouyeHue

HenpepblBHOE COBEpILIEHCTBOBAHWE W Ppa3BUTHE
texHosorut UMC u MOMC cTtaBUT HOBBIE 3alauu
Tepe TEXHOJIOTMSIMUA CO3AaHUS TOHKOTJIEHOYHBIX TTOK-
pbiTuii. K raaBHBIM U3 HUX MOXHO OTHECTH IOJyde-
HUE TUIEHOK 3aJaHHOI0 COCTaBa M CBOWCTB, a TakXke
KOH(MOPMHOCTb pOCTa IJIEHOK Ha BbICOKOACITEKTHBIX
CTPYKTYpax COBpPEeMEHHBIX IpuOopoB. IIpoBeaeHHbII
0030p JIUTEPATYphl MO3BOJWI BBIICJIUTDL CIEAYIONIVE
TEHACHLIMKU pa3BUTHUsI TexHoaorui noayyeHus TITHK
Npu TEPMUUYECKOW aKTUBALIMU PEAreHTOB B MPOTOY-
HbIX peakTopax. K HUM OTHOCSITCS: TOMCK HOBBIX UC-
XOJHBIX KPEMHUMCONEPXAIIIMX PEAreHTOB, CHUXKEHUE
TeMrepatypsl TporieccoB XOTI' D, mMoncK HOBBIX KOHC-
TpyKunii peakTopoB 11t XOI'®. O6cyxkmaeMble B -
TepaType pelleHus: Mo Moau(UKaluu cOCTaBa TOHKMX
TJIEHOK JIS1 TIOJIyY€HUsI HOBBIX CBOWCTB, HEOOXOIUMBbIX
a1 MOMC-npunoxeHuit, TpeOylOT TLIATEJIHLHOTO
aHajau3a BO3MOXHOCTEM MX amrapaTypHOW peaju3a-
MU 11 obecniedeHns] OQHOPOLHOCTA U BOCIIPOU3-
BOJIMMOCTUA COCTaBa U CBOMCTB MOKPBITUMA HA MOJIY-
MPOBOJHUKOBBIX MOTOXKax. Ha HacTosuiA MOMEHT
BpPEMEHM HCCeJOBaHHbIe HaIpaBJIeHUS Pa3BUTUS
XOI'®D B mpOTOUHKIX peakKTOpax He OOHAPYKUIIN TIep-
CMEKTUB MNPUHUMIIMAILHOIO YJy4llleHUsI KOHMOpM-
HOCTU TOHKHUX TUICHOK JUISI CJIOXHBIX 3D-CTpyKTyp.
B yactu 2 paGoThl OyAyT pacCMOTPEHbI BApUAHTHI pe-
ammzanum Metoga XOI'D B peakTopax ¢ MUKITMISCKUM
ocJie10BaTeIbHO-UMITYJIbCHBIM HAITyCKOM MCXOIHBIX
peareHToB, MOTEHLIMAJILHO MO3BOJISIOIIMX pelliaTh 3a-
Jayd yaydiieHUs] KOHGOPMHOCTH OCaXKACHUS TOHKUX
TUIEHOK, B TOM YHMCJIe — HUTPUAA KPEeMHUSI.
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Part 1. Processes in Flow Reactors with Thermal Activation
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In the first part of review, a status and possible directions of stoichiometric silicon nitride thin film chemical vapor deposition
(CVD) technologies devoted to the integrated circuit (IC) and microelectromechanical systems (MEMS) applications are analyzed. Sta-
tus of stoichiometric silicon nitride thin films productions processes with the use of thermal activation of SiH 4, SiCl,, SiH,Cl, and am-
monia gas in flow-type low pressure CVD (LPCVD) reactors, as well as directions of their modifications are considered. LPCVD tem-
perature and pressure reductions allow to improve the film conformality on three-dimension (3D) device structures of IC and MEMS
devices. Thin film compositions with silicon enrichment allow to obtain the films with reduced mechanical stress for MEMS applications.
Some examples of new CVD silicon-based reactants (Si,Clg) as well as new CVD reactor designs are analyzed. All considered directions
do not show promise in terms of obtaining the high thin film conformality on complicated 3D devices structures.

Keywords: silicon nitride, thin films, chemical reactions with thermal activation, flow reactors, integrated circuits, microelec-

tromechanical systems
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Introduction

Thin-film inorganic materials are the base for electronic
components manufactured using integrated microelectronics
technologies, nano- and microsystem technology. Chrono-
logically, thin films (TF) of silicon dioxide and silicate glasses,
silicon nitride, and polycrystalline silicon began firstly to be
used in the technology of integrated circuits (IC) [1]. The
chemical vapor deposition from the gas phase (CVD) takes
the leading place in creation of TF, in which the necessary
material is synthesized by chemical reactions directly during
the multistage technological cycles of IC manufacturing. The
sum of general issues of CVD of thin films with reference to
the IC technology is detailed in [2]. In [3], the main results,
trends and issues of development of CVD methods of thin
films for advanced IC and nano- and microelectromechanical
systems (MEMS) are outlined.

Silicon nitride thin films (SNTF) described by the stoi-
chiometric formula SisNy (Si:N = 1:1.33) are one of the most
popular dielectrics in the IC and MEMS technology. The use
of SNTF is based on the presence in Si;Ny, of a number of
unique properties, for example, resistance to aggressive chem-
ical acids (hydrofluoric, hot orthophosphoric), differences in
plasma etching rates in fluorine-containing gas mixtures from
those for silicon dioxide, which ensures selectivity of etching,
increased hardness, gettering properties with respect to sodi-
um ions undesirable for IC technology, etc. [4, 5]. The meth-
ods and equipment for production of SNTF at CVD by am-
monolysis reactions of silicon compounds (reactions with gas-
eous ammonia, NHj3) have been tested for many years in the
mass production of the IC and MEMS. However, develop-
ment of the integrated technologies poses new tasks to opti-
mization and modification of the existing processes / com-
positions / properties of SNTF and to development of new
methods for CVD of the SNTF. The purpose of this review
is to analyze the status and trends in the development of tech-
nologies for production of SNTF based on information sourc-
es for the last three decades. The main attention is paid to
SNTF obtaining, composition and basic physical and chem-
ical properties. Part 1 reviews thermally activated processes in
flow CVD reactors.

Composition of the silicon nitride thin films

In the case of the SNTF production by CVD methods, the
use of the stoichiometric formula SizN,4 is not unambiguous.
The composition of the resulting thin film material depends
on the initial chemical reagents and the conditions of CVD,
the main one being temperature. For example, elements from
the initial chemical reagents (chlorine, oxygen, carbon) can
present in the SNTF as a residual. However, besides the sil-
icon and nitrogen, the most common component of SNTF is
hydrogen, whose source is the starting reagents. The concen-
tration of hydrogen in SNTF can be from several units (high
CVD temperatures) to dozens of atomic percent (low CVD
temperatures) [5]. This is important for many applications,
including for MEMS [6, 7]. Thus, in order to characterize the
actual composition of SNTF in a general form, it is more cor-

rect to use the general formula Si,N H_. In the literature,
such notations for films as SiN, [8] and o-SiN, [9] for films
with a hydrogen concentration less than 5 %, and a-SiN,:H
[9] and a-SiN:H [10] for films with a hydrogen concentration
greater than 5 % are encountered. At high-temperature an-
nealing, the concentration of hydrogen in SNTF decreases.
Understanding of films’ composition can be indirectly, but
quickly, made by the value of the refractive index (n): for sto-
ichiometric SizNy n = 2.02 + 0.02; the values above corre-
spond to the enrichment of material with the silicon, the val-
ues below correspond to the enrichment of the material, as
usually, with the oxygen [4, 5].

Industrial technologies for production of SNTF by CVD

Two directions of the CVD processes are used in the in-
tegrated technologies for production of materials on semicon-
ductor substrates (disks with diameters up to 300 mm and
thickness up to 1 mm).

Direction 1 includes CVD processes at 750...900 °C in
"batch" ("group") low-pressure tubular flow reactors with "hot
walls" (fig. 1, a) (Low Pressure CVD, LPCVD). The processes
are realized due to the thermal activation of chemical reac-
tions of ammonolysis of monosilane or its chlorinated deriv-
atives. The hydrogen concentration in such SNTF is usually
less than 5 % [5—7] and they can be considered as stoichio-
metric; below, these SNTFs are designated as S-SNTFs. Such
S-SNTFs are required, for example, for use in the sub-route
of IC manufacturing, known as Front-End-of-Line (FEOL),
allowing high processing temperatures. In the course of FEOL,
the transistor IC structures are formed with elements of their
isolation by means of high-temperature oxidation of sites in
silicon (Local Oxidation of Silicon, LOCOS), insulating
trenches in silicon with their filling with silicon dioxide (Shal-
low Trench Isolation, STI), insulating regions ("spacer") for
the transistors’ gates. In MEMS technologies, S-SNTFs are
used as protective coatings on silicon, if long-term etching of
open silicon regions by anisotropic etching in aqueous solu-
tions of KOH [11] is necessary.

The gross-reactions of ammonolysis of silicon compounds
and the main characteristics of the corresponding CVD proc-
esses for the production of S-SNTF are given below.

The reaction of ammonolysis of monosilane (SiH,, a
gas under normal conditions) is described by scheme
3SiH, + 4NH; — SizN4 + 12H,. The advantage of the proc-
ess, realized in the range 750...800 °C, pressures around 130 Pa,
the ratio NH3/SiH, > ~50, is the lack of accumulation of re-
action by-products on the walls of the reactor and the vac-
uum system. Disadvantages of the process: low productivity
(the so-called flow-diffusion LPCVD reactor is needed to in-
crease it, which is a cylindrical tube, inside which a perforated
cylindrical cage with substrates is placed [2]); non-uniformity
of thickness of S-SNTF on substrates; non-conformality of
growth on the relief of IC; macrodefectiveness of S-SNTFs.

The reaction of ammonolysis of tetrachlorosilane (SiCly,
a liquid under normal conditions) is described by scheme
3SiCly + 16NH; — Si3N4 + 12NH,4CL. The advantages of the
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process, carried out in the LCVD at 800...900 °C, pressure of
up to several hundred pascals, NH3/SiCl, > ~10: high produc-
tivity (100 substrates / process) in a simple cylindrical LPCVD
reactor, good homogeneity of S-SNTF and growth confor-
mality on the ICs relief, absence of the macrodefects, possi-
bility of growing of a film with equal and uniform thickness
at the same time from both sides of the substrates. Disadvan-
tages: the need to use a gas carrier to supply SiCl, vapor (ni-
trogen, argon); the frequent need for chemical treatment
(cleaning) of the reactor and the walls of the vacuum system
from precipitation like NH4CL

The growth scheme of S-SNTF for the reaction of
dichlorosilane ammonolysis (SiH,Cl,, a gas under normal
conditions) is displayed as follows: 3SiH,Cl, + 10NH; —
— SizNy + 6NH4Cl + 6H,. Ammonolysis of SiH,Cl, is a main
industrial method for obtaining of S-SNTF for IC and MEMS
technologies implemented in cylindrical LPCVD reactor at
700—800 °C, pressure of about 50 Pa, NH;3/SiH,Cl, > ~5.
Advantages are generally similar to SiCly, but the amount of
undesirable by-products is twice as little.

The considered methods of S-SNTF preparation have
good theoretical description. Peculiarities of the growth Kki-
netics of S-SNTF in CVD with participation of SiHy, SiCly
and SiH,Cl, are systematized and quantitatively described in
[2]. The CVD processes are realized in the kinetic region,
which is characterized by a linear dependence in the "Arrhe-
nius coordinates” (logarithm of the reaction rate constant ver-
sus the reciprocal absolute temperature). A scheme of a uni-
versal two-stage sequential reaction with the stages of forma-
tion of an intermediate product (IP) in the gas phase and its
consumption on the substrate surface is proposed: "Initial re-
agents — IP — S-SNTF + by-products”. According to the
ammonolysis reaction of SiHy, the growth of S-SNTF is de-
scribed as being limited by the stage of IP’s homogeneous for-
mation in the gas phase (it was assumed that this could be, for
example, SiH,, SiHj;, nitrogen-containing IP, etc. [5]). In
this case, the diffusion of slowly formed IP to the surface of
substrates in the bulk reactor (fig. 1, a) is critical and deter-
mines the above disadvantages of the CVD process. The CVD
processes by the ammonolysis reactions of SiH,Cl, and SiCly
with practically identical kinetic characteristics in LPCVD re-
actor are described as being limited by the stage of consump-
tion of IP on the substrate surface (heterogeneous stage). As
the IPs in this case there are the compounds SiH,CINH, and
SiCl;NH, rapidly produced in the gas phase by the addition
of ammonia to silicon tetrachloride with elimination of HCI.
As a result, a constant concentration of IP is established in the
CVD reactor, and the consequence of the CVD process lim-
iting by a heterogeneous stage results in the independence
from diffusion processes. As a consequence, the process pro-
ceeds with small (about 1 %) non-uniformity of the thickness
and properties of S-SNTF films in the LPCVD reactor, and
also with a very high (>90 %) conformance of their applica-
tion to complex IC reliefs. The quantitative description of the
S-SNTF growth patterns in LPCVD reactor by means of the
kinetics of successive irreversible first-order reactions in so-
called "closed systems" [12] allowed to adequately explain the
set of observed similarities and differences in S-SNTF growth
and suggest approaches for process modernization.

Direction 2 includes variants of technological processes at
low temperatures (less than 450 °C). The processes are carried
out, as a rule, from monosilane, ammonia and nitrogen at dif-
ferent ratios using plasma activation. This direction is real-
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ized, as a rule, in individual type flow reactors, for example,
a diode with cold walls, shown in fig. 1, b. In foreign litera-
ture, such reactors are called "Plasma-Enhanced CVD,
PECVD". In the case of PECVD, the non-stoichiometric
SNTF are being formed, the specific composition of which
depends on the temperature, the nature of the reagents and
the composition of the vapor-gas mixture, the density of high-
frequency power, the remoteness of the plasma source from
the substrate, etc. In contrast to the high-temperature CVD
processes of S-SNTF, there are no adequate gross reactions
in the literature for the plasma processes. Below, in order to
distinguish such non-stoichiometric materials of high-tem-
perature S-SNTFs, the author uses the term "silicon-nitro-
gen-hydrogen-containing thin films, SINH-TF", that is iden-
tical to designations a-SiN,:H [9] and o-SiN:H [10]. High-
temperature annealing of SINH-TF leads to loss of hydrogen
and, accordingly, the composition of such films can approach
a stoichiometric type. The PECVD processes are only used in
a low-temperature sub-route of IC manufacturing, known as
the Back-End-Of-Line (BEOL), for example, for passivation
of 1Cs, or as stop layers for etching.

The fundamental drawback of all PECVD processes is
strong non-conformality of the films, which is a fundamental
limitation on the applicability in promising devices. This
question is examined in details in the monograph [2]. Plasma
methods for thin films obtaining are not to be strictly chem-
ical processes, they are not described by adequate schemes of
processes, and depend to a large extent on the equipment
used. In this regard, such films are of independent interest and
are beyond the scope of this review.

Directions for improvement of the technologies of SNTF
by CVD

For flow reactors, four directions of the development of
thermally activated processes of CVD SNTF can be identified.

Improvement of the existing industrial processes for pro-
duction of S-SNTF in flow LPCVD reactors. The improve-
ments involves the optimization of the basic regimes of proc-
esses (mainly the process of dichlorosilane ammonolysis),
the most often — temperature, pressure, and gas flow values
[13, 14]. The aim is to improve the characteristics of the proc-
ess for production of S-SNTF, for example, to reduce the
non-uniformity of the film thickness on the substrates, to in-
crease the repeatability of the process, etc.; the composition
and properties of the material remain unchanged. Improving
the conformality of TF deposition on structures with in-
creased aspect ratios for heterogeneous processes can be op-
timized using the approach called the "Thiele criterion (mod-
ulus)" (taken from the theory of heterogeneous catalysis, re-
lates diffusion processes and the rate constant of a heteroge-
neous reaction); in general form is achieved by reducing of
pressure and temperature of the CVD processes [2]. There are
also examples of modeling of these process [15, 16].

Modernization of the processes for obtaining of films in flow
CVD reactors. Under the modernization (as a rule, with re-
spect to the base process), the principal changes of the pa-
rameters of CVD are meant, but without changing the initial
reagents or the method of feeding the reagents in CVD reac-
tor, in order to search for new compositions and material
properties. For MEMS, such properties are mechanical stress
[17, 18]. In [17], silicon-enriched films with reduced values
of mechanical stress were obtained in flow LPCVD under




other invariable conditions 800...850 °C and 30...70 Pa) by
changing SiH,Cl,/NHj ratio to 14 (with strong enrichment
of the gas mixture with dichlorosilane). Further, such films
are referred to as "silicon-enriched SNTF" or SE-SNTF. As
a result of increase in the SiH,Cl,/NHj ratio in the above-
mentioned limits, the refractive index of the films varied from
a typical value for S-SNTF ~2.0 to silicon-enriched ~2.7. At
the same time, the mechanical stress in SE-SNTF decreased
steadily from 1.2...1.4 GPa to ~ —0.15 GPa. Similar values of
mechanical stress near 0.13 GPa are presented in [18], where
the investigations were carried out at 835...875 °C, 39 Pa pres-
sure and a fixed value of gas flow ratio SiH,Cl,/NH;3 = 10.
The dissolution rates for SE-SNTF in standard solutions of
IC solutions: pickling for oxide — Buffered Oxide Etch, BOE
(25 °C), 40 % HF (25 °C) and H;PO, (160 °C) were about
2.5—3, and KOH (50 °C) — about 5 times smaller than those
for S-SNTF. Similar studies were performed [19] for mon-
osilane and ammonia in LPCVD reactor in the range of
725...775 °C and the ratio NH3/SiH, = 0.2...1.6. The changes
in the mechanical stress in the films were from —0.5 GPa to
0.9 GPa.

The authors of these studies noted that when SE-SNTF
were obtained, the uniformity of the films deteriorated strong-
ly along the length of the LPCVD reactor work area. In the
opinion of the author of the review, the reason is that at low
ratios of ammonia to the silicon-containing starting reagent
and high temperatures of the CVD create conditions for the
parallel development of the pyrolysis (thermal decomposi-
tion) reactions of the initial silicon-containing reagents SiH,
and SiH,Cl,. The possibility of thermal decomposition of
these reagents under similar experimental conditions of the
components was investigated in [20, 21]. Simultaneously, the
pyrolysis reactions that occur cause an accumulation of by-
product concentrations along the length of the LPCVD re-
actor reaction zone. Thus, when SE-SNTF is deposited in
LPCVD reactor, the concentrations of the initial reagents and
by-products will differ in each conventional section of the re-
actor working area. Accordingly, along the length of the re-
actors, the composition and properties of SE-SNTF will be
different, indicating the inapplicability of such processes and
reactors for production of MEMS.

The author believes, that the plasma deposition at tem-
perature of about 400°C could serve the best one for prepa-
ration of SE-SNTF. Such possibility, in particular, the results
of [22] indicate, where the authors investigated the synthesis
and properties of semi-insulating polycrystalline silicon films
obtained in LPCVD reactor with an electrode system (details
in [23]) with the ratio NH3/SiH, = 0.5...5. Mechanical stress-
es of such films close to SE-SNTF were in the compression
range in the band from —0.9 to —0.3 GPa. The advantage of
this process is the absence of any thermally activated ammo-
nolysis and thermal decomposition reactions at low deposi-
tion temperatures, i.e. the patterns of TF growth are mainly
determined by the design of the equipment and the charac-
teristics of the plasma discharge. Moreover, production of
films in individual plasma reactors (fig. 1, b) can give even
more uniform coatings, although the PECVD processes have
limitations on the conformality of deposition.

New reagents for production of SNTF in flow CVD reac-
tors. The general aim of this type of research was to search for
reagents that significantly reduce the deposition temperature.
The authors [24] studied SNTF obtained in a "hot-wall"
LPCVD reactor of tris(dimethylamino)silane ((CH3),N);SiH

and ammonia at temperature of 650...900 °C and pressure less
than 130 Pa. The authors sought the so-called "environment
friendly" — a silicon-containing reagent capable of substitut-
ing dangerous (SiHy) and corrosive (SiH,Cl,, SiCl,) reagents.
The growth rate of films in the range of 650...800 °C and pres-
sure 20...80 Pa with the ratio NH;3/((CH3),N);SiH from 1 to
10 was 0.3 to 9.0 nm/min. The authors calculated, that the
optimum deposition temperature should be 800 °C and the
ratio NH3/((CHj3),N);SiH = 10. In the films, a carbon with
a concentration of up to 5 at. % and hydrogen (concentration
not shown) were detected. The conformity of coatings was
evaluated for a structure with a depth of 1 um and a width of
0.75 um at a level of only 70 %. In [25], the possibility of
growth of SiN,:H films at 250...500 °C was studied with the
participation of a mixture of the oligomer Si,Clg and hydra-
zine N,H,. The deposition rate was about 4 nm/min, and the
refractive index was 1.67...1.75. The precipitation rate was
sharply reduced at temperatures below 350 °C, which was ex-
plained by the formation of NH,ClI-like materials. The con-
centration of hydrogen was estimated at 30 at. %. The authors
of [26] investigated the growth of TF from Sil, and ammonia
in an atmospheric reactor at 350...550 °C. The growth rates
were about 80 nm/min, iodine concentration in the films was
0.8...4.2 at. %, hydrogen concentration — about 30 at.%. The
conformity of TF was estimated by the authors better than
85 % on a structure with a size of 1.6 um per 1 um, however,
with inclined walls, which makes it impossible to make ade-
quate comparative estimates. In [27], the growth of films from
hexamethyldisiloxane (CHj3);SiOSi(CH3); and ammonia at
atmospheric pressure and 750...850 °C was studied. At opti-
mum deposition temperature of 800 °C, the achieved refrac-
tive index of 1.88 conformed more to silicon oxynitride.

New designs of flow reactors for production of SNTF by
CVD. In this section, the author would like to focus on "cat-
alytic CVD", in the foreign literature called Catalytic CVD,
Cat-CVD or Hot-Wire CVD (HWCVD). The essence of the
method is that in flow reactors the diluted with an inert gas
reaction mixture of ammonia with disilane Si,Hg [28] or SiH,
[29] passes first over a tungsten wire/tape heated to a high
temperature (about 2000 °C), and then flows to a substrate at
a temperature of about 300 °C. In this case, the shape of the
substrates and their dimensions can vary greatly, as well as the
shape and position of the tungsten filament. At deposition,
high rates of the order of 80...170 nm/min are achieved [28].
A detailed report on this type of film production with refer-
ence to creation of the photovoltaic devices of various sizes
and shapes is given in [29]. According to the author of the re-
view, such a method, as well as other methods of CVD with
activation of reagents, can hardly be effective for solving the
issues of creating conformal coatings in IC and MEMS de-
vices with high-aspect structures.

Conclusion

Continuous improvement and development of IC and
MEMS technologies poses challenges for thin film coating
technologies. The main of them include the production of
films of a given composition and properties, as well as the
conformity of film growth on the high-aspect structures of
modern devices. The review made it possible to single out the
following trends in development of technologies for produc-
tion of SNTF during the thermal activation of reagents in flow
reactors. These include: search for new initial silicon-contain-
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ing reagents, decrease in the temperature of the CVD proc-
esses, and search for new designs of CVD reactors. The so-
lutions discussed in the literature for modifying the compo-
sition of thin films to obtain new properties required for
MEMS applications require careful analysis of the possibili-
ties of their hardware implementation to ensure homogeneity
and reproducibility of the composition and properties of coat-
ings on semiconductor substrates.

At the present time, the investigated directions of CVD
development in flow reactors have not found any prospects for
a principal improvement in the conformality of thin films for
complex 3D structures. Part 2 of the review will consider op-
tions for implementation of the CVD method in reactors with
cyclic sequential pulse startup of initial reagents potentially
capable of solving the issues of improving the conformality of
the thin films deposition, including silicon nitride.
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IIpednoxcena memoduka pacuema HAOEHCHOCMU HYBCMBUMENbHO20 INeMEHMA MUKDOINEKMPOMEXAHUMECK020 SUPOCKONA, 6 pe-
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Karoueevie caosa: npeobpazosamens yenosoii cxopocmu, MIOMC-eupockon, uyecmeumenvHblli 31eMeHm, CAMOKAAUOPOBKa

damuukoe

Benenne

B Hacrosieit pabote M3M0XeHbI pe3yabTaThl pac-
yeTa HaJIeXKHOCTU YYBCTBUTEJIBHOI'O 2JIEMEHTA MUKPO-
aJIeKTpoMexaHuueckoro rupockormna (Y5 MMI). B xo-
Jle pacueTa BBIIOJHEHbI CAeAYIOIIMe BUAbI PaboT:

e oO0OocHOBaHMe Kputepus oTtkaza YD MMI ncxons

U3 0COOEHHOCTEM KOHCTPYKIIUU;

e 00OCHOBaHME TOAXOIa JJIsI OLIEHKM HaleXHOCTU
yd> MMT;
e TIPUBENECHUE KOHCTPYKLMU K TUIIOBOW pacyEeTHOM

MOJIEJIH;

e BBIOOpP U 0OOCHOBAHME YMCIOBBIX 3HAYCHU A, HE00-

XOJIUMBIX JIJISI pacuyeTa KOHCTAHT;

e pacueT cpemHeit HapaOOTKM 10 oTKa3za YO MMTI;
e pacyeT MOJHOIro Ha3HAYEHHOTO CpoKa CIyXKO0bl YD
MMTI.

O6ocHoBanmne Kputepus otkaza Y9 MMTI
HCXOAS U3 0COOEHHOCTEl KOHCTPYKIIMH

Kak m3BecTHO, CyIecTByeT MHOXKECTBO BUIOB W
MEXaHM3MOB OTKAa30B, BO3HMKAIOIIMX IIPH BO3JENCT-
BUU (DaKTOPOB BHEIITHEN cpeAbl (TAKMX KaK BIaXXKHOCTb,

Teru1o, yaapbl, BuOpailus, paaualus, CTaTUYeCcKoe

3JIEKTPUYECTBO U Jp.) HA UYBCTBUTEJbHbIC DJIEMEHTHI

MUKPO3JIEKTpOMeXaHn4YeCcKuX ycTpoiictB (MOMC-yc-

TPOMCTB), K KOTOPHIM OTHOCHUTCSI paccMaTpuBaemasi

KoHCcTpyKumsa YO MMI.
OTtH HaKTOPHI IPUBOAAT K CJIEAYIOIIIM 3P PeKTaM:

e COpOLIMS MOJIEKYJ BOMIBI;

e KOpOOJIEHUE JeTajleil KOHCTPYKIIUU;

e TIOSIBJIEHME TTOCTOPOHHUX MUKpOYAacTUIl (3arpsis-
HEHMUE);

e TEPMOYCaIOYHbIE U OCTATOYHBIE TEPMOYIIPYTre Ha-
MPSIKEHUST;

e TIapa3uTHas BUOpalus;

e U3HOC;

e YCTaJiOCTb;

e MeXaHM4YecKasl MOJIOMKA;

e cJmIaHue (stiction) 3J1eMEHTOB KOHCTPYKIIUM;

e HapylleHue aAre3uu;

e HaKOIUIEHUE 3apsiioB;

e YBEIMYECHUE TTAPAa3UTHBIX EMKOCTEH;

e DJIEKTpUYECKNE 3aMBIKAaHUS U OOPBIBHI IIPOBOJ-
HUKOB.
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OoHUM M3 OCHOBHBIX 3(p(eKTOB, MMEIIIUX Ha-
ubosbliiee BAMSHUE HA HAACXKHOCTb aHAJIU3UPYyEeMO
KoHCcTpyKuuu Y9 MMI, aBnsercs ciunaHue ee KaH-
TUJIEBEPOB MEXY COOOM U C APYTMMU YaCTSIMU KOHCT-
PYKIIMH.

Takum 00pa3oM, B KauecTBe KpUTEpHUs OTKa3a st
MOCeAYIONIEro pacyeTa ObLT MCITOJIb30BaH MMEHHO
3TOT 3(PpPeKT.

Oo0ocnoBanne NoaX0/a 1151 ONEHKH HAJEKHOCTH
945 MMT

OOLIenpuHSTbIE MOJAEIM HaAeXHOCTU B paboTax
[1—3] aBassIOTCAI METOOOIOTMYECKU YIIEPOHBIMU, ITOC-
KOJIbKY paccMaTpUBalOT TOJbKO BEPOSITHOCTh OTKAa3a B
¢dopme, He 3aBUcAlIeil OT BpemeHU. IToaTomy pacyer
TaKuX TIOKaszaTesiell HaleXXHOCTHU, KaK BEPOSITHOCTb
O6eccOoiiHOM pabOThl, UYHTEHCUBHOCTb OTKA30B U CPeli-
HsI HapabOTKa Ha OTKa3, HEBO3MOXEH B MPUHIIMIIE,
IMOCKOJIbKY, MCIOJb3Ysl AJaHHbIE MOAEIM, MOXHO Je-
JIaTh BBIBOJI JIMILIb O TEOMETPUUECKOU BEPOSITHOCTHU OT-
Kaza, T.e. OllepupoBaTh B paMKax TEOPUU CIAyYalHBIX
BEJIMYMH, HO HE CIy4YalHBIX TPOLIECCOB, OMEPUpYIO-
IIMUX TTOTOKAMU OTKa30B. B CBSI3U ¢ 3TUM TIpeacTaBis-
eTcs 11eJ1ecO00pa3HbIM MCHOb30BaTh TOMOJOTUYECKYIO
TEOPHIO HAAECXKHOCTU, B KOTOPOH BBOAMTCS CTPYKTYpa
BpemeHU. OIHON U3 SMIUPUUECKUX MOeel, peanu-
30BaHHBIX HA OCHOBE TOMOJIOIMYECKON TEOPUU HalleXK-
HOCTH, SIBJISIETCSI METO/ aHAJIOTHI HA OCHOBE TT-MO/Ie-
Jiel U3 KJIACCUYECKOW CTaTUCTUYECKON TEOpUU Ha-
JIEKHOCTU ¢ HA00OpoM KO3((ULIMEHTOB:

e K| — K03 PULMEHT BIUSAHUSA MOBBILIEHHON TeM-
TepaTyphi;

e K, — KOS(PGUUMEHT BIUSHUASA €MKOCTH;

e K5 — KO3(hOUUUEHT BIUAHUA KECTKOCTU 3JIEKT-
PUUYECKOTO PeXUMa;

e K, — K03(hGULMEHT BIUSHUSA TTOCIIEL0BATETHLHOIO
COMPOTUBJIEHUSI;

e K5 — KOO(PGUUMEHT BIUSAHUS YPOBHSA NPUEMKM,
e K¢ — MaTpuna Ko3(O@ULMEHTOB BIUSHUSA TPYIIIIbI
anmnapatypbl (K03¢hGULMEeHThl 9KCILTyaTallun);

e Ag — 6a3oBasg MHTEHCHUBHOCTb OTKA30B KOH/EH-
catopHoii cTpyktypsl (KC); nmis maHHOro Ttura
CTPYKTYpbl 3HaUY€HUE MHTEHCUBHOCTU OTKAa30B CO-
crapisier 0,037 - 100y [4];

e Agp — 0a30Bas MHTEHCUBHOCTb OTKA30B MPYKUH-
Horo noaseca (I1I1); nist ;aHHOrO THUMA CTPYKTY-
PbI 3BHAYEHUEC MHTCHCHUBHOCTU OTKa30B COCTABJIACT
0,041-107° y [4].

IIpuBeneHne KOHCTPYKIMH
K THIIOBOM PacYeTHO MOIeJn

CrpykrypHas cxeMa HaaexHoctnu YD MMI Oblia
MoJIy4eHa Ha OCHOBAaHWHM TeX IapaMeTpPOB KOHCTPYK-
LIMU (CM. PUCYHOK), KOTOPbIE OKa3bIBAIOT HAWOOJIbIIIEEe
BJIVSIHME HAa KOHEUHBIN pe3ysIbTar:

e B KoHCTpyKuuu npucytctByeT 280 KC, o6pa3oBaH-

HBIX KaHTUJIEBEPaAMMU;

e Bce KC 3akperieHbl ¢ MOMOILIBIO YeThIpeX Mpy-

XKkuHHBIX noasecoB (ITIT).

Torga BeIpaxkeHUe IS OLICHKU cpemHeil HapaboT-
K1 Ha OTKa3 Tt OymeT MMeThb BUI:

i)

T1+T2’

e 1) — CpeiHss HapaboTKa Ha OTKa3 MOACUCTEMBI
KC:

T = (280°K1 ‘K2°K3°K4°K5°K6°A61)_1 4,
T, — CpelHsAA HapaboTKa Ha oTKa3 noacucremsl I1I1:
Ty = (4A62)_1 4.

Bbi0op U 000CHOBaHME YHCIOBBIX 3HAYCHHI,
HEOOXOAMMBIX /ISl pacyeTa KOHCTAHT

Hanee ciaenyer onpeneanTh 3HaYeHUsT KO3PDUIIn-

eHTOB K|, ..., K¢ B COOTBETCTBUU C JaHHBIMU U3 CIIpa-
BOYHMKOB M peaJlbHBIMU JAaHHBIMM TEXHOJOTMYECKNX
PEXKUMOB.

B cooTBeTCTBUM C pe3ylbTaTaMM TTPOBEIEHHBIX 3K~
CIIEPUMEHTOB €MKOCTh MEXIY KaXKIbIM 3JEKTPOIOM
JaTdrKa yria (M1 MOMEHTa) TT0 OCH TMEPBUYHBIX KO-
Jnebanuii u poropom cocrasisier (2 £ 0,5) n®, eMm-
KOCTh MEXAY KaXXIBIM 3JICKTPOAOM JaT4yMKa yrja Io
OCH BTOPUYHBIX KOJIEOAHUII M POTOPOM COCTaBJISIET
(2,75 £ 0,5) nd, a eMKOCTb MEXIY KaXKIBIM 3JIEKTPO-
JIOM JIaT4YMKa MOMEHTA 10 OCU BTOPUYHBIX KOJIeOaHUi
u poropoM coctasisieT (0,8 + 0,2) n®. Hanxymmmm,
C TOYKM 3pEeHUs] HaeXKHOCTHU, OymeT
SIBIIITECSL  CITy4ail, B KOTOPOM €M-
KOCTb JJOCTHUTAET CBOEr0 MaKCUMaJlb-

Bxoamoii

HOro 3HaueHwus, T.e. 2,8 md. B cripa-

Beixogsoi

nopt nopr BOYHMKE 3HauYeHUIl KoabhduimeH-
KC280 11111 TOB [3] IS yUeTa BAUSHUSA €EMKOCTH

Input Output

port port (koodpduument K,) 3HaueHUE NaH-

HOro kKo3dduireHTa pacCUyUThIBa-

|
'| e KC1
|

CrpykrypHas cxema Hagexunoctu Y9 MMT
Block diagram of reliability of SE MMG
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Takum obpazom, 3HaYeHUST KOIDPULIMEHTOB, UC-
MOJb30BaHHbBIE B pacyeTe, COCTABISIOT:
K, = 2,66 (1pu MOBBILIEHHON TeMmmepaType 3Kc-
iyatauuu, paBHoit +85 °C, B cooTBeTcTBUM C T3);
K, = 0,318;

e Ky=1,01;

K¢ = 0,5 (1-a sKcrutyatalilMoHHas IpyIina);
K¢ = 1 (2-a sKcmyarallMoHHasi rpynia);

K¢ = 7 (3-4 sKcIlyatallMOHHas rpynna);

K¢ = 10 (4-a skcruryatalluoHHas IpyIma);
K¢ = 12 (5-a oKcIulyatallMOHHas IpyInma);
K = 15 (6-51 aKcIutyaTallMOHHasl TpyImna);
Kg = 20 (7-a sKcrulyaTallMOHHAs TPYIINa);
K¢ = 40 (8-a sKcIuryarallMOHHas IpyIna);
Kg = 50 (9-1 sKkcruryaTalMOHHAs IPyIa).

Pacuer cpeaneii HapaOoTKu 10 oTKaza YD MMT

B pamkax paHHOro pacyera ObLIM PacCMOTPEHbBI
BCE M3BECTHbIE KO3G@UUMEHTH 3KcIuryatauuun (Kg),
XapaKTepu3ylollne yCaoBUs paboTel mpubopa [6—S]:
paboTta Ha reocrauMoHapHoOii opbute (0e3 yuera
crapra, camas Jierkasi, 1-s1 sKcrutyaTallmoHHasi rpyIi-
na, xapakrepusyemas 3HadeHueMm 0,5);

JIBa BUIIa TPY30BOTO HA3¢MHOIO TPAHCIIOPTA;

e TpU BUJIA MOPCKOTO TPaHCIOPTA;
TPU BUJA aBUALIMOHHOW TEXHUKHU (TpeThbsl TpyIina
SABJISIETCI CaMOM XKECTKOM, NEBATOM IO CYETy, Xa-
paktepusyeTcs 3HadyeHrueM 50 M COOTBETCTBYET TaK-
Ke pexXuMy padoThl YCTPOMCTBA B YCIOBUSIX CTapTa
KOCMMWYECKHUX anrapaTos.

Takum oOpazom, pacuyeTHbIE 3HAUYCHMSI CpeaHei
HapaboTku Ha oTka3z YD MMI mns kaxknoil u3 mepe-
YUCJIEHHBIX BKCIUTyaTallMOHHBIX TPYMIT anmnapaTypbl

MOTYT OBITh IIpeICTaBJieHbl B BUae Tab. 1.

PacyeT moJ1HOro HA3HAYEHHOTO CPOKA CJIYKOBI
49 MMT

Hanee, B cooTBeTcTBUM ¢ T3, KOHCTpykuus YD
MMI' pomxHa MMETh IIOJHBIM Ha3HAYE€HHBIA CPOK
CIIy>kObI, paBHbIi TsATH rogam (43 800 u).

51 monTBepkIeHUs YKa3aHHOTO IapamMmeTrpa cie-
JIyeT pacCUuMTaTh BEPOSITHOCTb OeccOOitHOI pabdoThI
(BBP) mist kaxkaoit sKcrutyaTallMOHHOM TPYIIBI amra-

paTyphl:
7(43 800)
T
P=ce
PesynbraThl pacuera npeacraBieHbl B TaoJ. 2.
CorylacHO OOILENIPUHSTOM IPaKTUKe IPU pacuere
mapaMeTpoOB HaIeXKHOCTH KPUTEPHit TOMHOCTH B OTHO-

meHu BBP omnpenensercs u3 ciaeaymolmx cooopaxe-
HUIi: B Cllydyae paBeHCTBA CpoOKa dKCILIyaTallii U Bpe-

Tabmuua 1
Table 1
3Hayenns cpeaneil HapaOoTku Ha oTkKa3 YD MMI nis pasinyHbIX SKCIUTyATAHOHHBIX IPYNI
Values of the mean time between failures of SE MMG for various operational groups
DKCcIUTyaTallMOHHAsI TPyIIia aImnapaTypbl 1 2 3 4
Operational group of equipment
Ky; 0,5 1 7 10
T, 4 217 890 110 927 16 098 11277
T, h
DKCIUTyaTallMOHHAsT TPyIIIa aImnapaTypbl 5 6 7 8 9
Operational group of equipment
Ky; 12 15 20 40 50
T, 4 9401 7523 5644 2823 2259
T, h
Tabnuua 2
Table 2
3navennss BBP YD MMTI ayis pa3inyHbiX IKCIUIYaTAIMOHHBIX TPy
PNFO values of SE MMG for various operational groups
I'pyrima anmaparypbl 1 2 3 4 5 6 7 8 9
Equipment group
BepositHocTh GeccOoiiHOM paboThl, % 81,8 67,4 6,58 2,06 0,95 0,3 0,043 | 1,83-107°| 3,8-1077
Probability of no-failure operation, %
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MEHM HapabOTKM Ha OTKa3 MUHUMAJbHO JOIMYCTUMOE
sHayeHre BBP mpuHUMaercs paBHbeIM 63 % (4TO CO-
OTBETCTBYET JOBEPUTEIbHOMY MHTepBaly * lc). B TO
XK€ BpeMsl OUeBUIHO, UYTO MaKCHMajJbHOE 3HauYeHHE
coctapisger 100 % (umu 6au3Ko K Hemy). ISt HOBBIX
U3IEINM, TEXHOJOTUSI MMPOU3BOICTBA KOTOPHIX HE MO-
XKeT OBbITh OTHECEHA K KPYIMHOCEPUIHOM, B KauyecTBe
nmorryctumoro 3HaueHuss BBP mpuanmaror 80 %.

3akmouenue

B pamkax Tekyleil sKcrepuMeHTaIbHOM pabOThI
ObLT mpoBeneH pacueT HagexHoctd YO MMI'. bruia
BbIOpaHa U 00OCHOBaHa HEOOXOAUMAasi METOAMKA pac-
YyeTa MOJIyYeHHBIX YMCIOBBIX 3HaueHUt. Kak pe3ysb-
TaT orpeJeseHbl 3HaUCHUS CpeHe HapabOTKU Ha OT-
Ka3 ¥ IOJIHOTO Ha3HAYeHHOro CpOKa CIYXObI, KOTO-
pble TIpeJcTaBieHbl B BUJIe TaOIUII.

Paboma evinoansnace npu gunaucosoli noddepicke
Munucmepcmea obpazosanus u Hayku Poccuiickoii De-
depayuu no doeosopy Ne 02.G25.31.0200 om 27 anpens
2016 e00a npu evinoanenuu npoekma 2015-218-07-052
"Hccnedosanue u paspabomxa MIMC-eupockona 0as
HABUSAYUOHHBIX CUCMEM H08020 NOKOAeHUs "
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Introduction

This work presents the results of the calculation of relia-
bility of the sensitive element of a microelectromechanical gy-
roscope (SE MMG). During the calculation the following
kinds of works were done:

e substantiation of the criterion of failure of SE MMG, pro-
ceeding from the specific features of the design;

e substantiation of the approach for estimation of the reli-
ability of SE MMG;

e reduction of the design to a typical design model,;

e selection and substantiation of the numerical values, nec-
essary for calculation of the constants; calculation of the
mean time between failures of SE MMG; calculation of
the full specified lifetime of SE MMG.

Substantiation of the failure criterion
of SE MMG proceeding from the specific features
of the design

As is known, there many kinds and mechanisms of the
failures, which appear under the influence of the environmen-
tal factors (such as humidity, heat, blows, vibration, radiation,
static electricity, etc.) on the sensitive elements of the micro-
electromechanical devices (MEMS devices), to which the
considered design (SE MMG) belongs.

These factors lead to the following effects:

e sorption of the water molecules;

e buckling of the parts of the design;

e appearance of extraneous microparticles (pollution);
e thermoshrinkable and residual thermoelastic stresses;
e parasitic vibration;

e tear and wear;

o fatigue;

e mechanical break;

e stiction of the design elements;

e adhesion infringement;

e accumulation of charges;

e increase of the parasitic capacities;

e clectric short circuits and breakages of the conductors.

One of the main effects directly related to and having the
greatest influence on the reliability of the analyzed design of
SE MMG is stiction of its cantilevers to each other and to the
other parts of the design.

So, exactly this effect was used as a failure criterion for the
subsequent calculation.

Substantiation of the approach for estimation
of reliability of SE MMG

The generally accepted models of reliability in the works
[1—3] are methodologically defective, because they consider
only a probability of failure in a form, not dependent on time.
Therefore, a calculation of such indexes of reliability, as a
probability of no-failure operation, intensity of failures and
mean time between failures are impossible in principle, be-
cause, if we use the given models, we can draw a conclusion
only about a geometrical probability of a failure, that is, we
can operate only within the framework of the theory of the
random values, but not of the random processes, which con-

trol the flow of the failures. In this connection it seems to be
expedient to use the topological theory of reliability, in which
the time structure is introduced. One of the empirical models
realized on the basis of the topological theory of reliability is
the method of analogies on the basis of r-models from the
classical statistical theory of reliability with a set of coeffi-
cients:

e K| — coefficient of influence of the elevated temperature;

e K, — coefficient of influence of the capacity;

o K5 — coefficient of influence of the rigidity of an electric
mode;
o K, — coefficient of influence of the series resistance;

o K5 — coefficient of influence of the level of acceptance;

e K¢ — matrix of the coefficients of influence of a group of
equipment (coefficients of operation);

e Ag — base failure rate of the condenser structure (CS): for
the given type of the structure the value of the failure rate
is 0.037- 107 h [4];

e Ag, — base failure rate of the spring suspension (SS): for
the given type of the structure the value of the failure rate
is 0.041-107° h [4].

Reduction of the design
to the typical calculated model

The block diagram of reliability of SE MMG was received
on the basis of those design parameters (see figure), which
make the greatest impact on the end result:

e in the design there are 280 CS, formed by the cantilevers;
e all the CS are fixed by means of four spring suspensions

(SS).

Then the expression for estimation of the mean time be-
tween failures t will look like the following:

11T

T= s
Tt

where: t; — mean time between failures of CS subsystem:
T = (280’K1’K2’KS'K4'K5'K6'A61)_1 h,
1, — mean time between failures of SS subsystem:

1) = (4Agy) ! h.

Selection and substantiation of the numerical values,
necessary for calculation of the constants

Then, it is necessary to define the values of coefficients
K, ..., Kg according to the data from the directories and the
real data of the technological modes.

According to the results of the conducted experiments,
the capacity between each electrode of the sensor of angle
(or moment) on the axis of the primary fluctuations and the
rotor is equal to (2 £ 0.5) pF, the capacity between each elec-
trode of the angle sensor on the axis of the secondary fluctu-
ations and the rotor equals to (2.75 = 0.5) pF, while the ca-
pacity between each electrode of the moment sensor on the axis
of the secondary fluctuations and the rotor is (0.8 = 0.2) pF.
From the point of view of reliability, the worst is the case, in
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which the capacity reaches its maximal value, i.e. 2.8 pF. In
the directory of the values of coefficients [5], for taking into
account the influence of the capacity (coefficient X,), the val-
ue of the given coefficient is calculated according to the fol-
lowing expression:

Ky = 0,291C%0%,

where: C — capacity, pF.
Thus, the values of the coefficients, used in the calcula-

tion, are the following:

e Kj = 2.66 (at the elevated temperature of the operation
equal to +85 °C, according to requirements specifica-
tion);

o K, =0318;

e Kg = 0.5 (Ist operational group);
e K; =1 (2d operational group);

e K¢ = 7 (3d operational group);

e K = 10 (4th operational group);
e Ky = 12 (5th operational group);
e K = 15 (6th operational group);
e K = 20 (7th operational group);
e K = 40 (8th operational group);
e K¢ = 50 (9th operational group).

Calculation of the mean life between failures
of SE MMG

Within the framework of the given calculation all the
known operation coefficients (Kj) characterizing the operat-
ing conditions of the device [6—8] were considered:

e Work in a geostationary orbit (without account of the
start, the easiest, first group of operation characterized by
value of 0.5);

e Two kinds of the cargo ground transportation;

e Three kinds of the sea transportation;

e Three kinds of aviation technologies (the third group is
the most rigid, the ninth in the list, it is characterized by
the value of 50 and corresponds also to the operating
mode of the device in the starting conditions of the space
vehicles).

Thus, the calculated values of the mean life between fail-
ures of SE MMG for each of the listed operational groups of
equipment can be presented in the form of table 1.

Calculation of the full specified lifetime
of SE MMG

Further, according to the requirements specification, the
design of SE MMG should have the full specified lifetime
equal to five years (43 800 hours).
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In order to prove the specified parameter it is necessary to
calculate the probability of no-failure operation (PNFO) for
each operational group of equipment:

_(‘M}]
P=e °

The results of the calculation are presented in Table 2.

According to the generally accepted practice, during cal-
culation of the reliability parameters the criterion of validity
in relation to PNFO is defined on the basis of the following
considerations: in case the operation life and the error-free
running time are equal, the minimal admissible value of PNFO
is accepted as equal to 63 % (which corresponds to the con-
fidence interval of =1 &). At the same time, it is obvious, that
the maximal value equals to 100 % (or is close to it). For the
new products, the production technology of which cannot be
considered as a batch one, the admissible value of PNFO is
accepted as 80 %.

Conclusion

Within the framework of the current experimental work a
calculation of reliability of SE MMG was done. The necessary
calculation methods for obtaining of the numerical values
were selected and substantiated. As a result, the values of the
mean time between failures and the full specified lifetime
were calculated and presented in the form of tables.

The work was carried out with the financial support of the
Ministry of Education and Science of the Russian Federation ac-
cording to contract No 02.G25.31.0200 of April, 27th, 2016,
within the framework of the project 2015-218-07-052 "Research
and Development of a MEMS Gyroscope for the Navigation Sys-
tems of a New Generation”.

References

1. Xingguo X. Built-in Self-test and Self-repair for Capacitive
MEMS Devices, Universitet Cincinnati, China, 2005, pp. 83—126.

2. Stark B. MEMS Reliability Guidelines for Space Applica-
tion, NASA, California, 1999, 285 p.

3. Zhao Y. Stiction and Anti-Stiction in MEMS and NEMS.
Acta Mechanical, 2003, no. 1, pp. 1—10.

4. Timoshenkov S. P., Simonov B. M., Goroshko V. N. Os-
novy teorii nadjozhnosti: uchebnik i praktikum dlja akadem-
icheskogo bakalavriata, Moscow, Jurajt, 2015, pp. 192—195
(in Russian).

5. Avtomatizirovannaja sistema rascheta nadezhnosti JeRI
zarubezhnogo proizvodstva (ASRN-2004, OAO "RNII Jelektron
Standart"), 2004 (in Russian).

6. Timoshenkov S. P., Zavodjan A. V., Simonov B. M.,
Goroshko V. N. Ocenka i obespechenie nadjozhnosti izdelij mikro-
i nanojelektroniki, mikrosistemnoj tehniki. Moscow, Jurajt, 2012.
288 p. (in Russian).

7. MIL-HDBK-217F. Military Handbook. Reliability Pre-
diction of electronic Equipment, available at: http://www.sre.
org/pubs/Mil-Hdbk-217F.pdf, 1991.

8. Semenov A. N., Shalimov A. S., Zuev E. V. Issledovanie
vozmozhnosti sozdanija na BMK 5503 mikroshemy emkostnogo
preobrazovatelja linejnogo uskorenija, Nano- i mikrosystemnaya
tekhnika, 2014, no. 11, pp. 49—51 (in Russian).




YK 621.389

DOI: 10.17587/nmst.20.303-307

B. B. AMesmueB, KaHJ. TeXH. HayK, Had. OTA., e-mail: avv@tcen.ru,
®denepanbHOE TOCYIAPCTBEHHOE OIOMKETHOE HaydHoe yupexaeHue "HaydHo-npou3BoACTBEHHBIH KOMIUIEKC

"TexHomornueckuii LeHTp", r. 3eJleHorpa,

A. A. Pe3neB, 1-p TexH. HayK, 3aM. pyKoBoguTes, e-mail: village@dol.ru,
depepabHOE TOCYIapCTBEHHOE Ka3eHHOe yupexaeHue "BoiickoBast yacth 68240", r. MockBa

MWUKPOCHUCTEMblI HA OCHOBE TOHKOITAEHOYHbIX
AHMU3OTPOMHbIX MATHUTOPE3UCTUBHbBIX MPEOBPA3OBATEAEN

MATHUTHOTO NMOAA 1 TOKA

Ilocmynuna 6 pedaxuyuro 28.11.2017

IIpedcmaesaenvl 0CHOGHbIE KOHCMPYKMUGHbIE DEeUleHUsl, UCHOAb3YeMble 045 CO30AHUS MACHUMOYYECMBUMENbHBIX MUKPOCUC-
mem, Ha OCHO8e MOHKONAEHOUYHbIX AHUOMPONHBIX MACHUMOPE3UCMUBHBIX HAHOCMPYKMYD U KOHUEHMPamopo8 MAeHUmMH020 noas.
Iloxaszansl ghopmel nepedamouroll XapaKmepucmuKy U 6bIX00H020 CUSHAAA, NPeOCMAasaeHbl 00CMUCHYMble 3HAYEeHUS KPYMU3HbL
npeobpas’oeanus MAeHUMOPE3UCMUBHbBIX MUKPOCUCIEM MACHUMHO020 noas u moka. [Ipednodicenvl éapuanmol npumeHeHuss aHu-
30MPONHBIX MASHUMOPE3UCMUBHBIX Npeobpasoeamenell ¢ cocmage npubopos u YyCmpoucme KOHMpoas c1ab020 MazHumMHo20 noas,

yeaa nosopoma U Cuabvl 34eKmpu4ecKoeo moka 6 npoeoaﬁulce.

Karoueevie crosa: aHLl30mp0nglli npe06pa3oeameﬂb, KOHcmpmeI/lBHO—me)CHOﬂOZWWCKZMIZ 6(13MC, KOHUenmpamop, MaeHumHoe
nozae, MmacHumope3uCmueHas MUukKpocucmema, moHKoniAeHo4Hasa HaHocmpyKkmypa, y2oa noeopoma, 3/zelcmpuuec1<u11 MoK

Bsenenue

CoBpeMeHHbIC TEeMITBl Pa3BUTHUSI 2JIEKTPOHHOM
KOMITOHEHTHOI 0a3bl TpeOYIOT OBICTPOI peakluyd Ha
MOTPEOHOCTh PHIHKA B HOBBIX (DYHKITMOHAIBHBIX TIPU-
0opax, CIMOCOOHBIX peTUCTPUPOBATh MH(POPMALIMIO He-
MMOCPEACTBEHHO U3 oKpyxariuero mupa [1]. IToaTo-
MYy BaxKHbIM acIleKTOM COBPEMEHHOIO IPOM3BOICTBA
3JIEKTPOHHBIX KOMITOHEHTOB SIBJISIETCS YMEHUE ObICT-
PO U pallMOHAJIBHO TOJIb30BaThCSl UMEIOIIMMCS KOHC-
TPYKTUBHO-TEXHOJOTUUYECKUM Oa3MCOM ISl peleHust
HoBbIX 3a1a4. Co3zganHbiil B HITK "TexHonornmyeckuii
LIEHTP" KOHCTPYKTUBHO-TEXHOJOTMYECKUI1 6a3UC TOH-
KOIIJICHOYHBIX aHM30TPOITHBIX MarHUTOPE3UCTUBHBIX
MMKPOCHUCTEM aKTUBHO MCIIOJIb3YeTCS ISl CO3JaHUs
HOBBIX (DYHKIIMOHAJIbHBIX MPUOOPOB (AATYMKU U TIpe-
00pa3oBaTeM CJadoro MarHUTHOTO TMOJIsI, DJEKTPU-
YeCKOro TOKa, yIjia IoBopoTa u ap.) [2—3].

OTIUYUTEIBHBIMU OCOOEHHOCTSIMU aHU30TPOIHbBIX
MarHUTOPE3UCTUBHBIX IIpeoOpa3oBarencii (AMPII)
Ha OCHOBE TOHKOIJIEHOYHBIX HAHOCTPYKTYD SIBJISIIOT-
csl HeyeTHas TepenaToyHas XapaKTepUCTHUKAa, OTHO-
CHUTEJIbHO HU3KMI YPOBEHb I'MCTepe3rca U 10CTaTOYHO
BBICOKAST YyBCTBUTEILHOCTD [6]. KpoMme Toro, s mo-
BBILLIEHUSI KPYTU3HBI TpeoOpa3oBaHus B psiie paspa-
o6otaHHbIX AMPII ucnosib3yrOT KOHIIEHTPATOPbl Mar-
HutHoro nojist (KMIT) [7].

KoHCTpYKTHBHO-TEXHOJOTHYECKHii 0a3nc
AHU30TPONHLIX MATHUTOPE3UCTHBHBIX MUKPOCHCTEM

Pa3paboTaHHBIII KOHCTPYKTUBHO-TEXHOJIOTHYEC-
KU1 6a31c aHU30TPOITHBIX MATHUTOPE3UCTUBHBIX MUK-
pPOCHCTEM CONEPXKUT OJIOK TEXHOJIOIMYECKUX ollepa-

LU, MO3BOJISIIOIIMX UMILIAHTUPOBATh MUHUATIOPHbIE

KMII B xpucrtami, Ha TOBEPXHOCTU KOTOPOIO B JIO-

KaJbHO 006JacTu chOpMUPOBAHBI BJEMEHTHI Ha OC-

HOB€ TOHKOIUJIEHOYHOW MarHUMTOPe3UCTUBHON HAHO-

ctpyktypbel (TMPHC). Ha puc. 1 mokaszaH 3cKus

MOTNEPEeYHOro CeYeHusl TUMIOBOM KOHCTPYKLUMU KPUC-

tamina AMPIT ¢ KMIT.

[laHHOE€ KOHCTPYKTHMBHO-TEXHOJOIMYECKOE pellie-
HUE MMO3BOJIWJIO CO3IaTh cepurio ogHooceBbix AMPII ¢
HEOoOXOAUMBIM HaOOpPOM ClIeAyIOIIUX (PYHKUIMOHAb-
HBIX 3JIEMEHTOB:

e MOCTOBOI MarHMTOPE3UCTUBHBINM MPeodpa3oBaTelib
Ha ocHoBe TMPHC c HeyeTHOIT nepeaaTouyHoM Xa-
PAKTEPUCTUKOA;

e IUIAHApHAs KaTylllKa MOAMArHUYMBAHMS TIEPBOTO
TUTIA TSI KOPPEKTUPOBKU HAYAJIBHOTO CMEIICHMUS;

e TUIAHApHAs KaTylIKa ITOAMAarHMYMBaHUS BTOPOTO
TUIA JJIs1 TIPOITYCKAHUsSI OJHOAMMEPHBIX UMITYJIb-
COB TOKa, BOCCTaHABJIMBAIOLIMX HAIpPaBIeHHOCTb
JIOMEHHOM CTPYKTYPbl MArHUTOPE3UCTUBHOM TIJIEH-
KU BIOJIb Ocy Jerkoil HamarHuueHHocTu (OJIH).

KpemHueBast ou10xxka
Silicon substrate

Puc. 1. Dcku3 nonepeunoro ceueanss AMPIT ¢ KMII
Fig. 1. Sketch of the cross section of the AMRP with the KMP
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Puc. 2. ®orocaumok AMPII ¢ HeyeTHOit mepeaaToYHOil Xapakre-
PUCTHKOM

Fig. 2. Photograph of the AMRP with an odd transmission characteristic
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Puc. 3. I[lepenarounsie xapakrepucTukn AByx Bapuantos AMPII
Fig. 3. The transfer characteristics of the two AMRP variants

Ha puc. 2 npencrasieH ¢porocHumMok AMPII ¢ He-
YETHOM MEepenaTOYHON XapaKTepPUCTUKOU B MaTajllo-
KE€paMU4YECKOM, HEMAarHUTHOM, T€PMETUYHOM KOpIy-
ce. Ocb MarHUTOYYBCTBUTEIBHOCTU AaHHOro AMPII
HampasJjieHa BAOJb JIMHHOU CTOpOoHBL. IToTpeduTesio
MpeaoCcTaBleHa BO3MOXHOCTb BbIOOpa U3 ABYX Bapu-
AHTOB JTAaHHOTO TpeoOpa3oBaTessi MAarHUTHOTO TTOJIs
(ITMIT). IlepBbBlii BapuaHT HMMeEET COIPOTUBIICHUE
MOCTOBO# cxeMbl Ha ypoBHe 0,6...1,5 KOM 1 KpyTu3-
HY npeobpa3oBaHUsI (UYyBCTBUTEIBHOCTb) HE MeEHee
3,2 mB/(B + D). Bropoit BapraHT UMeeT CONPOTUBIIE-
HHE MOCTOBOI1 cXeMbl Ha ypoBHe 1,5...2,5 KOM u Kpy-
TU3HY IpeobpazoBaHus He meHee 2,5 MB/(B - 39). Ha
puc. 3 peAcTaBieHbl NTepeaaTOYHbIE XapaKTePUCTUKU
JIBYX pa3paboTaHHbIX BapuaHToB AMPII B Matamio-
KE€paMUYeCKOM BOCBMUBBIBOIHOM KOPITyCE.

IIpumenenne AMPII u MarHuTOpPe3UCTHBHBIX
MHKPOCHCTEM B COCTaBe JATYMKOB YIJIa M TOKA

Ha ocHoBe npencraBiaeHHoi KoHCTpyKimu AMPII,
UMEIONIEH BBICOKYID YYBCTBUTEJIBHOCTb U U30Upa-
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TEJILHOCTD 10 HATIPaBJICHUIO, MOXET OBITh pea30BaH
Jatyuk yria nosopota (AVYII). B ocHoBe KOHCTpyK-
muu AYII — cucrema 4eThIpeX CMHXPOHHO Bpallialo-
LIMXCSI BaJIOB, OKAHYMBAIOLIMUXCST TIOCTOSIHHBIMM Mar-
HuTaMu, 1 yeTbipe AMPII, pacnionoxkeHHbIe Hal HUMMU.
Ha puc. 4 (cM. TpeTbio CTOPOHY O0JIOXKKH) MPEaCTaB-
JieHbl (poTocHUMOK (pparmeHTa maketa AYII u dop-
MBI €r0 BBIXOJHOIO curHaja (B aHAJOrOBOM BHUIE),
noctynasolero ot yetbipex AMPII, pacnonoxeHHbIX
MOMapHO Ha IBYX OPTOTOHAIBHBIX HAIIPABICHUAX. DTO
KOHCTPYKTUMBHOE pellleHHUEe MOBbIIIAeT HaleKHOCTb U
TOYHOCTb TpeobpaszoBaHusi AVYII B yciaoBusix Bcex
BHEIIHMX BO3ACUCTBYIOIIMX (DAKTOPOB U HE 3aBUCUT
OT MOJIOXKEHUSI B MATHUTHOM T10Jie 3eMJIU.

Pa3zpaboTaHHbIli  KOHCTPYKTUBHO-TEXHOJIOTMYEC-
kuii 6azuc AMPII Takxke comepKuT 0JIOK TeXHOJIOTH-
YeCKMX OTepaluii, TO3BOJISIIOIIUX HE TOJIHKO UMILIAaH-
TUpoBaTh MuHHUaTOpHbele KMII B Kpucrtasi, Ho u ¢op-
MMPOBATh CKBO3HbIE OTBEPCTUS B KpucTajuie. CKBO3HOE
OTBEPCTHE B KPUCTaJJIe TIPeAHA3HAYSHO MIJIST TIPOBOI-
HUKa C TOKOM, B KOTOPOM HEOO0XOIMMO KOHTPOJIMPO-
BaTh ero 3HayeHus1. Konsuesoit KMII, nmmianTupo-
BaHHbBIA B KPUCTa/Ul B HEMOCPEACTBEHHON OJIM30CTHU
OT CKBO3HOI'O OTBEPCTUSI, YCUJIMBaeT HaBeAEHHOE BOK-
pyT MPOBOAHUKA C TOKOM MarHUTHOE II0JIe B 3a30pe
oosiee yuem B 20 pa3, YTO MPUBOIUT K IOBBILLIEHHOMY
YPOBHIO BhIXOAHOro curHaia AMPIIL.

Ha puc. 5 (cM. TpeTblo CTOPOHY OOJIOXKH) Mpe-
craBieH ¢poTocHUMMOK Kpuctaiia AMPII Toka u BHelI-
HUI BUJI KOpIyca, B KOTOPbIiI OH BMOHTHpOBaH. I'aba-
PUTHBIE pa3Mepbl KEPAMUUYECKOI0 KOpIyca, ¢ Y4eTOM
JJTMHBI BRIBOJOB pa3beMa, COCTAaBISIIOT 15 X 15 X 10 mM.

Ilepenatounas xapakrepuctuka AMPII Ttoka He-
yeTHasi, B AuanasoHe =1 A MMeeT HEJIMHEHMHOCTh He
6onee 5 % (puc. 6). KpyrusHa npeobpa3oBaHus TaH-

Puc. 6. Ilepenarounas xapakrepuctuka AMPII Toka
Fig. 6. Transfer characteristics of the AMRP current
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Fig. 7. Photograph of the breadboard prototype current sensor layout with a digital output signal

type, implemented on the basis of two AMRP

Horo AMPII toka cocrasnsier 24 MB/A, ripu 3TOM 110-
pOr YyBCTBUTEJIbHOCTU COOTBETCTBYET 1 MA.

CoBpeMeHHbIE TeJIEMETPUUECKE CUCTEMBbI B TIepC-
MEeKTUBE MOTYT OBITh YKOMILJIEKTOBAHBI BBICOKOUYBCT-
BUTEJIbHBIMU JaTYMKaMU TOKa C LUGPOBBIM BUIOM
BBIXOJIHOTO curHaa. [Jist odecredyeHUsT HEOOXOIMMOM
TOYHOCTHU IpeoOpa3oBaHUsl B YCAOBUSIX IIUPOKOIO
CHeKTpa AeCTaOuIN3UpYyIOIINX (PaKTOPOB HEOOXOI1-
Mo Hucrmosb3oBaHue A8yX AMPII ¢ mapasienabHol cxe-
MO BKJIIOUEHMSI, KOTOpasi MO3BOJISIET B COBOKYMHOC-
™ c II-o0pa3Hoil ¢opMoii NIPOBOAHUKA U IPYTUMU
MUKPO3JIEKTPOHHBIMU KOMITOHEHTaAMU HUBEIUPOBATh
BJMSIHUE MAarHUTHOTO TMOJIS 3eMJIM M TeMIIepaTypHbIe
Jipeiidbl HaYaJIbHOTO CMEILEHUsI MOCTOBOI cxeMbl. Ha
puc. 7 mpencTtaBieH (OTOCHHMOK MakeTa JaTyuMKa
ToKa Ha ocHoBe nByX AMPII, cxem ycuiienus, ouud-
poBku curHana u SPI unrtepdeiica. PacueTHble HOMU-
HaJIbHbIE M3MepsieMble TOKM JAAaHHOTO JaTyMKa Haxo-
narca B pnanasone 0,3...10 A.

3aKkmouenne

Pa3paboTaHHBIII KOHCTPYKTUBHO-TEXHOJOTHUYEC-
kuii 6aszuc AMPII HaxoguT 1IKMPOKOe MPUMEHEHUE B
KOHCTPYUPOBAHUU COBPEMEHHBIX MAarHHUTOIIOJIYIIPO-
BOTHUKOBBIX MUKPOCHUCTEM, B JaTYMKaxX U Ipeodpa-
30BaTesIsSIX MarHUTHOTrO IOJsI M ToKa. B pesynbrare
BBITIOJTHEHUST OITBITHO-KOHCTPYKTOPCKOI pabOThI KOJI-
nextuomM HIIK "TexHomornyeckuii LeHTp" ObLIM
MOJIy4eHbI OMbITHbIE 00pa3lbl Mpeodpa3oBaresis cia-
060ro MarHuTHoro noJjsi Ha AMP-a¢dekTe ¢ 4yBCTBU-
TesapHOCTh 5,3 MB/(B - ©). Ha ocHoBe Takux npeobpa-
30BaTesield MOTYT OBITh pa3paboTaHbl HOBBIE MHTPO-
CKOINMMYECKHUE U HaBUTALMOHHbIE MPUOOPHI, AATYUKU
yIJIa TIOBOPOTA M TIepeMeIeHUS.

B yactHOCTH, C UCIIONIb30BaHMEM pa3pabOTaHHOTO
KOHCTPYKTUBHO-TeXHOJIOTM4YecKoro 6asmca AMPII B
COBOKYITHOCTH C TEXHOJIOTMUECKUMU TTPOLIeCCaMM TTy-
60KoTr0 MPOoGUINPOBAHUS KPEMHUS TTOJTyYeHBI MUHU -

a TaKXXe M MOHTUPOBAThCS B pa3-
PBIB IIPOBOJIHMKA, C TIOJIHOH rajab-
BaHMYECKOM pa3Bsa3koil. Objac-
TSIMM IPUMEHEHUS TAaTYMKOB TOKA C AHAJIOTOBBIM M
LUGPOBBIM BBIXOJAMU SIBJISIIOTCS MAllMHOCTPOCHUE,
TPAHCIIOPT, CUCTEMbBl MOHUTOPUHTA pa3JIMYHBIX ITOT-
peoduTteneii 3eKTPOIHEPIUU U TEAEMETPUM.

Pesynomamoi, npedcmasnennvie ¢ Hacmosweli pabo-
me, noay4envl NpuU UCNoab3oeaHuu ooopyooeanus IIKIT
"DYHKUUOHANbHBLI KOHMPOAb U OUACHOCIMUKA MUKDPO- U
HaHnocucmemuol mexHuku" Ha 6aze HIIK "Texuonoeu-
yeckull yeHmp".
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Introduction

The modern development of the electronic component
base requires a quick response to the market demands for new
functional devices for recording information from all around
[1]. Therefore, an important aspect of the production of elec-
tronic components is the ability to use the available construc-
tive and technological basis quickly and efficiently for solving
new problems. The constructive technological base of thin-
film anisotropic magnetoresistive microsystems, created in
SMC "Technological Centre", is actively used to create new
functional devices (sensors and converters of a weak magnetic
field, electric current, rotation angle, etc.) [2—35].

Distinctive features of the anisotropic magnetoresistive
converters (AMRC) based on thin-film nanostructures are an
uneven transfer characteristic, a rather low level of hysteresis
and a sufficiently high sensitivity [6]. Also the magnetic field
concentrators (MFC) are used in developed AMRCs to in-
crease the conversion [7].

Constructive and technological base of anisotropic
magnetoresistive microsystems

The developed constructive and technological base of an-
isotropic magnetoresistive microsystems contains a block of
technological operations that allow implanting miniature
MFCs into a crystal on the surface of which thin-film mag-
netoresistive nanostructure (TFMRN) elements are formed in
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the local region. See Fig. 1 showing the cross-section of a typ-

ical design of an AMPP crystal with a cermet. A sketch is a

cross-section of a typical AMRC crystal design with an MFC.

This solution allows creating a series of single-axis AMRC
with the necessary set of functional elements of the following
composition:

e Bridge magnetoresistive transducer based on TFMRN
with an odd transfer characteristic;

e Planar magnetization coil of the first type, to adjust the
value of the initial bias;

e Planar magnetization coil of the second type, for passing
single-ampere current pulses, which restore the direction-
ality of the domain structure of the magnetoresistive film
along the axis of easy magnetization (AEM).

Fig. 2 shows a photograph of an AMRC with an odd trans-
fer characteristic in a metal-ceramic, non-magnetic, hermetic
package. The axis of magnetism of this AMRC is directed
along the long side. The consumer has an opportunity to
choose from two versions of this magnetic field converter
(MFEC). The first option has a bridge circuit resistance of
0.6...1.5 kQ and a steepness of conversion (sensitivity) of at
least 3.2 mV/(V - Oe). The second option has a bridge re-
sistance of 1.5...2.5 kQ and a conversion steepness at least
2.5 mV/(V - Oe).

Fig. 3 shows the transfer characteristics of the two variants
of developed AMRC in a metal eight-pin ceramic case.




Application of AMRC and magnetoresistive microsystems
as part of the angle and current sensors

A rotation angle sensor (RAS) can be realized on the base
of AMRC’s design, which has high sensitivity and selectivity
in the direction. A system of four synchronously rotating
shafts ending with permanent magnets and four AMRCs lo-
cated above them lie at the root of the RAS design.

Fig. 4 (see the 3rd side of cover) shows a photograph of
the fragment of the RAS layout and its output signal in analog
form, coming from four AMRCs arranged in pairs in two or-
thogonal directions. This constructive solution increases the
reliability and accuracy of the RAS conversion under all ex-
ternal factors and does not depend on the position in the
Earth's magnetic field.

The developed constructive and technological base of
AMRUC also contains a block of technological operations that
allow not only to implant miniature MFCs into the crystal,
but also to form through holes in a crystal. The through hole
in a crystal is intended for a conductor with a current in which
it is necessary to monitor its values. The circular MFC im-
planted in the crystal in the immediate vicinity of a through
hole, amplifies the magnetic field induced around the con-
ductor with a current in the gap by more than 20 times, which
leads to an increased level of the AMRC’s output signal.

Fig. 5 (see the 3rd side of cover) shows a photograph of
the AMRC current crystal and the appearance of the housing
in which it is mounted. The dimensions of the ceramic case,
taking into account the length of the connector's terminals,
are 15x15% 10 mm.

The transfer characteristic of the AMRC current is odd,
in the range £ 1 A has a nonlinearity of not more than 5 %
(fig. 6). The steepness of the conversion of this AMRC cur-
rent is 24 mV/A, while the sensitivity threshold corresponds
to 1 mA.

Modern telemetry systems in the future can be equipped
with highly sensitive current sensors with a digital output sig-
nal. To ensure the necessary accuracy of conversion in the
conditions of a wide range of destabilizing factors, it is nec-
essary to use two AMRCs with a parallel switching circuit,
which allows jointly with the U-shaped form of the conductor
and other microelectronic components neutralize the influ-
ence of the Earth's magnetic field and the temperature drifts
of the initial displacement of the bridge circuit.

Fig. 7 shows a photo of the current sensor layout based on
two AMRC:s, amplification circuits, signal digitizing, and the
SPI interface. The rated nominal currents of this sensor are
in the range of 0.3...10 A.

Conclusion

The developed constructive and technological base of
AMRC is widely used in the design of magneto-semiconduc-
tor microsystems, sensors and converters of the magnetic field
and current. As a result of the experimental design work, the
team of the SMC "Technological Center" obtained prototypes
of a weak magnetic field converter on the AMR effect with a
sensitivity of 5.3 mV/(V - Oe). Novel introscopic and naviga-

tional instruments, angle and rotation sensors can be devel-
oped on the basis of such converters.

In particular, the miniature current converters with a
threshold sensitivity of 5 mA at a rated current of 5 A were ob-
tained with use of the developed constructive-technological
basis of AMRC in conjunction with the technological proc-
esses of deep silicon profiling.

A current sensor with a digital output to rated currents in
the range of 0.3...10 A and a conversion accuracy of no worse
than 5 % in the temperature range from —60 to +125 °C can
be realized on the basis of two AMRCs with a parallel
switching.

These construction solutions can be used to control the
current, both in an indissoluble conductor, and be mounted
into a conductor rupture, with a full galvanic isolation. Ap-
plications of current sensors with analog and digital outputs
are engineering, transportation, monitoring systems for vari-
ous electricity consumers and telemetry.

The results presented in this paper were obtained using the
equipment of the Common Use Center for Functional Control
and Diagnostics of Micro- and Nano-System Engineering on the
basis of the SMC "Technological Centre".
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Ha ocrose npednodiceHHol panee nOAHOU 1eKMPOHHOU UHMePNPpemayuy YHKUUOHUPOBAHUS M0O32A PACCMOMpPEH (eHoMeH "co-
3HaHue yeaosexka". B nepsoii wacmu pabomul npusedeHvi NPUHYUNBL AHAAU3A eHOMeHA, NPOOAEMbl U NPUOAUNCEHUS e20 ONUCAHUSL,

a makoice cymao C030aHHOU meopuu CO3HAHUA 4en06€eKda.

Karoueevie caosa: cosnanue uenoeeKkda, mo3se, NoAHAA AeKMPOHHAA UHmepnpemauus, HaQHO031eKmpoHUKa

"[loae3no makice 3HamMs AOO0SIM, UMO He U3 UH020 MeCma 803HUKAIOM Y HAC Y0080ACMBUSL,
padocmu, cmex u WYMKU, KaK UMeHHO omcioda (om Mo3ea), omkKyoa makce Npoucxoosm
neuanb, mocka, ckopos u naa4. M smoi umeHHO 4aCMbHO Mbl MbICAUM U PA3YyMeeM, GUOUM, CAbL-
WUM U pacnozHaem nocmulOHoe U yecmHoe, xydoe u dobpoe, a makKce ace npuUsmMHoe U He-
npusmHoe, pazaudds omuacmu 6ce Mo NO YCMAHOBUBUEMYCA 00bl4al0, d OMYAcmu 1o mou
noav3e, KOMOPYI0 NoAy4aem. JDmoro Jce 4acmovlo Mol pAcno3Haem y0080AbCMEUsL U MALOCMIL,
CMOMPsL NO 00CMOAMENbCMBAM, U He 6cee0a Ham Obleaem NPUsmHo 00Ho u mo xce. Om 3moil
Jce camou uacmu Hauieeo meaa Mol U 0e3yMCmeyem, U CyMaculecmeyem, U A6Aamcs HAM
cmpaxu u yxcacwl, 00HU HOYbI0, dpyeue OHeM, A MAaKice CHOBUOeHUs U 3a04YlcOeHUs Heymec-
mHuvle, 3a60mbl GeCnpUHUHHbBIE, OMCI00A MAKICe NPOUCXOOUM Y HAC He3HAHUe HACMOAWUX des,
HechocoOHOoCmb U Heonvimuocms. M éce amo cayuaemces y Hac om mo3ea..."

BBenenune

M3BecTHO, UTO YeIOBEK — CyMepCIoXHast TMHAMU-
yeckasi camoopraHusyrouiasics cucrema. Ctporoe je-
TaJIbHOE MCCJIefOBaHME €€, B TOM YUCJIe U MOJE/IM-
poBaHNe, HA MUKPOYPOBHE, HAITpUMEpP KJIETOUYHOM, K
coXajeHulo, (GakTUYeckKd HEeBO3MOXHO. Cutyalus
YCyIyoIsieTcss TeM, YTO BCJIEICTBME OTKPBITOCTU CHUC-
TEMBbl HEOOXOMUMO B OOIIIEM ciydae YUUTHIBATh B3au-
MOJEHCTBUS YeJIOBEKa C OKpYKarllel cpeaoi (B TOM
yuciae W odiecTBoM). B pesymbraTe aHanmm3 IOJDKEH
OCYILECTBSATLCA Ha CaMbIX Pa3HBIX YPOBHSX OIMCa-
HMS C TIPUBJIEYEHUEM IUPOKOTO CIEKTpa AUCLIUIUIMH
(o KpaitHeit Mepe, UX HEKOTOPBIX pa3aesioB), HAYU-
Has ¢ GU3MKU, XUMHUU, OMOJIOTMU, MEAULIMHBL U 3a-
KaHuMBas ¢uiocodueii. SIcHO, YTo B 00IEM ciiyyae
9TO TeM 0oJiee HEBO3MOXHO.

YrpaBiseT 4eJI0BeKOM, KaK M3BECTHO, HEPBHAST CUC-
TeéMa, TJIABHBIM WHTErpUPYIOIIMM HMHMOPMAIIMOHHBIM
LIEHTPOM KOTOPOM SIBJIsIeTCsl MO3T. TOJBKO MO3I Yeso-
Beka — (hbaHTAaCTMUYECKUI IO CJIIOXKHOCTU 00BbeKT. Tax,
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Tunnoxpam [1]

YUCJI0 HEPBHBIX KJIETOK B HEM OKOJIO 1011, YUCJIO CU-
narcos 10'4...101° , 4 YUCJI0O MOHHBIX KaHAJIOB U MoJie-
KyJI OKOJIO 1022 Ha 1 em>. CoxHOCTB po0JIeMBbl pac-
CMOTpeHUsI PYHKLIMOHMPOBAHUSI MO3ra OU€Hb XOPOILIO
XapaKTepu3yeT OLICHKA OOLIEero KojauyecTBa MHpopmMa-
UM TI0O YUCIIy BO3MOXKHBIX HEHPOHHBIX COCTOSHUM
KHUTH [2]: 2NK e N — uueno HeipoHoB (N = 1011),
K — uucno nokojeHuit cpabareiBanus (K > 1), T.e.
“MeeM IPOoCTo "acTpoHOMUYecKoe ynciao”. Takum o6-
pa3oM, HcCCleloBaHUE Jaxe TOJbKO MO3ra SIBJISIETCS
MO-TIPeXXHEMY UYIOBMIIIHON CIOXHOCTU 3alayeid.

Oco0eHHBIM  pe3yabTaToM (YHKLIMOHUPOBAHUS
3TOU (haHTACTUUECKON CIOXHOCTU WHGpOPMAILIMOH-
HOI CUCTEMBbI SIBJISIETCS CO3HAHME — TJIaBHAas 3araika
IIpuponsl. B cBsI3u ¢ OTMEYEHHBIM paHee CTAHOBUTCS
OYEBUAHOI CIIPaBEIMBOCTh AUATEKTUUECKOIo 3aKOHa
0 Tepexoje KOJIMIeCTBa B KaYeCTBO.

Lenp manHOM pabOTEl — pacCMOTPEHUE CO3HAHUS
YyeJioBeKa ¢ TOYKM 3peHUsT GU3UKU, B YACTHOCTH CIle-
HUaINCTa B O0JACTH BJIEKTPOHUKHU. BaxXHBIM TIpH
9TOM OYIET MCIOJIb30BaHUE MPEUIOKEHHBIX paHee aB-




TOPOM IIOJIHOM 3JIEKTPOHHOM MHTepIIpeTaluuu (yHK-
LIMOHUPOBAHUS MO3ra U KOMILUIEKCHBIA Mepapxuyec-
KU1 MOJXO0J €T0 UCCIeA0BaHMs, OCHOBAHHBIM HA MHO-
TOYPOBHEBOM MOJEJIUPOBAHUM B COYETAaHUMU C
9KCIIEpUMEHTaJIbHBIMUA METOAAMMU.

le/ll'llll/ll'lbl aHaJIM3a

IIpn paccMoTpeHMM CO3HAHUS dYeJOBeKa aBTOD,
MpexXae BCEro, pyKOBOJACTBOBAJICS IBYMsI MPUHLMIMA-
Mu: 1) "LeHTpaabHOM 1orMoii" Helipobuonoruu; 2) 3a-
KOHOM 3KOHOMUM WK "0putBbel OKKama'.

IlepBblii 03HauaeT, 4TO "BCEe HOpPMAJIbHBIE (DYHK-
LMY 3I0POBOTO MO3Ta M BCE WX IMATOJOTUYECKUE Ha-
PYLIEHHUSI, KAKMMU Obl CJIOKHBIMU OHU HU ObUIM, MOX-
HO B KOHEYHOM CUETe OOBSICHUTH MCXOIS U3 CBOMCTB
OCHOBHBIX CTPYKTYPHBIX KOMIIOHEHTOB Mo3ra" [3].
HeTpynHo 3aMeTuTh, 9YTO 3TO COBpeMEHHasl, KpacuBast
MU dJeraHTHas (OpMYJIMpPOBKA TE€HUAJIbHON MBICIIH,
U3JI0XKEHHOM B anurpade v BbICKa3aHHOI 0oJiee ABYX
ThICSIY JieT Ha3an. OTMedy, 4To ITOJOOHBIE "paboume
TUITOTE3bl" MCIIOJIb30BAIM MHOTHE, B TOM YMCJIEC BbIIA-
folMecs, ucciaenonarean mMosra. CiaenoBareabHO, aB-
TOp MPHUAEPKUBACTCS UIAEW WHTEPHAIM3Ma, COTIJIACHO
KOTOpO# "CO3HaHWe W KBaJlua — 3TO OCOOEHHOCTHU
MO3TOBOI aKTUBHOCTH, 1 TTO3TOMY OHHM B OYKBaJbHOM
cMbIciie HaxoasiTcsi B moare” [4]. MHorouyucjieHHbIe
JlaHHBIE HEWPOOMOJOrMM, HEHPOIICUXOJOTUM CBUIE-
TeJBCTBYET O TOM, YTO 3TO UMEHHO TakK. Pa3pymiaiorcs
HEKOTOpbIe BaxKHbIE 00JACTH MO3ra 4eJoBeKa, U CO-
3HAaHUE CYIIECTBEHHO MEHSIETCS JIM0O McUe3aeT BOOO-
e (cM., Hapumep, [4—6]).

Hcrionp3oBanne 3aKoHA KOHOMUU WIIM "OPHUTBBI
Oxxkama" [7] o3HayaeT, YTO MPU apryMeHTalMyu OymyT
HCIIOIb30BaHbl TOJBKO YCTaHOBJIEHHBIE (DAKTBI (hU-
3UKHU, HEHpPOOMOJOTrUU, MEIMUMHBI U psaa ApYrux
HAYYHBIX TUCHUTIINH. TakuM 00pa3oM, MOIBITaeMCSI
000WTHUCH 3TUM "MUHUMYMOM", T.€. O€3 MPUBJICYEHUS
MOTYCTOPOHHUX CUJI, MU(DUUYECKUX IOJeld U Heoboc-
HOBAHHBIX TUITOTE3, a TPOIIe TOBOPS, (paHTa3MIA.

Kpome Toro, BaxkHbIMM B JajbHe1IeM pacCMOTpe-
HUU OyIyT TIpemIOXXEeHHBIC paHee aBTOPOM ITOJHAS
9JIEKTPOHHAsT MHTepIpeTauus: (GyHKIMOHUPOBAHMS
MO3Ta U KOMIUICKCHBI MEPAPXUUYECKUA MOAXOH €T0
HCCIeIOBaHMS, OCHOBaHHbI HA MHOTOYPOBHEBOM MO-
JeTMPOBAaHNU B COYETAHWUU C BKCIIEPUMEHTATbHBIMU
METOomaMM, TIOIPOOHO M3JIOXKEHHbIE B padoTax [8§—13]
U JOIIOJIHEHHEKIE B cTaThe [14] 1 0630pe [15]. 3ameuy,
YTO MHOTHME WAEU 3TUX padoT [J1s1 MO3ra B LIeJIOM OyIayT
HCTIONIb30BaHbI 1 3[1ECh, HO YK€ TPUMEHUTEIHHO K CO-
3HAHUIO YEJIOBEKa.

IIpobaeMsl 1 NPUOIMKEHNS

[Ipo6aeMbl HAYMHAIOTCS C ONMPEACACHUS TTOHITHS
"co3HaHMe". ABTOp BCTpedasl B JIUTEpaAType MX OYeHD
MHoro. K coxkajyieHu1o, IpaKTUYECKU BCe OHM MUMEIOT

T€ WUIM WHBIE HEAOCTATK! (M3JIMIIHSS OOIIHOCTD, BU-
TUEBATOCTb, CJIOXHOCTb U T. M.), YTO, TO-BUAUMOMY,
SIBJIIETCS CJIEACTBMEM OCO0OM MHOTOTPAaHHOCTH pac-
cMaTpuBaemMoro siBiieHust [1puponbl v, ckopee Bcero, B
JTaHHOM cJlydyae — 3T0 Hen30exHo. OmHUM 13 Haubo-
Jiee YIaUYHBIX M B TO K€ BpeMsI KOMITAKTHBIX, CJIEIyeT
CYUTaATh OMpeneicHUe, MPUBEICHHOE B TOOPOTHOM
MOHorpacpuyeckoM yuyeoHuke npodeccopa A. PeBoH-
Cyo, a UMeHHO [4]: "BHyTpeHHUI1 MOTOK CyOBbEKTUB-
HBIX MEePeXUBAHUI, HEITOCPEICTBEHHO TTPUCYTCTBYIO-
LM B HAC ¥ MOCTOSTHHO OOHAPYKMBAIOILUI ceOsl HaMm,
¥ eCTh CO3HaHme".

ITpu paccMoTpeHun heHOMEHa "co3HaHue", CTPOro
TOBOpsI, HEOOXOAMMO aHAJM3UPOBATH CIIEAYIONIYIO
TIOJIHYIO cucTeMy [15]: MO3r — apyrue cocTaBisolne
HEPBHOI CUCTEMBI — TEJI0 — OKPYXKalolllasi cpeaa. ITo
CBSI3aHO C TEM, UTO MO3T, TaK € KakK 1 YeJOBeK B lie-
oM (cM. BBenmeHme), sIBAsIeTCS OTKPHITOM, TMHAMU-
YEeCKOM M CaMOOPraHM3YIOLICKCS B ITAHHOM Clly4yae
noacucreMoil. M XOoTs co3HaHWE B COOTBETCTBUM C
MPUHSITON UIeeil MHTepHAaIM3Ma SBISIETCS MPOAYKTOM
MO3Ta, Ha CO3HaHUe OECCITOPHO OKa3bIBAIOT BIMSHWE
W JIpyTHUe COCTAaBJISIONIME IMOJHON CUCTEMBbI, NMPpUYEM
3TO BIMSTHAE HE OTHOCTOPOHHEE W MOXKET OBITH CYy-
1ecTBeHHbIM. bosiee Toro, mpu aHaiau3e CO3HAHMS
KOHKPETHOTO YeJIoBeKa B KOHKPETHBII MOMEHT Bpe-
MEHU HEeoOXOAMMO 3a7aTh UCXOAHbIE JaHHbIE 00 ITOM
cucTeMe WiId, IO KpailHell Mepe, MOJIHYI0 MHGpOopMa-
LIMIO O MO3re B COOTBETCTBYIOLIMI MOMEHT BPEMEHHM.
DKCIEepUMEHTAILHO 3TO Bpsi U BO3MOXHO. B TO Xe
BpeMsI TIPOMOIEINPOBATh 6CH0 TIPEOLICTOPUIO Pa3BU-
THSI MO3Ta IO COOTBETCTBYIOIIIETO MOMEHTA BPEMEHN —
3amavya (paHTaCTUYECKON CIOXHOCTH W BPSII JIU TOXE
Korma-Huoynp Oyner peieHa [8]. [ToaTtomy 3akoHO-
MEPHBII U eCTeCTBEHHBIN ITyTh — MepeXxol K puoI-
>KEHHOMY OIMCAHMIO TaKUX CYIEePCI0XHBIX OOBEKTOB,
KakK MO3T 4eJIoBeKa U, B YaCTHOCTH, co3HaHme. Cpasy
K€ OTMEYY, YTO MPUOIMKEHUI B OITMCAHUN CO3HAHUS
MoXeT ObITh MHOTO. M 3TO HOpMasbHO! Tak Kak peub
MIET O 3aJayax, KOTOpble B MaTeMaTUKe Ha3bIBAIOTCS
TpyaHopeliaeMbiMu Kilacca NP [8], T. e. o 3amayax
0CO0OI CTEMEHU CIOXHOCTH.

B cooTBeTCTBUM ¢ MPUHSTON "LIEHTpadbHOI AOT-
Moi1" HelpoOHnosorun OyaeM, Mmpexae BCero, CBSI3bI-
BaTh CO3HAHWE C KOMIUIEKCOM (DU3NKO-XUMUIECKUX
MPOLIECCOB, MPOUCXOISIINX B JKUBOM MO3Te YeJIoBeKa
1 TOIAePKUBAIOLINX TOT BUA IeSITeIBHOCTH. B cBeTe
M3JI0KEHHOT'O BBIILIE YK€ 3TO YTBEPXKIEHME SIBIISIETCS
MpuoOMIKeHneM. Bo3MOXHO M ommcaHue XOTS OBl
aToro Buaa aesteabHocTU? OTBET MpelneibHO MPOCT:
"Bpsan ma." W TyT ecTh, TIO KpaitHeil Mepe, nBe (GyH-
JaMeHTaJIbHbIe MPUYMHBI WX MpobjaeMbl: 1) mo-Bu-
IUMOMY, HEBO3MOXHO OTAEIUTh CO3HATEILHYIO JIe-
STEJIbHOCTh MO3ra OT IPYIMX MHOTOUYMCIEHHBIX €ro
byHKIMI, TIpeXIe BCeTO TCHMXUYECKUX, ITPOMCXOISI-
IIMX B TO K€ BpeMsl MapajljieJibHO U, CKOpee BCEro, C
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MepeceyeHnsIMU, T. €. UMEET MECTO B3aMMOBJIUSHUE
(mpobsiema "pa3BsI3KU", CM. Jajiee TUOKOCTh CBSI3Ei);
2) mogenu (Maeaau3alui) He MOTYT IMOJTHOCTBIO COOT-
BETCTBOBAaTh OOBEKTaM, a TeM 0oJiee TAKUM CIIOKHBIM
KaK MO3T YeJIoBeKa, CO3HAHUE.

T'oBops o TiepBoii ITpobIeMe, O-BUANMOMY, €€ XO-
TSI ObI MPUOJUXKEHHOE pellleHHe BO3MOXHO TOJIbKO C
MpuBAeYECHUEM MozeaupoBaHus. Bropas mpobGiaema
oTpaxaeT 4ynucTo (prmiocodckyio Touky 3peHus. B pa-
6ote [16] aBTOp Ha3Bai ee "MpobIeMOil "MepBoOro ia-
ra"" Wiv Hayajia Maeajau3aliy, U OHa, K COXAJIEHMIO,
HEeyCTpaHMMa B HayKe, UCIoyb3yolieit moaenu. Cre-
JIOBaTeJIbHO, JII0OOE MaTeMaTHM4yeckoe MOJeIupoBa-
HUe (PYHKUMOHMPOBAHUSI MO3ra OymeT IMpuOIMKeH-
HBIM. B TO Xe BpeMsT OTCYTCTBHE SICHOTO M YETKOTO
ompejeieHUs] MOHATUS "CO3HAHUE" OCIOXHSET CH-
Tyalulo.

Takum obpa3oM, CleAyeT COMIacUThCsl C TEM, YTO
MouHOe OnUCAHUe CO3HAHUS 4YeA08eKA HEBO3MONCHO 6
NpUHYUne, U Mol BbIHYICOEHbI nepelimu Kk e20 npubiu-
HCEHHOMY ONUCAHUIO.

MMeHHO HEeBO3MOXHOCTb TOYHOIO OIMMCAHUS CO-
3HAHUA U OyIeT SIBISTHCS "(YyHIAMEHTATbHOM OCHO-
BOI1 OeCKOHEUHBIX crieKyasauuit” B ctuie: "B cosHaHuu
YyeJI0oBeKa MBI YeTO-TO He MTOHUMaeM. 31eCh eCTh YTO-
TO TaMHCTBeHHOE". YTOOBI OCTYIUTD IbLT WIU PaJOCTh
CKEIITUKOB, TIOTMaTUKOB, IIapjaTaHOB M TIp., TIPUBEIY
BCETo JIMIIIb IBa apryMeHTa (6osiee moapoOHo cM. [8]).
Bo-1iepBBIX, MO3T JHIIIL TPUOIMKEHHO OTpaxaeT, a
TOYHEE PEKOHCTPYUPYET, TO, YTO nmpoucxoaut B [1pu-
poxe B AeHCTBUTEIbHOCTH. [loaTOMy Hamo Jm ero
omuceiBaTh ToyHO? OTBeT oueBuueH: "Het!" Bo-BTO-
PBIX, TaXe B TAKOM Topa3no 6oJiee IIpOCTOM YCTPOUCT-
B€ DJIEKTPOHMKM, KaK TeJIEBU30p, Mbl HEe 3HaeM TOBE-
JIEHUE TOTO MJIM MHOTO 3JIEKTPOHA B Ipoliecce (PyHK-
UOHWPOBAHMUS TPUOOpa W HUKOTIAA He y3HAeM B
COOTBETCTBUH C MOJOXEHUSIMU KBAHTOBOI MEXaHUKH,
B YaCTHOCTH C TIPWHIIUIIOM HeoIlpeaeeHHOCTH [eit-
3eHOepra. Tem He MeHee Mbl IOHMMAaeM, Kak paboTaeT
TEJICBU30pP, MOXEM €ro M3rOTaBIUBaTh M PEMOHTHPO-
BaTb. B cBA3M ¢ 3TUM npu u3ydyeHUu (peHoMeHa "co-
3HaHMe" TJ1aBHasl U peayibHas 1ieJib, KOTopas JOJKHa,
KaK MHe KaxXeTcsl, CTaBUTbCS, — JIEYEHHE CaMbIX pa3-
JIMYHBIX TICUXMYECKUX 3a00JIeBaHUI; B TaHHOM CIIy-
yae — pacCTpOMCTB co3dHaHus. Jlymaro, 4YTo IJIsl 3TOM
LeJTA TIPUOIKEHHOTO ONMMCAHWS CO3HAHUSI YeIOBeKa
OyzieT BIOJIHE TOCTATOYHO, T. €. OHA pealbHO JOCTU-
xuMa. Bo BcsIkoM citydae, 06 3TOM CBUICTENBCTBYIOT
yCcrexyd B MEAULIMHE MO3ra yesoBeKa.

B cBeTe M3/I0KEHHOTO BBIIIE BCE CYIIECTBYIOLIME
Ha HaCTOsIIIIee BpeMs TEOPUH CO3HAHMS (XOPOIIHiT 00-
30p COBPEMEHHBIX CBEACHUI O CO3HAHUU U CHCTeMa-
TU3aLMS COOTBETCTBYIOIIMX TEOPUIA JaHBI B KHUTE [4])
JIOJKHBI paccMaTpUBATLCS KaK MPUOIMKEHHbIE, TTPH-
YeM 3a4acTyio JOCTATOYHO rpyOBIe MIM IIPOCTO Helpa-
BWiIbHbIe. [I03TOMY COBpeMEHHbIE MOMBITKU peaan3a-
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LMY TOYHBIX KOIMI CO3HAHUS YeIOBeKa B LICNISIX UX
nepeHoca Ha DBM (cBoeoOpa3HbIii BapuaHT beccMmep-
THS) CJIeAyeT BOCIIPUHMUMATH KaK CHJILHOE TIPEeyBeI-
YeHWE peabHBIX BO3MOXHOCTEH.

HMrak, Kakoe e IOHMMaHUe NCUXUYECKUX (PYHK-
LM YeloBeKa, BKJIOYas co3HaHue, OyaeT HauboJiee
anexkBaTHbIM? [lo MHeHMIO aBTOpa, 3TO Cleaylolas
(opmynupoBka: "Ilcuxuueckue ¢GyHKIUU, BKIOUYAS
CO3HaHME, 00YCIOBICHBI SHEPTETUYECKUMU ITOTOKAMU
B MO3Te 4eyjoBeKa, 00eCreurMBaloIIMMKU COOTBETCTBY-
fomii Bu nesarebHocTh . K coXaneHnio, Takoe Io-
HUMaHME He MOXET ObITb CTPOI'O OMUCAHO XOTs OBl 1O
OJIHOW U3 yKa3aHHbIX paHee (PyHIaMEHTAJIbHbBIX MPU-
yuH. [TpubavkeHust SIBJISIOTCSA MO-TPEXXHEMY BBIHYX-
JNEHHBIMU.

Haubonee nepcnekTUBHOM 17151 AajbHEHIIero pas-
BUTHUS OyIeM CUMTATh TOYKY 3PEHUs, CTaBIIEH KaHO-
HUYEeCKO B HelpoHaykaX. Tak, COrJacHO JaHHBIM
Helipodu3nonoruu, oopadborka nHGopMau B MO3-
re, a TaKKe pas3IMIHBIe TICUXUYecKre (YHKIIUM CBSI-
3BIBAOTCS ¢ pabOTOI HEMPOHHBIX aHCaMOIel (B Jab-
HelileM — 1erneii). B yacTHOCTH, IPUMEHUTEIbHO K
paccMaTpuBaEMOMY BOIPOCY MEPCIEKTUBHO MCMOJIb-
30BaHUE KOHIICTIIIMN WCCICIOBAHUS HEWPOHATBHBIX
koppensatoB co3HaHus (HKC), 3akmougamoiieiics B
orpeJeIeHMM "KaKOBbl MUHUMAJIbHBIN JOCTAaTOYHBIM
00beM HEMPOHOB WJIM aKTUBHOCTh HEPBHOM CUCTEMBI,
KOTOpasi 00s13aTeJIbHO COMPOBOXIAET TO WJIU HHOE
oco3HaBaeMoe nepexubaHue” [4].

3aMeuy, 4YTO B BTOM cCllyyae IJIaBHOE 3HauyeHUe
MpUAAeTCsl HEPBHBIM KJIeTKaM — HelipoHam. JIpyro-
My TUIy KJIE€TOK MO3ra — HEHUpOIJIMU — OTBOASTCS
JINIIb BCIIOMOTaTeIbHbIe (PYHKLIUU. XOTSI 3TO MPEIIIO-
JIOKE€HUE U BBI3bIBAET CUJIBHOE BO3paXXeHUE Y HEKOTO-
pbIX cOeuuaaucTtoB (cM., Hampumep, [17]), mpose-
JIeHHbIE B psje CIelMaIbHbIX IUCLUIUIMH O MO3Te
OOILIMpPHBIE MCCIECAOBAHUS CBUIETEILCTBYIOT O €r0
JOMyCTUMOCTHU (cM., Hanpumep, [18—20]). 1 Tem He
MeHee MOHSTHO, 4To KoHuenuuss HKC — ato mpu-
OJM>XeHWe K TOMY, YTO B IeHCTBUTEIbLHOCTH MPOUC-
XOJIUT U SIBJSIETCS PE3yJbTaTOM YXKe HECKOJbKUX I11a-
TOB IIPEANOJOXECHUM.

Hecmotpst Ha gocTUrHYThIE OEeCCITIOpHBIE YCIIeXU B
HelipoHayKax (Helipo(U3noI0oTUN, HEMPOIICUXOJIOTUMI
U Ap.), K COXaJeHUI0, Ha HACTOSIIUI MOMEHT Bpe-
MEHM He co3[aHa OOlIeNpU3HAHHAs U He BbI3bIBAlO-
111asi COMHEHMI Teopust Co3HaHUsI (CM., Harpumep, [4]),
YTO MOXET OBbITh CBSI3aHO C OTMEUYEHHBIMM paHee
OOBEKTUBHBIMU U OYEHb CEPbE3HBIMU CIIOXKHOCTSIMU.
Brigenio, onHako, Hambosee lLieHHbIe IS daJlbHel-
1IET0 PacCMOTPEHUSI TIPUHLMITBI U MOJOXEHUS 3TUX
HayK.

1. TlpyHUMIIBI BbICLLIEW HEPBHON JeSITEIbHOCTU
[21]: pedraekca, TOMUHAHTBI, OTPAXKEHUSI U CHUCTEM-
HOI IeSITeJIbHOCTU MO3Ta.




2. "laxe camasg mpocTast Tcuxudeckass (pyHKLUS
€CTb pe3yJbTaT UHTEIPATUBHOM AESITEJIbHOCTH LIEJIOCT-
Horo mo3ra" [21].

3. "...CTPYKTYPHYIO OCHOBY liepeOpajbHbIX (hyHK-
LIMIA COCTaBJISIOT pacnpeneeHHble cucteMbl. Kaxayto
¢GyHKIMIO OOyCIaBIMBAeT OMNpeAcIeHHOE COYeTaHUe
KOPKOBBIX 1 TTOAKOPKOBBIX HEeHTPOB" [18].

TakuM oOpa3oM, MO3T B LIEJOM SIBJISIETCS JIOKaJIb-
HO-pacnpeneieHHoi cucremoil. IloaTomy 3HauM-
TeJbHBIC YCHIINS OBLIN TIPEAIIPUHSTHI 110 BBIICICHUIO
B MO3I€ MOICHCTEM, OTBETCTBEHHBIX 3a T€ WIM WHbIE
¢ynkuuu. C Touku 3peHus1 aBTopa HaruboJsee yaauHbl-
MM SIBIISIOTCS IBa pasdoueHusd [5, 22].

Tak, BaxXHOH sBisieTcsl pa3paboTaHHasl BbIAAIO-
IIAMCSI COBETCKAM HEHMPOIICUXOJIOTOM IpodeccopoM
A. P. Jlypueii Teoprst cMCTeMHOM TUHAMHWYECKOM JIO-
KaJM3aly BBICIIMX TCUXUYECKUX QYHKUIMA (K HUAM
TPaIVIIMOHHO OTHOCST MAMSTh, BOCIIPUSITHAE, MBIIILITE-
Hue, peuyb). CorjacHoO CTPYKTYpHO-(PYHKIIMOHAIbHOM!
MOJIeJIM MO3Ta KaK cyOcTpaTa MCUXUYECKOU IesiTesb-
HOCTH OH pasiejsieTCsl Ha TpU OCHOBHBIX OJ10Ka (Ioj-
CUCTEMBI), @ UMEHHO [5]: 1) 60K peryiasiuu ypoBHS
aKTUBHOCTHU MO3ra; 2) 0JIOK Ipuema, repepadoTKu 1
XpaHeHUs] WHGOPMaIIUK, TTOCTyMAalolIeil 13 BHEITHE -
ro Mupa; 3) O0JOK OpOrpaMMHUPOBAHUSI, PETYISILUA U
KOHTpPOJISI TICUXUMYECKON aesaTenbHOCTU. Haubonee
BaXXHOW COCTaBJISIIOLIEN TpeThero OJ0Ka SBIisETCS
npedpoHTanbHas kopa. A. P. Jlypusi Takxe oTMmeual,
YTO JIF00as BhICIIAs IMCUXMYecKasl (PyHKIIUS OCYIIECT-
BJIIETCS TIPU YIACTUU BCEX BBIIEIEHHBIX OJIOKOB (IO -
CUCTEM).

Hpyroe u 6ojiee COBpeMeHHOE pa3OMeHNe Mpeaio-
KW M3BECTHBI aMepUKaHCKWU Helpoduzuonor u
HeliporicuxuaTp, ONMH U3 MUOHEPOB HUCIOJb30BAHUS
KOMITBIOTEpPHON TOMOTrpacu B TICUXUATPUU ITOKTOP
. AmeH. OH pa30myi1 MO3T Ha IITh IToAcUCTeM™, a
uMeHHO [22]: 1) riybokast ntuMmOudecKkass IMOACUCTeE-
Ma; 2) 6a3ajibHble TaHIIUU; 3) MpedpoHTaIbHAs KOpa;
4) mosicHas IoJACUCTeEMA; 5) BUCOUYHBIE JOJIU T'OJIOBHO-
ro mMo3ra. /I. AMeH Takke mogYepKMBaeT, YTO ITOJ-
CUCTEMBI He CYILIECTBYIOT M30JUPOBaHHO. "OHM CO-
eIWHEHBI MEXIY COOOM MWJUIMOHAMM CJIOXHBIX CBSI-
3eil. Begkuii pas, korga mopaxaeTcst ogHa cuctema®,
CKOpee BCEro, B MPOLIECC OKaXKyTCSl BOBICUEHBI U ApY-
rue” [22]. [TpumeHseMslit JI. AMEHOM MeTO[ BU3yaslu-
3allMM MO3Ta MO3BOJIMJI HE TOJILKO BBIAEIUTD €ro Mo -
CHUCTEeMbl, HO M, YTO caMoO€ BaxkHoe, pa3padoTaTh Ha
3TOM OCHOBE JOCTaTOUYHO 3GGEeKTUBHBIE TepareBTH-
YyecKre METONbl JIeUEHUSI MHOTUX TCUXUYECKUX pac-
CTPOMCTB KOHKPETHBIX MalueHToB. ITo mMoeMy MHe-
HUIO, TaHHBIN MOIXOA MEPCIEKTUBEH B MCUXUATPUH,
OCOOEHHO 10 Mepe YJIyUlleHUs] KaueCTB MHCTPYMEH-
TOB BM3yaju3allii MO3ra yejoBeka. B 1ieioM, HecMoT-

* YV 1. AMeHa ucnoJjib3yercst TepMuH "cuctema”. liis Hac Gonee
TOYHBIM OyIeT TepMUH "oacucTema’.

psI Ha BCIO YCJIIOBHOCTh pa30MeHUsT MO3ra Ha MOJICUC-
TEeMbl, OHO OyIeT Takke IMOJIe3HO, MO KpailHeil Mepe,
Ha HavyaJbHBIX 3Tarnax MOICIMPOBAHUST PA3TUUHBIX
¢yHkumit Mmosra. He MmopenmpoBath e cpa3y BeCh MO3T
MPU PACCMOTPEHUU OTHENIbHBIX MCUXUUECKUX (PYyHK-
1uii? Bpsig i, omHAKO, 3TO MOJy4YuTcs (CM. Aajee).

ITonnas 3/1eKTPOHHAS HHTEPNpPETAIUSA
(YHKIIMOHHPOBAHUSA MO3ra

Kak yxe oTMeuanoch, co3HaTelbHasl AeSITeIbHOCTh
OIpenessIeTcsl BCeM KOMIUIEKCOM (M3MKO-XUMUIEC-
KHX IPOLIECCOB, MPOTEKAIOIIUX B MO3re YeJoBeKa Mpu
ee obecieuennn. K coxaneHNI0, 3TO OYeHB "3aITyTaH-
HbIi Ki1yOooK" npoleccoB. CTporo roBopsi, Ha HUX BJu-
10T Bce cuibl [Ipupoabl. Tak Kak Mbl CBSI3bIBa€M TMCH-
xuyeckue QYHKIUU ¢ GYHKIMOHUPOBAHUEM HEHPOH-
HBIX 1IETIeH, TO TIPY 3TOM BIMSHUE Ha UX pabOTy MOTYT
OKa3bIBaTh CJEAYIOIINE B3aUMOCBSI3aHHbIE MPOLIECCHI:
BJIEKTPUUYECKNE, XUMUUYECKNE, MEXaHWYECKHE, Tell-
JIOBbIE U 1p. 3aMeuy, 4YTO TPAAUIIMOHHO B HEHpOOU-
OJIOTUM BBIACISAIOT XUMWYECKHE W DJIEKTPUIECKHUe
npouecck [18, 19] (moaToMy HepeaKo MO3T Ha3bIBalOT
"BIIEKTPOXUMUUECKUM YCTPOMCTBOM"), TIpUUEM TIpe-
MoYTeHNe, KaK MPaBUJIO, OTHACTCSI XUMUYeCKUM. U3
yKa3aHHOTO paHee SICHO, YTO OHU MOTYT OBbITh B JeHCT-
BUTEIBHOCTH TOJIBKO OOBIYHO JOMUHUPYIOIIUMU TTPO-
neccamu. Jlaxe mpu TaKOM yIpOIIEHUH TTO-TIPEXKHEMY
TPYAHO "pa3Bga3aTh" OCTAIOLIMIACS "KIyOooK".

JJ1s1 TOro 4YTOOKI MOIBITATHCS 3TO CAEaTh, U IIPeI-
JIOXKeHa ToJIHAasl BJIEKTPOHHAsI MHTepIpeTalus (QyHK-
LMOHMPOBAHUS MoO3ra yenoBeka [8—15].

B xauectBe OCHOBBI OblIa TpUHSITA TUIOTe3a 1:
CUUTAETCSI, YTO JOMUHUPYIOLIEE BIUSIHUE HA QYHKLIU-
OHMPOBaHHWE MO3ra OKa3bIBAlOT BJIEKTPUUECKUE ITPO-
Hecchl. TakuM 00pa3oM, Iojlaraercs, 4To oopadborka
vH(popMaIMM B MO3re UAeT B OCHOBHOM Ha YpOBHE
BJIEKTPUYECKUX TPOIECCOB. XUMUUYECKHUE TTPOIECCHI
o0ecrneynBaloT Mpexae BCero NMuTaHue HEMPOHHBIX
(RIIEKTpUYECKMX) lIeTleil Mo3ra, a TakxKe MX MOAu(pU-
Kaluio.

Bbruto mokaszaHo, UTO 6cs HelpOHHas Lelmb MO3Tra
MOKET MHTEPIIPETUPOBATHCS B KAYSCTBE HEJTMHEIHOM
BIIEKTPUYECKON Lienu (MepBblil TUIT), OOJamarolieii
CJIeIyIIIMMU OCHOBHBIMM CBOMCTBaMM: 1) HeWpOH-
Hasl 1ienb — 3TO CHayajla pacTyliasi, a 3aTeM Moaudu-
nupyemast dJieKTprudecKasl 1Ielb (IJIABHOE OTINYHUE OT
uHTerpanbHbix cxem (MC) TBepHOTEeNbHOM 3JIEKTPO-
HUKU — BJIEKTPUUYECKUX LIeTeil BTOpOro Tuma); 2) He-
JIMHEWHAs 2JIEKTPUYECKasl LIeNb NIEPBOTO TUIIA XapaK-
TEePU3YeTCSI HE TOJIbKO KpaifHe CIOXHOM TOIOJIOTHEH,
HO Y Bapualluel CBOMCTB COCTaBIISIONINX €€, Ka3aloCh
OBbI, OMHOTHUITHBIX 3JIEMEHTOB (Teja KJIETOK, aKCOHHI,
JEHAPUTHI, IHIUTTUKU, CUHATICHI U AP.); 3) 3JeKTpruyec-
KWe IIeNM ITIepBOrO THUIA MOTYT IeMOHCTPHUPOBATH
0oJIblIIOe pa3HOOOpa3re B MOBEACHUM B 3aBUCUMOCTHU
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KakK OT BXOISIINX, TaK U OT IIPOXOISIIINX IT0 HUM CHT-
HaJIOB; 4) C TOUKU 3PEHUSI INEKTPOHUKU MO3T 3pEJIOro
YyeJioBeKa — 3TO, IPeXIe Bcero, Habop HEIMHEHHBIX
SJIEKTPUYECKNX (HEHPOHHBIX) LIeTIeil IBYX BUIOB, KO-
TOpBIE HE MOJDKHBI MOIUGUIIMPOBATHECSI M KOTOPBIE
MOTYT MOAM(PULIMPOBATHCS.

KioyeBbIMU (aKTUBHBIMU) 3JIEMEHTAMU B 3JIEKT-
puyeckux (HEMPOHHBIX) LIETISIX MO3Ta SIBJISIIOTCS MOH-
Hble KaHasbl. B cBSI3M ¢ 3TUM caelal0 HECKOJIbKO BbI-
JiepKeK U3 OJIECTAIEro yyeOHUKa 10 HeMpOOUOJIOTUH,
a umeHHo [19]: "Ing ycnemHoro GyHKIMOHUPOBAHUS
HEPBHOI CUCTEMbI HEHPOHEKI TOJLXKHBI 001a1aTh BECh-
Ma pa3HOOOpa3HbIM PerepTyapoM 3JEKTPUUECKOM aK-
TUBHOCTH... Bce 3T BapmaHThI 3aBUCSIT, B KOHEUHOM
cyeTe, OT aKTUBAIIMK WJIW JeaKTUBAIlMA MOHHBIX Ka-
HAJIOB, PETYJIMPYIOLINX MOHHBIE TOKU Yepe3 MeMOpa-
HbI HEPBHBIX KJIeToK". OmnpeaeneHHbIN BKIad B nepe-
HOC MOHOB BHOCST U ApYI'Ue KaHabl (IEPEHOCUMKI) —
MOHHBIE HACOCHI (TToMIIbl), oOMeHHUKH [19]. U TeM He
MeHee "cielyeT paccMaTpUBaTh MOHHbIE KaHallbl KakK
CHCTEMBI, TIPOBOMASIINE 3JIEKTPUUCCKUE CHUTHAJBI, a
MEePEeHOCUYUKN — KaK CUCTEMBI obecrieueHusi 6a30BbIX
YCIIOBHI, TIP KOTOPBIX TaKOE TIPOBEICHNE CTAHOBUT-
cs1 BO3MOXHBIM" [19]. 3ameuy, 4To B HacTOsIIEE BPEMsI
VK€ YCTaHOBJIEHO 0O0JIbIIOE YMCIIO PAa3HOOOPa3HbIX TH -
OB, BUAOB M MOJABUIOB KaHajoB [19, 23].

HMoHHbIe KaHaabl — CJIOXHBIE HAHO2JIEKTpOMeXa-
Huueckue cucrembl (HOMC) [8]. D10 cBs3aHO cO
CJIEAYIOIIMMU OCHOBHBIMU IpUYMHAMU: 1) xapakrTep-
HBIE pa3Mephl BCEX CTPYKTYP, GOPMUPYIONINX MOHHBIC
KaHaJbl, JIeXXaT B HAaHOMETPOBOM aMariazoHe [19, 23];
2) KOoH(OpPMaALMOHHbIE MEepPeXoabl OEIKOB M/WUIU UX
cyobenuHuUL, (IOMEHOB), MPUBOASIINE K IPOMycKa-
HUIO NOHOB, — 3TO MHUILIMMPOBAHHBIC SJIEKTPUICCKI -
MM CUTHAJIaMU TIPOLIECCHI, B KOTOPBIX BaXKHbBI MEXaHM -
yeckue cuiibl [23]. dusrka 3TUX epexoq0B J0CTATOU -
HO cloxHa (cM., Hampumep, [23]), omHakKo camoe
MHTEPECHOE 3aKIoyaeTcss B ToM, yTo 3tTu HOMC mo-
I'YT KOHTPOJIMPOBATh NMPOXOXACHUE OTACIbHBIX NOHOB
(OCHOBHBIMM SIBJISTIOTCST MOHBI KaJIWsl, HATpUsl, Kallb-
LIMSI M XJIOpa) C XapaKTEepHbIMU pa3MepaMiu yKe B €1u-
HULIBI aHTCTpeM, T. €. MeHee 1 HM. CnoxHbiMu HOMC
SIBJISIIOTCSI U IpyryMe KaHajbl, B YACTHOCTU WMOHHbIE
HaCOCHI.

CrenoBaTeNbHO, 68 COOMEEMCmMEUY ¢ NPEON0NCEHHOU
UHmMepnpemayuei aKMuGHoIMU INeMeHMAaAMU S6ASIOMCA
pazauunsie Kanawl, m. e. HIMC, nposodsujue uonvl u
onpedeasioujue 21eKMPOHUKY MO032d, A MO32 8 UeAOM
MOJICHO paccmMampueams Kax 00seKm opeanuueckol euo-
puonoti Hanoarexkmporuxu [8, 16]. B cBs3u ¢ 3TUM OT-
Meuy MpUHIHMITHaIbHOe oTinane oT MC TBepmoTesb-
HOI MUKPO- U HAHORJIEKTPOHUKHU, B KOTOPHIX aKTUB-
HBIMU 3JIEMEHTaMU SIBJITIOTCST TUOIBI M TPAH3UCTOPHI.
Takum ob6pasoMm, [Ipupoma mouuia Mo KayecTBEHHO
WHOMY IyTH. B TO Xe BpeMsT caMu HelpOoHBI, (popMu-
pyIollMe HEHMPOHHbLIE IIEMU, SBISIOTCI YXE ropasiao
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0oJiee CIOXHBIMM MHTETPUPYIOIIUMH YCTPONCTBAMMU,
U, obpasHo roBopsi, ux aHajgoru — ueibsie MC. Ilo-
9TOMY MHTEpIIpeTalnsl HEMPOHOB KaK OCHOBHBIX aK-
TUBHBIX BJIEMEHTOB (4acTO HEHpPOH B HelpoHayKax
CPaBHUBAIOT C TPAH3MCTOPOM) MO3Ta — BEChbMa CUJIb-
HOE YIpPOLIEHUE C TOUKU 3peHUs 3JeKTpoHUKU. Bce
HAMHOTIO CJIOXKHEe.

MHTepecHO olleHUTb, XOTs1 Obl Tpy00, YPOBEHb WH-
Terpaluy Mo3ra yejJoBeKa Kak 00beKTa JeKTPOHUKH.
OlLieHKy AenaeM, KaK 3TO MPUHSITO B MUKPO- U HAHO-
9JIEKTPOHUKE, 1O YUCIY aKTUBHBIX 2JIEMEHTOB. Tak
KaK 4MCJIO HEMPOHOB B MO3re OKOJIO 10“, TO YMCJIO
KaHaJIOB, TPOBOMSIIIIMX UOHBI, T.€. aKTUBHBIX DJIEMEH-
TOB, OyleT OpUEHTUPOBOUYHO Ha 8—10 MOPSIAKOB BbI-
mre*, T.e. peyb UIeT o Hudpax B AUaIa3oHe 1019...10%1,
Ceityac MBI MOXXEM CKOPPEKTHPOBATh OLIEHKY PaObOThI
[2] (cMm. BBeaeHue) ob1ero KoauuecTsa UH(GpopMaLuu
10 YMCIY BO3MOXHBIX COCTOSIHMI, HO YK€ KaHaJIOB
(OTKpPBIT—3aKpPHhIT), a UMEHHO: 2MK, rne M — 4ucnio
KaHaJIoB (BO3bMEM HMXXHUI mpeaen M = 1019), K —
YHCJIO MOKOJIEHUU cpabaTeiBaHus (K > 1), T.e. uMeeM
elle HaMHoro OoJjiee rpaHauo3Hoe yucio. CinenoBa-
TeJIbHO, MO3T YeJioBeKa — (DaHTAaCTUUYECKOT'O0 YPOBHS
MHTErpalii OObEeKT HaHORJeKTpoHUKU. HeynuBu-
TeJIbHO, YTO UMEHHO TakKasl cucTemMa — IIeaeBp dJIeK-
TPOHUKU, co3naHHbIi [Ipupomoii, — u mopoxaaer co-
3HaHUe (C YKa3aHHBIMM paHee oroBopkamu). Herpyn-
HO 3aMETUTh, YTO CTPOroe MOICIMPOBAHUE TaKOM
CHCTEMBI U B JAHHOM IIPUOIIKEHMY HEBO3MOXHO [8].

Bbruto paccMoTpeHo, Kak MpUOJM3UTENbHO (DYHK-
LIMOHUPYET MO3T YejioBeKa B paMKax MpeIioKeHHOM
MOJTHOM 3JIEKTPOHHOM MHTeprpeTauuu. B yacTHOCTH,
BBIZICJIEHO TPU THUIIA PEXXMMOB pabOTHl MO3ra KakK Ha-
0opa HeJMHEHHBIX DJEKTPUUECKUX LIeTel, a UMEHHO:
1) mpu BHELIHEM BO3IeiCTBUM; 2) O€3 BHEIIHETO BO3-
JeicTBUs (BHYTpEeHHMIT); 3) cMellaHHbIi. Bee oTnenb-
HBIe PEXUMBI PabOThI, BKJIIOYAs BOCIIPHUATHE, BOCIIO-
MUHaHWE, MBILUICHUE U Jpyrue TCcuxudeckue (pyHk-
LIMU, OTHOCSITCS K OMHOMY M3 YKa3aHHBIX TUIIOB. B TO
K€ BpeMsl 1000l cneyuguueckuil pexcum pabomol dHcu-
6020 M032a, BKAIOYAS NCUXUYeCKUe QYHKUUU, A615emCs
De3yAbmamom npoxXoucoeHus 31eKmpu4ecKoe0 CueHaia
(cuenanos) no coomeemcmeyruemy Habopy s1eKmpu-
yeckux (HelpoHHbIX) yeneil **, umo u obseduHnsem pexicu-
Mbl, m.e. aeaaemcs o0uwum 0 Hux eécex. OCHOBHBIMU
orepauysiMU MpU 3TOM SIBJISIIOTCSI CpaBHEHUE, KOAU-
poBaHue, 1eKOIUPOBaHMEe, KOMaHAa K IeMCTBUIO, MO-
IrduKays HEMpOHHBIX LIETICH.

B yacTHOCTH, MBIC/Ib — 3TO AEKOAUPOBaHUE (BHYT-
peHHee BOCIIPOM3BEACHNE) JIEKTPUIECKOTO CUTHAIA

* K coxalleH!10, aBTOPY He YIaJoCh HAlTU B JIUTepaType He-
00XoaMMBbIX cBeaeHui. OlLieHKa cielaHa 1o YMCTy MOHHBIX KaHAJIOB
B aKCOHE KajlbMapa ~ 1010 [24].

** J1J1s1 ICUXUYECKOM (DYHKIIMU 3TOT HAOOp 1IeTeil MOXeT ObITh
Ha3BaH HEMPOHHBIM KOPpeISITOM Ncuxudeckoit hynkuuu (HKI1D)
no aHasiornu ¢ HKC.




(cUrHajaoB), UHULMMPOBAHHOIO CAMUM MO3IOM U IIPO-
XOJISILLIETO MO pa3IMYHbIM HEHPOHHBIM LIEIMSIM MO3ra
COOTBETCTBYIOILEN MPOCTPAHCTBEHHO-BPEMEHHOMN KOH -
¢urypamuu [8, 11]. CrnemoBaTelbHO, MBICAb — 3TO
CBOE0Opa3HbIli 0OpaTHBIN MPOLECC IO OTHOILIEHUIO K
00paboTKe TocTynatonieii nHpopMauuu (IIPsSIMOI IIPO-
11ecc), KOTOPBIi MHULIMUPYETCS, TT0-BUIUMOMY, B OC-
HOBHOM KOPOIi TOJIOBHOTO MO3ra, T.€. 0 HEHPOHHBIM
LIETISIM ITPOXOAST TOKU U B pe3yJIbTaTe MPOMCXOIUT Je-
KOAMpoOBaHUEe MH(MOpMaLMU, CoAepXKalleics B COOT-
BETCTBYIOIIMX HEMPOHHBIX IIETISIX.

B coBpemMeHHOI NMCUXOJOTMU BBIACISAIOT J1BE CHUC-
TeMbl MbllIeHUsT [25]: cuctema 1 (aBTOMaTuUuecKas
cucteMa) U cucrteMa 2 (IIpOM3BOJIbHAs CHUCTEMA).
"Cucmema 1 cpabaTbIBaeT aBTOMATHMUYECKM U OYEHbBb
OBICTPO, HE TPeOYS WIN IMOYTU HEe TpeOysl YCUIUN U He
JlaBasl OLLYLIEHUS] HaMepeHHOro KoHTpoJs. Cucmema 2
BbIACJISIET BHUMaHWE, HEOOXOAUMOE ISl CO3HATENb-
HbIX YMCTBEHHBIX YCUJIUI, B TOM YHMCJIE IJIsI CIOXHBIX
BblYMCIeHUH. JIeficTBUSI cCTeMbl 2 YacTO CBS3aHbI C
CyOBEKTUBHBIM OLIYILIEHUEM IeSITeIbHOCTH, BbIOOpa 1
KOHLIeHTpauuHu... Cuctema 1 MMITyJbCUBHA U UHTYU-
THBHA, a CHUCTeMa 2 CIOCOOHA K pacCyXIeHHsM..."
[25]. MoXHO cuMTaTh, YTO aBTOMAaTuyeckasi CUCTeMa
(hyHKLIMOHUPYET Ha MOJACO3HATEIbHOM YPOBHE, a Ipo-
MU3BOJIbHASI CUCTEMA — C YYacTHEeM OCO3HaHMUsI.

Vi100HO TIpeJACTaBUTh MbICIUTEIbHYIO JAesTel]b-
HOCTb B LIEJIOM MTpoucXoAsiiieit o "criupanu” (OOUH U3
BO3MOXHBIX BapuvaHTOB "TMOTOKa co3HaHus"*). Tak,
OIMH Y3 BUTKOB CIUpaiyd pPabOThl aBTOMATHUYECKOM
cucTeMbl (cUcTeMbl 1) MoKa3aH cxeMaTUYHO Ha puc. 1.
CHavajna cjeayeT IUIaHMpOBaHUE (MOAECIMPOBAHUE
WIN TIPOTHO3) CUTyalluu, a 3ateM — paelictBue. I1po-
liecC MOXET TNpoAoJKaThecsl U nanee. Paborta mpous-
BOJILHOI CUCTEMBI (CUCTEMBI 2) OoJiee pa3HOOOpa3Ha 1
cioxHa. Heckoinbko BapMaHTOB OJHOIO BUTKA 'CITU-
pamu” mpeAcTaBieHBl Ha puc. 2. B mepBom BapmaHTe
(puc. 2, a) cHauaja cienyeT IJJaHUpOBaHUE (MOAEIM-
pOBaHME WIM IIPOTHO3) CUTYALIMH, 3aTeM — ACcHCTBHE
(TouHee, ero ympaBlIieHHUE MO3TOM), a MOCJIe 3TOro —
oco3HaHUe. UMeHHO 3TOT BapMaHT BhI3BaJ HanboIee
OYpHYIO IUCKYCCHUIO B HEHPO(PU3UOJIOTUUECKOM JIM-
TepaType (u3BecTHble dKcriepuMeHThl b. Jlubera
1980-x romoB "o cBobGoxae Bosu" [2]). CHavana mpouc-
XOOUT AeiicTBHe, a 3aTeM — oco3HaHue. OmHaKoO 3a-
Meuy, UTO OCO3HAHME B MEPBYIO OYepeab HeOOXOIUMO
IUIST OCYIIECTBIICHNS KOHTPOIMPYIOIIeH 1 yIIpaBIIsIio-
e yHKIMil 1 MOXeT BKJIOYaThCsl B pasjiuyHbIe
MOMEHTBl BpEeMEHHU "CHUpanu’ MBICIUTEIBHON JIe-
SITEIbHOCTH, TIBITAsICh CAENIaTh ee 6oiee a(pDeKTUBHOM
U KauyecTBeHHoU. Bo3aMoxeH u 6ojiee mpocToil Bapu-
aHT paboThl cucteMbl 2 (puc. 2, 6): TJIaHUPOBaHUE

* TepMUH BBe/ICH BbIIAIOLIMMCSI aMePUKAHCKHM TICUXOJIOTOM U
dunocodom Y. [Ixeitmcom.
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Fig. 2. Possible versions of the "spiral” turn of the arbitrary system: a —
with participation of "action”, b — without participation of "action”

(MozmenvMpoBaHue WX MPOTHO3) CUTYAllMU, a 3aTeEM —
OCO3HaHHe.

OueBUAHO, UTO TOJBKO U3 OTMEUEHHBIX BAPUAHTOB
BUTKOB MOTYT OBITh COOPMUPOBAHBI OYEHD CJIOXKHBIE
"cimpanan” MBICTUTENBHON mesaTeabHOCTH. Cliemyer
TaKXe 3aMEeTUTbh, UTO CAMM CUTYallUU U JEUCTBUS MO-
TYT pa30UBaThCs Ha COCTaBJISAIONIME (YACTH), UTO ellle
0oJIbllie YCIOXHSIET pacCMOTPEHME Mpoliecca MbIIII-
JIEHMUSI.

IMoguepkHy, 4TO CO3HaAHKE — OECCIIOPHO CUCTEM-
HOe, MHTETPAaTUBHOE CBOMCTBO MO3ra YeJoBeKa, KOTO-
poe obecrneuuMBaeTcss MHOTMMM 00JIaCTSIMU, OIHAKO
aHaAJIN3 MHOTOYHMCJIEHHBIX (B OCHOBHOM 3KCIIEPUMEH-
TaJbHBIX) JaHHBIX HeWpoHayK (Helpodu3uosoruu,
HENPOTICUXOJOTUM U IIp.) MO3BOJISIET CAENaTh BHIBOI,
YTO, MO-BUAUMOMY, 00JaCThlO, MPEXIe BCero oTeeva-
ol1Ieil 3a OCO3HaHUE, ABISETCS NMpedpoHTaNIbHAS KOpa
rojjopHoro Mo3ra. CiegoBarejibHO, MUHULIMALIUS I BO3-
MOXHOE€ COIPOBOXIEHNE MbBICIUTEILHON JeAaTeNb-
HOCTH B cJIydae pabOThl CUCTEMBI 2 IIPOMCXOIUT B HEM-
POHHBIX LIETISIX 9TOM 00JacTH, a Jajgee OCYIIECTBISeT-
csl TMOKOe CBSI3bIBaHWE C HEUPOHHBIMM LEMNsIMU
pa3IMYHBIX CTPYKTYP 1 00sacTeil Mo3ra B 3aBUCUMOC-
TH OT TOTO, KaKasl 3To MbIciib. Eciii B pe3yibTate 3Toi
MBICJIM TIPOMICXOIUT KaKoe-TO NeWCTBUE, TO IJIsI ero
OCO3HaHUSI HEOOXOAMMO, YTOOBI MH(pOPMALIUS MOCTY-
nuia st o0paboTKy B mpedpoHTaIbHY0 Kopy. B pe-
3yJibTaTe U MPOUCXOAUT €CTeCTBEHHAas 3aiepXkKa, YTo
u o0bsACHSeT skcrnepuMeHThl b. JIuGera (cm. YacTb
II), a Takke Ooyiee MeaJIEeHHOE 1 3aTpaTHOE (QYHKIIM-
OHMPOBAHWE CUCTEMbI 2 TIO CPABHEHUIO C 9KOHOMUY-
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HOI CUCTEeMOI 1, XapakTepu3yIolleiicss MaCCOBBIM I1a-
pajuienu3MoM B paborte.

I'ubKoCTb Xe CBSA3BIBAHUSI NOCTUTAETCs, MO Kpai-
Hell Mepe, Ha TpeX YpoBHSIX [14]: 1) cBs3eiil Mexmy 00-
JIaCTSIMU M/WJW CTPYKTypaMu MO3ra; 2) HEeWpOHHBIX
aHcaMOiieli (B 00JacTsIX M CTPYKTypax MoO3ra MOTYT
y4acTBOBaTh B paboTe pa3HOOOpa3Hble HEWPOHHBIC
aHcamOnn); 3) HeilpoHOB (MOJUMYHKUUOHATIBHBI U
caMy HEeHpoHbI). A 3TO 03HayaeT, 4YTo Npu obdecrieye-
HUUW Pa3HBIX MCUXMYECKMX (PYHKIIMHA MOTYT y4acTBO-
BaTb OJHW U Te e 00yiacTu (MX Mmomo0JacTu), Hell-
POHHBIE LIENMU (MX 2JIEMEHTHI) U, CYZAs 1O BCEMY, Aaxe
OT/e/IbHbIE HEHPOHBI. DTO CWJILHO YCJOXHSIET aHa-
JIU3 U TIPUBOJUT K MpodiieMe "pa3BsI3Ku” MCUXUyec-
Kux (QyHKUUN (CM. paHee).

CormracHO M3JI0XXEHHOMY BBIIIIE, PE3KOE TTPOTUBO-
MOCTaBJIEHUE CO3HATEJbHOW U IMOJACO3HATEJbHOU ne-
SITEJIBHOCTH MO3Ta, C MOEH TOYKM 3peHUs, HEBEPHO.
OCHOBHOE pa3juyue COCTOUT TIJIaBHBIM OOpa3oM B
TOM, YTO B Cjy4yae paOOTBl CUCTEMBbI 2 HEOOXOOUMO
yyacTue HEWpPOHHBIX Lierneil Mo3ra mpedpoHTaIbHOMI
KOPBI, OTBEYAIOIINX 32 OCO3HAHMUE.

CrenoBaTenbHO, OCO3HAHHASI MBICIb — 3TO JEKO-
IUpoBaHUEe (BHYTpPEHHEE BOCIIPOU3BEIECHME) DJIEKT-
puyeckoro curHajiaa (CUTrHajioB), MHULIMMPOBAHHOIO
camuM mMosroM u mpoxogasiiero no HKC mo3sra coort-
BETCTBYIOLIEH IPOCTPAaHCTBEHHO-BPEMEHHOU KOHDU-
Typamunu, T.e. T0 HEHPOHHBIM HETISIM TIPOXOAAT TOKU U
BO3HMKAIOT 00pa3bl, MOHITHUS U T.II. B pe3yJibTaTe Je-
KOAMPOBaHUSI MH(OpPMALIMK, coaepKalleiicsi B COOT-
BETCTBYIOLIMX HEWPOHHBIX LEMmsx. Takum 00pa3oM,
00bIYHO MblUlNeHUe — GHYMPEHHee 80Cnpusmue yeaoge-
KOM 3aK00UPOBAHHOU 8 CAMOM dice Mo3ee UHpopmayuu
[8, 11], a "moicaumenvhas desmenvHocms, cyos no 8ce-
My, — CymMb MAKpOCKOnU4eckue KoaleKmueHvle s6ie-
HUSL 8 HEAUHEUHbIX IAeKMPUUECKUX UeNnax nepeozo mu-
na" [8, 13], m.e. mvicab 6 Mo3ee ueso6eKa — mamepu-
anvHa! Mamepuanvhbl, Kak caedyem uz npedvldyueeo, u
dpyeue ncuxuveckue QYHKUuUU.

B cootBeTcTBUUM ¢ Kiaccupukauueir paboTel [4]
MpeUTOKEHHAsI TEOPHUs B paMKaXx ITOJTHOM 3JIeKTPOH-
HO# MHTeprpeTalny QYHKIIMOHUPOBAHUS MO3Ta de-
JIOBEKa MOXET OBITh OTHECEHa K MOHMCTUYECKOI
MaTepUATUCTUUECKON TEOPUU CO3HAHUS dMEPKEH-
THoro Tuna [14]. OTMedy, YTO B JaHHOI TEOpUU CTa-
HOBUTCSI TOHSATHBIM, UTO TakKoe MbICb. Jlymaro, 4To
MPUBENCHHOE ONpeaeIeHe MBICIM — BeCbMa HEILIO-
X0€ MPUOJMKEHUEe K UCTUHE.

B 10 Xe BpeMs MHeHUEe HelipoOHOJIOroB IO pac-
CMaTpUBaeMOMY B paboTe BOMPOCY B 1IEJIOM HEIJIOXO
BBIpaXaeT cieayoiias uurara [26]: "Mbl MoxeM yT-
BepKAaTh, YTO CO3HAHME U MO3T KOPPEIUPYIOT C TOU-
KU 3peHHST CBOMX (DYHKIIMI, OMHAKO MBI B MEHCTBH-
TEeJIbHOCTU HE€ 3HaeM, KaKMMU WUMEHHO crocobamu
MO3TOBasl aKTUBHOCTb Y (PYHKIIMH CO3HAHMS B3aNMO-
COTBOPSIOT APYT npyra”.
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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 first part of the work the principles of the analysis of the phenomenon, problems and approximations of its
description, as well as the essence of the developed theory of human consciousness are presented.

In particular, it has been shown that an accurate analysis of human consciousness is impossible in principle. In this regard, the
transition to an approximate consideration of consciousness is actually forced. When considering the phenomenon of "consciousness”,
strictly speaking, it is necessary to analyze the following complete system: "the brain — other components of the nervous system —
the body — the environment." This is related to the fact that the brain, as well as the person as a whole, is an open, dynamic and
self-organizing subsystem in this case. Even though consciousness is a product of the brain in accordance with the concept of in-
ternalism adopted in the work, other components of the complete system are certainly influencing consciousness, and this influence
is not one-sided and can be significant. Therefore a rigorous treatment of the brain functioning is hardly possible. Analysis of known
promising approaches to the description of consciousness leads to the conclusion that the use of the full electronic interpretation of
the functioning of the human brain proposed by the author is the most realistic way at the present stage of neuroscience development.
A theory of human consciousness has been developed on the basis of this interpretation. It is described in detail in this part of the
work. Thought and other mental functions are material in accordance with the theory. It is noted that the proposed theory can be
attributed to the monistic materialistic theory of consciousness of the emergent type.
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"It is also useful to know for people that our joys, pleasures, laughter and jokes come not from
any other place, but exactly from here (from the brain), from where our grief, melancholy, sorrow
and lamentations also come.

And exactly with this part of the body we think and we understand, we see, we hear and we
distinguish what is shameful and what is fair, what is evil and what is good, everything that is
pleasant and unpleasant, distinguishing all this partly by the established custom, and partly by
the advantage, which we get. By this part of the body we distinguish pleasure and burden, de-
pending on the circumstances, and, at that, one and same thing is not always pleasant for us.
From the same part of our body we also rave and go crazy, and we feel fears and the horrors,
some of them at night, the other ones in the daytime, and also dreams and inappropriate errors,
and causeless cares; from here also comes the ignorance of the present affairs, inability and in-
experience. And all this comes to us from the brain... "

Hippocrates [1]

Introduction tain sections), beginning from physics, chemistry, biology,
medicine and ending with philosophy. Obviously, in a general
case it is even more impossible.

As is known, a human organism is controlled by the nerv-
ous system, the main integrating information centre of which
is brain. The human brain is fantastically complex object.
Thus, the number of the nervous cells in it is about 10'!, the

number of the synapses equals to 10'...10", and the number

A person is a supercomplex dynamic selforganizing sys-
tem. Unfortunately, its rigorous research including model-
ling, at the microlevel, the cellular level for example, is ac-
tually impossible. The situation is aggravated by the fact that
because of the openness of the system, it is necessary to take
into account the interactions of a person with the environ-

ment (including society). As a result, an analysis should be
carried out at most varied levels of the description with at-
traction of a wide spectrum of disciplines (at least, their cer-

of the ion channels and molecules is almost 1022 per 1 cm’.
The complexity of the problem of the brain functioning is
characterised well by the estimation of the total volume of the
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information by the number of possible neural states of a book
[2]: 2NK where N — number of neutrons (N = 10, K —
number of generations of operation (K > 1), i.e., it is an "as-
tronomical number”. Thus, the research of a brain only is a
problem of "monstrous complexity".

Especial result of functioning of this information system of
fantastic complexity is the consciousness, the main riddle of
Nature. There is an obvious justice in the dialectic law of tran-
sition of quantity into quality.

The aim of the given work is consideration of the human
consciousness from the point of view of physics, from the
point of view of an expert in electronics, in particular. An im-
portant role in this will be played by a fully electronic inter-
pretation of the brain functioning and a complex hierarchical
approach to its research based on a multilevel modelling in
combination with the experimental methods, proposed by the
author.

Principles of analysis

During consideration of the human consciousness the au-
thor was guided by two principles: 1) "the central dogma" of
neurobiology; 2) the economy law or Occam’s Razor.

The first one means, "that all normal functions of a
healthy brain and all their pathological disorders, whatever
complex they are, in the long run, could be explained pro-
ceeding from the properties of the basic structural compo-
nents of the brain" [3]. It is easy to notice, that it is a modern,
beautiful and elegant formulation of a brilliant thought, which
was stated in an epigraph and expressed over two thousand
years ago. I should point out, that similar "working hypoth-
eses" were used by many, including outstanding, researchers
of the brain. Hence, the author adheres to the idea of the in-
ternalism, according to which "consciousness and qualia are
the features of the brain activity and consequently they, in a
literal sense, are in the brain" [4]. Numerous data of the neu-
robiology and neuropsychology testify to this. Certain impor-
tant areas of a human brain collapse while the consciousness
varies essentially or disappears altogether (see, for example,
[4—6]).

Use of the economy law or Occam’s Razor [7] means, that
only the established facts of physics, neurobiology, medicine
and some other scientific disciplines will be used as argu-
ments. Thus, we will try to rely on this "minimum", i.e., we
will do without employment of the forces form the other
world, mythical fields and unreasonable hypotheses, and, in
other words, without fantasies.

Besides, other important factors in the consideration will
be a full electronic interpretation of the brain functioning and
a complex hierarchical approach to its research, proposed by
the author, and based on a multilevel modelling in combina-
tion with the experimental methods, presented in detail in the
works [8—13] and supplemented in the article [14] and the re-
view [15]. I should point out, that many ideas of these works
concerning the brain in general will be also used here, but al-
ready with reference to the human consciousness.

Problems and approximations

The problems begin with the definition of the concept of
"consciousness”. The author found a lot of versions in litera-
ture. Unfortunately, practically all of them have their draw-
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backs (excessive generality, floridity, complexity, etc.), which
seem to be a consequence of the special many-sided character
of the considered phenomenon of Nature and, most likely,
are inevitable. Apparently, the most successful and compact
definition is the one presented in a monographic textbook, I
quote [4]: "The consciousness is the internal flow of the sub-
jective experiences, which is present directly in us and con-
stantly reveals itself to us".

Strictly speaking, during consideration of the phenome-
non of "consciousness", it is necessary to analyze the following
full system [15]: brain — other components of the nervous
system — body — environment. This is connected with the
fact that a brain, just like a human organism as a whole (In-
troduction), is an open, dynamic and self-organizing subsys-
tem. And although according to the accepted idea of the in-
ternalism, the consciousness is a brain product, it is also un-
doubtedly influenced by the other components of the full sys-
tem, at that, this influence is not unilateral and can be
essential. Moreover, during an analysis of the consciousness
of a concrete person in a concrete moment of time it is nec-
essary to set the initial data about this system or, at least, full
information concerning the brain in the corresponding mo-
ment of time. This is hardly possible experimentally. At the
same time modeling of the whole of the background of devel-
opment of a brain till the corresponding moment of time is a
problem of fantastic complexity and it will also hardly be
solved sometime [8].

Therefore, a logical and natural way is a transition to the
approximate description of such supercomplex objects as the
human brain and the consciousness, in particular. I should
point out at once, that there can be many approximations in
a description of consciousness. And this is normal, because we
talking about the problems, which in mathematics are called
intractable of NP class [8], i.e. problems of a special degree
of complexity.

According to the accepted "the central dogma" of neuro-
biology, first of all, we will connect the consciousness with a
complex of the physical and chemical processes going on in
a live human brain and supporting this kind of activity. In the
light of what was said above, already this statement is an ap-
proximation. Is a description of at least this kind of activity
possible? The answer is extremely simple: "Hardly". And
there are, at least, two fundamental reasons or problems
here: 1) apparently, it is impossible to separate the conscious
activity of a brain from the other its numerous functions,
mental, first of all, occurring at the same time in parallel,
and, most likely, with crossings, i.e. interaction takes place
(problem of "uncoupling", see hereinafter, "flexibility of
bonds"); 2) the models (idealisations) cannot correspond fully
to the objects, the more so, to such complex ones, as human
brain and consciousness.

Speaking about the first problem, apparently, its, at least,
approximated solution is possible only with application of
modelling. The second problem reflects a purely philosophi-
cal point of view. In [16] the author called it "the problem of
the first step” or beginning of idealisation, and, unfortunately,
it cannot be solved in the science, which uses models. Hence,
any mathematical modelling of the brain functioning will be
approximated. At the same time, absence of a clear and ac-
curate definition of the concept of "consciousness” compli-
cates the situation.




Thus, it is necessary to accept the fact that the exact de-
scription of the human consciousness is impossible in principle,
and we are compelled to pass to its approximated description.

Exactly the impossibility of an accurate description of the
consciousness will provide "a fundamental basis for infinite
speculations" in the style of "we do not understand something
in human consciousness, there is something mysterious here".
In order to cool the excitement or pleasure of the sceptics,
dogmatists, charlatans and so forth, I will present only two ar-
guments [8]. Firstly, the brain only approximately reflects, or,
to be more exact, reconstructs, what really occurs in Nature.
Therefore, is it necessary to describe it precisely? The obvious
answer is "No". Secondly, even in much simpler device of
electronics, such as a TV set, we do not know the behaviour
of this or that electron in the device functioning, and we will
never learn that, according to the principles of the quantum
mechanics, and Heisenberg's uncertainty principle, in partic-
ular. Nevertheless, we understand, how the TV set works, we
can make it and repair it. In this connection the main and real
purpose of studying of the phenomenon of "consciousness”,
which should, as it seems to me, be posed, is treatment of var-
ious mental diseases; in this case it is the disorder of con-
sciousness. I think, that for this purpose an approximated de-
scription of the human consciousness is quite enough, be-
cause it is really achievable. The success of the human brain
medicine testifies to this.

In the light of everything stated above, all the existing the-
ories of consciousness (a good review of the data on con-
sciousness and a systematic presentation of the corresponding
theories are given in [4]) should be considered as approximat-
ed ones, at that, frequently enough they are rough or simply
wrong. Therefore, the attempts for realisation of the exact
copies of the human consciousness with a view of their trans-
fer to a computer (a certain version of immortality) should be
perceived as a great exaggeration of the real possibilities.

So, which understanding of the human mental functions,
including consciousness, will be the most adequate? Accord-
ing to the author, it is the following formulation: "Mental
functions, including consciousness, are determined by the en-
ergy flows in a human brain, which ensure the corresponding
kind of activity". Unfortunately, such an understanding can-
not be strictly described even by one of the fundamental rea-
sons specified above. Approximations are still compulsory.

As the most promising for development we will consider
the point of view, which became canonical in the neuro-
sciences. Thus, according to the neurophysiological data,
the information processing in the brain, as well as various
mental functions, are connected with the work of the neural
ensembles (hereinafter, circuits). In particular, with refer-
ence to the case in point, it is promising to use the concept
of research of the neuronal correlates of consciousnesses
(NCCQ), consisting in the definition of "what are the minimal
sufficient volumes of the neurons or activity of the nervous
system, which necessarily accompany this or that realised ex-
perience” [4].

I have to point out, that in this case the principal impor-
tance is given to the nervous cells — neurons, and only aux-
iliary functions are recognized for the other type of the brain
cells — neuroglia. Although this assumption also provokes
strong objections from certain experts [17], the extensive re-
search undertaken in a number of special brain disciplines tes-

tifies to its admissibility [18—20]. And nevertheless, it is clear,
that the concept of NCC is an approximation to what actually
occurs and is a result of already several steps of assumptions.

Notwithstanding the achieved indisputable success in the
neurosciences (neurophysiology, neuropsychology, etc.), un-
fortunately, at the present moment, there is no universally
recognized and causing no doubt theory of consciousness [4],
which could be explained by the above-mentioned objective
and very serious complexities. However, 1 will single out the
principles from these sciences, most valuable for the further
consideration, namely:

1. Principles of higher nervous activity [21]: reflex, dom-
inant, reflection and system activity of the brain.

2. "Even the simplest mental function is a result of the in-
tegrative activity of the entire brain" [21].

3. "...The structural basis for the cerebral functions is en-
sured by the distributed systems. Each function is determined
by a certain combination of the cortical and subcortical cent-
ers" [18].

Thus, the brain as a whole is a locally-distributed system.
Therefore, considerable efforts have been made in order to
single out in a brain the subsystems, responsible for these or
those functions. From the point of view of the author, the
most successful are two partitions [5, 22].

So, the Luriya's theory of the system dynamic localisation
of the higher mental functions (memory, perception, think-
ing, speech are traditionally referred to them) is important.
According to the structurally functional model of a brain as
a substratum of the mental activity it is divided into three
main units (subsystems), namely [5]:

1) A unit for regulation of the level of the brain activity;
2) A unit for reception, processing and storage of the infor-
mation coming from the external world; 3) A unit for pro-
gramming, regulation and control of the mental activity. The
most important component of the third unit is the prefrontal
cortex. A. R. Luriya also pointed out, that any higher mental
function is carried out with the assistance of all the singled out
units (subsystems).

Another and more modern partition was proposed by
Doctor D. Amen, well-known American neurophysiologist
and neuropsychiatrist, one of the pioneers of the use of the
computer tomography in psychiatry. He divided a brain into
five subsystems®, namely [22]: 1) deep limbic subsystem,;
2) basal ganglia; 3) prefrontal cortex; 4) cingular subsystem;
5) temporal lobes of a brain. Amen also underlines, that the
subsystems do not exist separately. "They are connected
among themselves by millions of complex bonds. Each time,
when one system* is injured, the other ones, most likely, will
also be involved in the process " [22]. The applied method of
visualisation of a brain allowed us not only to single out its
subsystems, but, which is the most important, to develop on
this basis rather effective therapeutic methods for treatment of
many mental frustrations of concrete patients. In my opinion,
the given approach has good prospects in psychiatry, espe-
cially in the process of improvement of the qualities of the
tools for visualisation of a human brain. As a whole, despite
all the conditionality of the partition of a brain into subsys-
tems, it will also be useful, at least, at the initial stages of mod-

* D. Amen uses the term "system". The term "subsystem" will be
more accurate for us.
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elling of various brain functions. Should we at once model the
whole of the brain during consideration of separate mental
functions? However, it will hardly be possible (see further).

Full electronic interpretation of the brain functioning

As it has already been mentioned, the conscious activity
is determined by all the complex of the physical and chem-
ical processes, which go on in the human brain and ensure
its support. Unfortunately, it is a "tangle" of numerous proc-
esses. Strictly speaking, they are influenced by all the forces
of Nature. Since we connect the mental functions with func-
tioning of the neural circuits, then the following intercon-
nected processes can render influence on their work: the
electric, chemical, mechanical, thermal and other processes.
I should point out, that traditionally in neurobiology they
single out the chemical and electric processes [18, 19]
(therefore, quite often, a brain is called "an electrochemical
device"), at that, as a rule, the preference is given to the
chemical ones. From what was said above it is clear, that
they can actually be only the usually dominating processes.
Even in case of such simplification it is still difficult to "un-
wind" the remaining "tangle".

For an attempt to do this, a full electronic interpretation
of the human brain functioning [§—15] is offered.

As its basis, hypothesis 1 was accepted: it is considered,
that the dominating influence on the brain functioning is ren-
dered by the electric processes. Thus, it is assumed, that the
information processing in a brain goes basically at the level of
the electric processes. The chemical processes ensure a power
supply of the electric (neural) circuits of the brain, and also
their modification.

It was demonstrated, that the whole neural circuit of the
brain can be interpreted as a nonlinear electric circuit (the
first type), possessing the following basic properties: 1) At first
a neural circuit is a growing and then a modifying electric cir-
cuit (the main difference from the integrated circuits (IC) of
the solid-state electronics — electric circuits of the second
type); 2) A nonlinear electric circuit of the first type is char-
acterised not only by an extremely complex topology, but also
by a variation of properties of its components, which seem to
be the same type of elements (bodies of cells, axons, den-
drites, spinules, synapses, etc.); 3) The electric circuits of the
first type can demonstrate a big variety in their behavior, de-
pendending on both the incoming signals and the signals pass-
ing through them; 4) From the point of view of electronics,
the brain of an adult person is, first of all, a set of nonlinear
electric (neural) circuits of two kinds, which should not be
modified and which can be modified.

The key (active) elements in the electric (neural) circuits
of the brain are the ionic channels. In this connection I will
present several quotations from a brilliant textbook on neu-
robiology, namely [19]: "For a successful functioning of the
nervous system, the neurons should possess a very diverse rep-
ertoire of the electric activity... In the long run, all these ver-
sions depend on activation or deactivation of the ionic chan-
nels regulating the ionic currents through the membranes of
the nervous cells". A certain contribution to the transfer of
ions is also made by the other channels (carriers) — ionic
pumps, exchangers [19]. And nevertheless, "it is necessary to
consider the ionic channels as the systems conducting the
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electric signals, and the carriers — as the systems ensuring the
basic conditions, which make such a behaviour possible” [19].
I should point out, that already now a big number of various
types, kinds and subsorts of channels [19, 23] are known.

The ionic channels are complex nano-electromechanical
systems (NEMS) [8]. This is connected with the following
principal reasons: 1) the characteristic sizes of all the struc-
tures forming the ionic channels, are within the nanometer
range [19, 23]; 2) the conformational transitions of the pro-
teins and/or their subunits (domains), leading to passing of
the ions, are the processes initiated by the electric signals, in
which the mechanical forces [23] are important. The physics
of these transitions is rather complex [23], however, the most
interesting thing is that these NEMS can control the passage
of separate ions (the basic ones are the ions of potassium, so-
dium, calcium and chlorine) with characteristic sizes already
in the angstrom units, i.e. less than 1 nm. The other channels
are also complex NEMS, the ionic pumps, in particular.

Hence, according to the proposed interpretation, the active
elements are different channels, i.e. NEMS, conducting the ions
and defining the brain electronics, while the brain as a whole can
be considered as an object of organic hybrid nanoelectronics [8,
16]. In this connection I will point out the basic difference
from IC of the solid-state micro- and nanoelectronics, in
which the active elements are diodes and transistors. Thus,
Nature opted for a qualitatively different way. At the same
time the neurons themselves, forming the neural circuits, are
already much more complex integrating devices, and, figura-
tively speaking, their analogues are whole IC. Therefore, the
interpretation of the neurons as the basic active elements of
the brain (in neuronsciences a neuron is frequently compared
to a transistor) is a great simplification from the point of view
of the electronics. Everything is much more complex.

It is interesting to estimate, at least roughly, the level of
integration of a human brain as an object of electronics. The
estimation is done, as is customary in the micro- and nano-
electronics, by the number of the active elements. Since the
number of the neurons in the brain is about 10! 1, the number
of the channels conducting ions, i.e. active elements, will be
roughly by 8—10 orders more*, i.e. we are talking about fig-
ures in the range of 109...10%". Now, we can correct the as-
sessment of the work [2] (Introduction) of the total volume of
information by the number of the possible states, but already
the number of the channels (open-closed) is equal to 2MK
where M — number of channels (we take the bottom limit of
M = 1019), K — number of the generations of actuation
(K> 1), i.e. we have even a much more grandiose figure.
Hence, the human brain is an object of nanoelectronics of a
fantastic level of integration. No wonder, that exactly such a
system — a masterpiece of electronics created by Nature, —
also generates the consciousness (with the specified reserva-
tions). It is easy to notice, that a rigorous modelling of such
a system and in the given approximation is also impossible [8].

An approximate functioning of the human brain was con-
sidered within the framework of the proposed full electronic
interpretation. In particular, three types of the operating

* Unfortunately, the author could not find the necessary data in
literature. The estimation is made by the number of ionic channels in
the axon of squid ~10'° [24].




modes of the brain as a set of nonlinear electric circuits, were
named: 1) under an external influence; 2) without an external
influence (internal); 3) mixed. All the separate operating
modes, including perception, recollection, thinking and other
mental functions, belong to one of the specified types. At the
same time any specific operating mode of a live brain, including
the mental functions, is a result of the passage of an electric sig-
nal (signals) through the corresponding set of the electric (neu-
ral) circuits*, which integrates the modes, i.e. is a common fea-
ture for all of them. At that, the basic operations are compar-
ison, coding, decoding, action command, and modification
of the neural circuits.

In particular, a thought is a decoding (internal reproduc-
tion) of the electric signal (signals), initiated by the brain and
passing via various neural circuits of the brain of the corre-
sponding spatio-temporal configuration [8, 11]. Hence, a
thought is an original reverse process in relation to the
processing of the arriving information (direct process), which
is initiated, apparently, mainly by the cerebral cortex, i.e. the
currents go via the neural circuits, causing a decoding of the
information contained in the corresponding neural circuits.

In psychology there are two systems of thinking [25]: sys-
tem 1 (automatic) and system 2 (arbitrary). "System I works
automatically and very quickly, it requires no effort or almost
no effort, without a feeling of the intended control. System 2
uses the attention, necessary for the conscious intellectual ef-
forts, including complex calculations. Actions of system 2 are
often connected with a subjective sensation of activity, choice
and concentration... System 1 is impulsive and intuitive, while
system 2 is capable to reasonings..." [25]. It is possible to as-
sert, that the automatic system functions at a subconscious
level, while the arbitrary system — with participation of an
awareness.

It is convenient to present the cogitative activity as a whole
occurring by a "spiral" (one of the possible versions of "a flow
of consciousness"**). So, one turn of a spiral of the work of
the automatic system (system 1) is presented on fig. 1. First
comes planning (modelling or prediction) of a situation, and
then — action. The process can go on further. The work of the
arbitrary system (system 2) is more varied and complex. Sev-
eral versions of one turn of a spiral are presented in fig. 2. In
the first version (fig. 2, a) planning (modelling or prediction)
of a situation comes first, then — action (its control of the
brain, to be more exact), and after that — awareness. Exactly
this version caused the most turbulent discussion in the neu-
rophysiological literature (the well-known Libet experiments
of 1980s concerning "the free will" [2]). Action comes first,
and then — awareness. However, I should point out, that, first
of all, the awareness is necessary for realisation of the control
and managing functions, and can be switched on at various
moments of time of "the spiral” of the cogitative activity, in
attempt to make it more effective and qualitative. A simpler
version of the work of system 2 is also possible (fig. 2, b).
Planning (modelling or prediction) of a situation, and then —
awareness.

* This set of circuits for the mental function can be called a neural
correlate of the mental function (NCMF) by analogy with NCC.

** The term was introduced by W. James, outstanding American
psychologist and philosopher.

It is obvious, that very complex "spirals”" of the cogitative
activity can only be generated from the above versions of the
turns of spiral. It is also necessary to point out, that the sit-
uations and actions themselves can be divided into compo-
nents (split into pieces), which complicates consideration of
the process of thinking even more.

I should underline, that the consciousness is, undoubted-
ly, a systemic, integrative property of the human brain, which
is supported by many areas, however, an analysis of numerous
(mainly experimental) data of the neurosciences (neurophys-
iology, neuropsychology, etc.) allows us to draw a conclusion,
that, apparently, the area, first of all responsible for the
awareness, is the prefrontal cerebral cortex. Hence, the initi-
ation and possible follow up of the cogitative activity in case
of work of system 2 occurs in the neural circuits of this area,
and then a flexible linkage is carried out with the neural cir-
cuits of various structures and areas of the brain, depending
on the character of the thought. If this thought provokes any
action, then for its awareness the information should come for
processing to the prefrontal cerebral cortex. As a result there is
a natural delay, which explains the Libet experinents (see Part
IT), also a slower and less efficient functioning of system 2 in
comparison with the economic system 1 characterised by a
mass parallelism in the work.

The flexibility of linkage is reached, at least, at three levels
[14]: 1) the bonds between the areas and/or structures of the
brain; 2) the neural ensembles (various neural ensembles can
participate in the work in the areas and structures of the
brain); 3) neurons (the neurons themselves are also multi-
functional). And this means, that the support to different
mental functions can be provided by the same areas (their
subareas), neural circuits (their elements), and, apparently,
even separate neurons. This complicates greatly the analysis
and leads to a problem of "uncoupling” of the mental func-
tions (see earlier).

According to the stated above, in my opinion, a sharp
contradistinction of the conscious and subconscious activities
of the brain is incorrect. The basic distinction consists mainly
in the fact that in case of the work of system 2 the participa-
tion of the neural circuits of the prefrontal cerebral cortex, re-
sponsible for awareness, is necessary.

Consequently, a conscious thought is a decoding (internal
reproduction) of the electric signal (signals), initiated by the
brain itself and passing via NCC of the brain of the corre-
sponding spatio-temporal configuration, i.e. the currents pass
through the neural circuits, causing appearance of images,
concepts, etc. as a result of decoding of the information, con-
tained in the corresponding neural circuits. Thus, usually,
thinking is an internal perception by a person of the information
coded in the brain itself [§, 11], and "the cogitative activity, ap-
parently, is the essence of the macroscopical collective phenom-
ena in the nonlinear electric circuits of the first type” [8, 13], i.e.
a thought in the human brain is material! And, as it follows from
the above, the other mental functions are also material.

In accordance with the classification [4], the proposed
theory within the framework of the full electronic interpreta-
tion of functioning of the human brain can be referred to the
monistic materialistic theory of consciousness of the emergent
type [14]. I should point out, that in the given theory it be-
comes clear, what a thought is. I think that the presented def-
inition of a thought is quite a good approximation to the truth.
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At the same time the opinion of the neuroscientists on the
question considered in the work as a whole is quite well ex-
pressed in the following citation [26]: "We can assert, that the
consciousness and the brain correlate from the point of view
of the functions, however, we actually do not know, in which
ways the brain activity and the functions of consciousness
mutually create each other.

References

1. Hippocrates. Izbrannye knigi. Kniga "O svjashhennoj
bolezni". Moscow, Gos. izd. biol. i med. literatury, 1936. 736 p.
(in Russian).

2. Kaku M. The future of the mind: The scientific quest to un-
derstand, enhance, and empower the mind, New York, Doubleday
Publishers, 2014. 400 p.

3. Bloom F. E., Lazerson A., Hofstadter L. Brain, mind, and
behavior, New York, Educational Broadcasting Corp., 1985.

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

5. Luria A. R. Osnovy nejropsihologii, Moscow, Izd-vo
MGU, 1973. 375 p. (in Russian).

6. Homskaya E. D. Nejropsihologija, Moscow, 1zd-vo Mosk.
universiteta, 1987. 288 p. (in Russian).

7. Novaja filosofskaja jenciklopedija: V. 3. Moscow, Mysl',
2010. 692 p. (In Russian).

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

9. Abramov 1. 1. Brain as an object of electronics, Saarbriick-
en, LAP LAMBERT Academic Publishing, 2013. 76 p.

10. Abramov I. I. Mozg — obekt organicheskoj gibridnoj na-
nojelektroniki, ili vzgljad so storony. Chast' I, Nano- i mikrosis-
temnaya tekhnika, 2013, no. 1, pp. 52—54 (in Russian).

11. Abramov I. I. Mozg — obekt organicheskoj gibridnoj na-
nojelektroniki, ili vzgljad so storony. Chast' II, Nano- i mikrosis-
temnaya tekhnika, 2013, no. 3, pp. 45—53 (in Russian).

12. Abramov I. I. Mozg — obekt organicheskoj gibridnoj na-
nojelektroniki, ili vzgljad so storony. Chast' 111, Nano- i mikro-
sistemnaya tekhnika, 2013, no. 5, pp. 45—54 (in Russian).

13. Abramov I. I. Mozg — obekt organicheskoj gibridnoj na-
nojelektroniki, ili vzgljad so storony. Chast' 1V, Nano- i mikro-
sistemnaya tekhnika, 2013, no. 6, pp. 49—53 (in Russian).

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

15. Abramov I. I. Mozg cheloveka — shedevr estestvennoj
jelektroniki, Problemy i perspektivy issledovanija, Materialy
Mezhdunar. nauch.-tehn. konf. "Aktual’nye problemy radio- i ki-
notehnologij", 2017, Saint-Petersburg, 2017, pp. 79—86 (in Rus-
sian).

16. Abramov 1. I. Problemy i principy fiziki i modelirovanija
pribornyh struktur mikro- i nanojelektroniki. I. Osnovnye poloz-
henija, Nano- i mikrosistemnaya tekhnika, 2006, no. 8, pp. 34—37
(in Russian).

17. Koob A. The root of thought, Pearson Education, 2009.

18. Shepherd G. M. Neurobiology, New York, Oxford Uni-
versity Press Inc., 1983.

19. Nicholls J. G., Martin A. R., Wallace B. G., Fuchs P. A.
From neuron to brain. 4-th ed. Sunderland, Massachusetts, Sin-
auer Associates, Inc. Publishers, 2001.

20. Cognition, brain, and consciousness. Introduction to cog-
nitive neuroscience. Second Edition / Eds. by B. J. Baars,
N. M. Gage. Amsterdam, Elsevier, 2010, 658 p.

21. Batuyev A. S. Fiziologija vysshej nervnoj dejatelnosti i sen-
sornyh sistem: Uchebnik dlja vuzov, Saint Petersburg, Piter, 2010,
317 p. (In Russian).

22. Amen D. G. Change your brain, change your life, New
York, Penguin, 1998.

23. Jackson M. B. Molecular and cellular biophysics, Cam-
bridge University Press, 2006.

24. Antonov V. F., Kozlova E. K., Chernysh A. M. Fizika i bi-
ofizika: uchebnik, Moscow, GJeOTAR—Media, 2013, 472 p.
(in Russian).

25. Kahneman D. Thinking, fast and slow, New York, Farrar,
Straus and Girous, 2011.

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

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.

Texunueckuit pepakrop 1. A. Hlaykas. Koppektop 3. B. Haymosa.

Cnano B Ha6op 21.03.2018. MMoamnucaHo B neuats 23.04.2018. ®opmar 60%88 1/8. 3akaz MCO0518. LleHa moroBopHast
Opurunan-maker OOO «AnBaHcen comonrH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. Mocksa, JlenuHckuii ip-T, a. 19, ctp. 1. CaiiT: www.aov.ru

320 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 5, 2018




Pucynku k cratbe B. B. Amennuena, A. A. Pe3HeBa
MUNKPOCUCTEMbI HA OCHOBE TOHKOIIVIEHOYHbLIX AHN30TPOIIHbIX
MATHUTOPE3UCTUBHbBIX ITIPEOBPA3OBATEJIEMN MATHUTHOT'O MOJSI Y TOKA»

V. V. Amelichev, A. A. Reznev

«MICROSYSTEMS BASED ON THIN-FILM ANISOTROPIC MAGNETORESISTIC
CONVERTERS OF MAGNETIC FIELD AND CURRENT»

250 degree of rotation|

MuHnaTIOpHBIE MATHUTHI
o Miniature magnets

a)

A IS _"
degree of rotation

Pue. 4. ®orocanmok ¢pparmenta makera J[YII
Ha O0CHOBe JeThIpex oproronaababix AMPII (@) n dopma BrixomHOro caraana (b)

Fig. 4. Photograph of the fragment of the layout of the DUP
on the basis of four orthogonal AMRP (a) and output waveform (b)

OtBepcTue 10/ IIPOBOJ
JMaMETpPoOM 3 MM
The hole for the wire
diameter of 3 mm

b) -

Pre. 5. ®orocanmok kpucraxia AMPII Toka () 1 BHemARit BAJ KepaMHETIECKOro KOpIyca, B KOTOpbIii oH MoHTHpOBaH (b)

Fig. 5. Photograph of the AMRP current crystal (a) and the appearance
of the ceramic housing in which it is mounted (b)




Hzpareancrso «<HOBBIE TEXHOJIOTITH»

BbINIYCRACT HAYUHO-MEXHUUECCKUEC IHCYPHAAbL

MopnncHble WHAEKCHI
no Kartanoram:
«Pocneyatb» — 79963;

«Mpecca Poccun» - 94032

MEXATPOHUKA,
eBTOMATI/BALWISI,

o,

|

MoanucHble UHAEKCHI

no Karanoram:
«Pocnevatb» - 79492;

o, «Mpecca Poccun» - 27848

.
W
“Q
gy

HayuHo-npakTnueckmi
M y4e6HO-METOAMUECKUH HKyPHaA

BESONACHOCTD
MHSHEIEATEILHOCTH

B ypHane ocBewatoTcs pOCTU-
KEHWS 1 MepcrekTMBbl B 0Bnactu
“ccnenoBaHui, obecneyeHns U co-
BEPWEHCTBOBAHNA  3aluThl  YeEno-
BEKA OT BCEX BWAOB OMACHOCTEN
MPOV3BOACTBEHHON W MPUPOAHON
CPERbl, MX KOHTPOMS, MOHUTOPUH-
ra, NPEROTBPALIEHMS, NUKBURALMN
MOCNEACTBUIA aBapui W KatacTpod,
obpasoBaHNs B cgepe GesonacHo-
CTU KU3HERESATENBHOCTH.

ExxemecsiuHb1i TeopeTHUeCKHI
1 MPUKAAAHOMN
HAyYHO-TEXHUUECKMUI JKYPHAA

MEXATPOHUKA,
ABTOMATMU3ALINA,
YNPABJIEHUE

B >kypHane ocBeljaioTcs HOCTUXE-
HMS B 0BnacT MeEXaTpoHWKM, WH-
Terpupylowell MexaHuKy, 3neKTpo-
HUKY, aBTOMaTUKy M MHKOPMATUKY
B LENsX COBEPLEHCTBOBAHUS TEX-
Hororuii MpOW3BOACTBA U COZRaHMS
TEXHWKA HOBBIX MokoneHui. Pac-
CMaTpuBaloTCs akTyanbHsle npoéne-
Mbl TEOPWUM U MpakTUKM aBToMaT
YECKOTO 1 W 1 @BTOMATU3MPOBAHHOTO
yNpaBnenns TeXHMHECKUMIA oBbek-

TaMu N TeXHONOrm4yeCKnmMn npouec-

caMn B NPOMBILNEHHOCTK, SHEpPre-
TUKE W Ha TpaHcnopTe.

ExemecauHbIn MOKAUCUMIMTAUHAPHBIA TEOPETHUECKMH
U MPUKAAAHOW HAYUYHO-TEXHUUECKHH YKYPHaA

HAHO-1 MUKPOCUCTEMHAS TEXHUKA

B XypHale ocBellaloTcd coBpemMeHHOe COCTOsAHWe, TeHAeHLUUN U MepcrnekTin-
Bbl pasBUTNA HaHO- U MI/IKpOCI/ICTeMHOI7I TEXHUKK, paccMaTpnBaloTCA BOMPOC
paSGOTKI/I N BHeflpeHnsa HaHOW MWKPOCUCTEM B pasfin4Hble obnactu HayKu,
TEXHOMOrMn 1 npon3BoacTBa.

MoanucHLIe MHAEKCH MO KaTanoram:
«Pocneyatb» - 79493; «Mpecca Poccum» — 27849

ExxemecsuHbIi TeopeTHUeCKHi
M MPUKAAAHON HAy4HO-
TEXHHYECKHI XKyPHaA

NHOOPMALMOHHBIE
TEXHOJOI'MU

B XypHane ocBeljatoTcs COBPEMEH-
HOE COCTOsiHWE, TEHAEHUMW W REep-
CMEKTVBbI Pa3BUTUS OCHOBHBIX Ha-
npaeneHuii B obnactu paspaboTky,
MPOV3BOACTBA W MPUMEHEHUS WH-
(hOPMAaLIMOHHBIX TEXHOMOTMIA.

VHOOPMALIMOHHbIE
TEXHOJIOI'MA
I —

MoanucHble UHAeKChI
no Karanoram:
«Pocnevatb» — 72656;
«Mpecca Poccum» — 94033

Teopetnueckui T M) (T T
Haquo-MT:xr::::AeacAKHu(;u)KypHaA "g[[‘l[tﬂllygﬂ ['gl II]II[? g
NnPOrPAMMHAS ok
HHKEHEPHY

B XypHane ocBewatoTcs cocTos-
HME M TEHOEHUMW pasBUTUS OC-
HOBHbIX HamMpaBneHuit MHEYCTPUM
MporpamMmHoro obecreyeHns,
CBSI3AHHBIX € MPOEKTMPOBaHW-
€M, KOHCTPYMPOBAHUEM, apXUTEK-
Typoil, obecneyeHneM KauecTsa
W COMPOBOXAEHUEM KMSHEHHO-
ro LMKna nporpammHoro obecre-
UeHUS|, a TaKKe paccMaTpuBaloT- no Karanoram:

CAl AOCTUXEHWS B 0BnacTu cospa- «Pocnevatb» — 22765;
HNS. . skcrinyaTalii MpuknapHbiX  «Mpecca Poccun» — 39795
NPOrpamMMHO- UH(HOPMAaLMOHHBIX

CICTEM BO BCEX 0BNacTsX Yemnose

MoanucHble UHAEKCHI

" YecKOW [esTenbHOCTY.

AApec peAakLMH >KYPHAAOB AASL ABTOPOB M MOAMUCYHMKOB:
107076, Mocksa, CtpombiHckui nep., 4. M3aareabcteo "HOBbLIE TEXHOAOTHUN",
Tea.: (499) 269-55-10, 269-53-97. Dakc: (499) 269-55-10. E-mail: antonov@novtex.ru

ISSN 1813-8586. Hano- n Mukpocucremaas texauka. 2018, Tom 20. Ne 5. 257-320. Uunekcsr: 79493 («Pocmeuarsy»), 27849 («Ilpecca Poccrm» )



	obl_NMST5_2018-1pl
	obl_NMST5_2018-2pl
	mc518_web
	obl_NMST5_2018-3pl
	obl_NMST5_2018-4pl


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesET
    /TimesET-Bold
    /TimesET-BoldItalic
    /TimesET-Italic
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.08000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [637.795 765.354]
>> setpagedevice


