


«Poccuy Heo6XOIVM HAyYHO-TEXHOMIOTUYECKUII CYBEPEHUTET».
Bonee Beka ToMy Hasaj AAaHHBIN JIO3YHT 0BT TAK)XKe aKTyaseH, KOraa
B Poccuu 3apo>xaanice OCHOBBI COBPEeMEHHBIX MH(OTENeKOMMYHUKA-
IIIOHHBIX TEXHO/IOTMIA B Bujie 6eCripoBOHOII Tenerpadum.

B 2019 r. ucnonuserca 160 et co AHA POXKACHNS OCHOBATEA OTE-
YeCTBEHHOI IIKOJIBI PAMOTEXHUKY, U300peTaTens paauo, mpodec-
copa Anexcanppa Crenmanosuda [lomoBa — mepBOro BEIOOPHOTO fu-
pextopa CankT-IleTepOyprckoro 3meKTpOTEXHMYECKOTO MHCTUTYTA
(9TN). Cpoii kypc «Tenerpaduposanue 6e3 mposopos» A. C. Ilonos
npountan B 1902 - 1903 yue6roM rogy B crenax TV 6ynyuu saBeny-
oM Kadenpoit Gpusuku.

B uctopun s1eKTpoTeXHUIECKOTO MHCTUTYTA UMIIepaTopa A/eK-
cauzpa III (upine CaHKT-11eTepOYPrCKUil 9/1eKTPOTEXHNIECKIIT YHI-
Bepcutet (CIIOIITY «JI9TU»)) nepsas paguorenedorHHas cucrema
(mexabpb 1903 1.) ,6€3yCNOBHO, SIBIAETCA BBIJAIIMMCSA KPEATUBHBIM
IIPOEKTOM, OIIP€efeNMBIINM COBPEMEHHYIO paguoIm@poByo s11oxy. VI3BecTHO, 4TO A/ e TEKTUPOBAHUA Pa-
muocurHana A. C. IIomoB ucrionb3oBan TBEPAOTENbHBII 3/IEKTPOHHBIN NPUOOP — TOUEYHBII A1O0T, KOTepep,
a mocnegyomye 50 €T pasBUTHA PATAUOTEXHUKI OBUIYL «BEKOM» BAKYYMHOI1 9/IEKTPOHUKM, OCHOBAHHOM Ha
addexTax TEpMO- ¥ ABTOIMUCCUM 3TeKTPOHOB. COBPEMEHHBIN TAIl XapaKTEPU3YETCsA Pa3BUTHEM MEXANC-
LUIIMHAPHBIX UCCIENOBAHNI U IMPOKUM BHEAPEHNEM MUKPO- I HAHOTEXHOJ/IOTUII B BAKYYMHYIO 3/71€KTPO-
HIUKY.

[IpencraB/ieHHBIE B HACTOSAIIEM BBIIYCKE K YpHasIa IPOTPECCUBHBIE pa3pabOTKM BAKYYMHO SMUCCUOH-
HOJ1 9/1eKTPOHMKY, BbinonHeHHbIe B CII6IITY «JI9TU» u Cankr-IleTep6yprckoM rocysapcTBeHHOM YHU-
BEpPCUTETE, OTPAXKAIT COBPEMEHHOE COCTOsIHNME pabOT, COBMECTHO Peann30BAHHBIX COTPYAHUKAMM JaHHBIX
opranusamui B pamkam npoekta PHO® Ne 15-19-30022 «ABTOSMUCCHOHHbIE 3l1€KTPOHHO-ONTUYECKIE CH-
CTeMbI NpUOOPOB MIIMMETPOBOTO Ayanasona» 2015-2017 rr.

CrefiyeT OTMETUTD, UTO IIPU MCIONB30BaHMM 6A30BBIX ¥ MOAMUIMPOBAHHBIX IIPOLECCOB MUKPO- U
HAHOTEXHOJIOTHY, @ TAKOKe MAaTepUaoB SKCTPEMaIbHO 3/IEKTPOHUKY, HaNIpuMep, Kapousia KpeMHNA U aj-
Mas3a, MOXXHO OKMJATh, YTO 110 KOMIIIEKCY ITapaMeTPOB, B TOM 4KC/Ie IO OBICTPOAEIICTBUIO, IIPEAeNbHON
pabouent YacToTe, FeHEPUPYEMOII MOIIHOCTY, & TAKXKE YCTOMYMBOCTY K PAAMAIOHHBIM Y TeMIIEPaTyPHBIM
BO3/IEVICTBYSAM, COBPEMEHHBbIE NPUOOPHI BAaKYYMHON 57IEKTPOHVKY OYAYT NPEBOCXOAUTH TBEPAOTE/NbHbIE
byHKIMOHATBHbIE AHAJIOTH.

Hupextop penapramenta Hayku CII6TITY «JI9TH»,
npodeccop B. B. Jlyannusn
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M. B. U. YegraoBa (JleHuHa)

3BOAIOLIMA BAKYYMHOWM SAEKTPOHUKMN.
MWUKPO- U HAHOPA3MEPHbBIE CUCTEMbI U TEXHOAOTUA

Ilocmynuna 6 pedaxyuro 01.10.2018

IIpedcmaenen anarus pusuKo-mexHoi02uHecKux npodaem co30anusa U GYHKYUOHANLHBIX B03MONICHOCHEU HO8020 NOKOACHUS NPU-
00p06 BaAKYYMHOI 31eKMPOHUKU 8 PAMKAX nepexoda K MUKpO- U HAHOpa3mepam 6a308biX KOHCHPYKMUBHbIX 31eMeHMO08 U 6HeOpeHUs
MOOUDUUUPOBAHHBIX NPOUECCO8 MUKPO- U HaHomexHoaoeuu. CucmemMamu3suposaHo 603MOJNCHOe 6aUsHUe 6A308biX NAPAMEmMpPO8 Npu-
00p06 8aKYYMHOU 31eKMPOHUKU HA paA36umue cOB0KYRHOCMU NPOSPECCUBHBIX B0CHPEOOBAHHBIX HAYHHO-MEXHUYECKUX HANPABAeHU.

Karoueevie caoea: BAKYYMHAA SNeKMPOHUKA, MUKDO- U HAHOCUCMEMbl, MUKDO- U HAHOMEXHO/102UU

BHenpeHne MaTtepraioB 1 IIPOIIECCOB MUKPO- 1 Ha-
HOTEXHOJIOTUM B MHIYCTPUIO BAKYYMHOI 3JI€KTPOHUKU
1 BO3MOXXHOCTb KOMITJICKCHPOBAHMS TBEPIOTEIbHBIX U
BaKyyMHBIX MUKPOIPUOOPOB ITO3BOJISIET MPOTHO3UPO-
BaTh co3JaHne (DYHKIIMOHAIbLHO MHTETPUPOBAHHBIX 13-
JIeJIMiA HOBOTO TOKOJIEHUSI C paHee HeAOCTHXXKUMBIMU
SHEProvyacTOTHBIMM TapaMeTpaMU U YCIIOBUSIMU BKC-
myatanyy. Co3maHre KOMITAKTHBIX MMWHUATIOPHBIX
MpUOOPOB BaKYYMHOM 3JIEKTPOHUKH OMPEAeIMIO (pop-
MHpOBaHME HOBOTO HAIIpaBJICHUST — MHTETPAJILHOM Ba-
KYYMHOI MUKPO- U HAHORJIEKTPOHUKMU.

Llens manHO# pabOTBl — aHAIN3 (PU3NKO-TEXHOJIO-
TMYECKUX NPOOIIEM U QPYHKLIMOHAIBHBIX BO3MOXKHOCTEN
MpUOOPOB BAKYYMHOI MUKPO- I HAHORJIEKTPOHUKMU.

Mukpo- 1 HaHOpa3MepHbie (haKTOPbI
B 9BOJIIOLIMH BAKYYMHO# 3JI€eKTPOHHKH

DBOIOLMS TEXHUYECKUX MapaMeTpoB U HYHKIIUO-
HaJIbHBIX BO3MOXHOCTE! MPpruOOPOB BaKYYMHOI SMUC-
CUOHHOI MMKPO- Y HAaHORJICKTPOHUKHU OTpPEaesieTCs
COBOKYITHOCTBIO CIEAYIOIINX (PUMIECKUX U KOHCT-
PYKTMBHO-TEXHOJOTMYECKUX (haKTOPOB:

e CBEpXMaJbIMU BpeMeHaMU (10_9...1 c) mpo-
TeKaHUsl TPoLEeccOB (MUKpOpasMepHble IJIMHBI
npobera 3JeKTPOHOB, CKOPOCTb pacHpocTpaHe-
HUS 2JIEKTPOMArHUTHOTO W3JyUEHUsT B BaKyyMme
~3,0-10% m/c);

e CBepXMaJbIMU €MKOCTIMHU (MUKPOpPa3Mepbl KOHCT-
PYKTUBHBIX 3JIEMEHTOB M HU3KOE 3HAYeHHE OTHO-
CUTEJIbHOM IUBJIEKTPUUECKON IMIPOHMIIAEMOCTH Ba-
Kyyma ¢ = 1);

e BBICOKMMHM 3HAUYCHUSIMU WHAYKIMW MaTrHUTHBIX
MOJIei B YCIOBUSIX CBEPXMaJIbIX pa3MepoB (caaboe
nposiBaeHue 3¢h@eKTa crnaga MarHUTHOIO II0JIsS OT
paccTosiHusl — okoJjo 1/ R6);

e CBEPXBBICOKMMHU HAMPSKEHHOCTSIMM DJIEKTPUYEC-
KUX Tojieir (6osee 108 B/cMm) (cBepxmanbie MexX-
9JIEKTPOAHBIE PACCTOSIHUS WM HaHOpa3MepHas Jio-
KaJibHasi KpUBU3HA SMMUTEPOB);

e CBEPXBBICOKMMM IUIOTHOCTSIMM ToKa (OoJjee
108 A/CMZ) (HaHO- ¥ MMKpPOJIOKaTU3a11sI SMUCCU -
OHHBIX MPOLIECCOB);

0—12

e BBICOKMMU TIJIOTHOCTSIMM 3MMUTEpoOB  (OoJiee
108/MM2) (peanu3auysl MPOLIECCOB HA OCHOBE WH-
TETPATBHO-TPYIIIOBBIX MUKPO- 1 HAHOTEXHOJIOTHIA).
Panee oTMedeHHble (DU3UYECKHE OCOOCHHOCTU M

MIPOTPECCUBHBIE  KOHCTPYKTUBHO-TEXHOJOTMUECKUE

peleHus1 B 00J1aCTM SMUCCUOHHBIX CUCTEM IMO3BOJIS-

10T TaKKe PeIINTh KOMITIEKC 3a1ad 0 CO3MaHUI0 He-

TPaIMUMOHHOA MMUKPO- U HAHOTEXHUKU HOBOIO IIO-

KOJICHUSI, UCTIONIB3YIOIIei co3MaHNe B MaJIBIX 00beMax

JIOKAJIbHBIX 30H CBEPXBBICOKMX TeMIlepaTyp, TeHepa-

LIMIO 1 JIOKAJbHOE YAepKaHWe TIa3Mbl B CBEPXMaJIbIX

00beMax, a TaKKe CTUMYJISIIIAIO CBEpXJIOKATIM30BaH-

HOTO, B TOM YUCJI€ TOIOJOTMYECKHU YIIOPSAOUYEHHOTO,

PEHTTEHOBCKOTO M3JIy4eHUS.

KoHcTpykTOpCKHE pelieHnsi M TEXHOJOTMIECKHe
NPUOPUTETHI B BAKYYMHOM 3JIEKTPOHUKE

OnpeneauMm psa XapakTepHbIX KOHCTPYKTUBHO-
TEXHOJIOTMYECKMX PEIIeHW I CO3MaHus TIPUOOpPOB
C paHee HeAOCTUKUMBIMM MapaMeTpaMu.

Karoapi: sipkocts (6osee 100 A/CM2), MHEPLIMOH-
HOCTb BpeMeHHAs1 (ABTOSMUCCUOHHBIE CTPYKTYPhl MTHO-
BEHHOTO JIeHICTBUS), CTAaOMILHOCTD (0osee 10 ThIC. 1),
TeXHOJIOTUYHOCTh ("HM-MKM" pa3Mepbl, IIOTHOCTb
Gosee 103 3J1/CM2).

JOMUHUPYIOT HCCIeIOBaHUSI B 00JacTU (hU3UKU
SMUCCUU, KOMITO3ULIMI MaTepraioB, FeOMeTpUM Tabu-
Tyca, TOMOJIOTUU, MOP(HOIOro-TONOJOTUYECKUX KOHCT-
PYKTUBHBIX pellIeHUI.

OnTuMmuszauusi KaTOOHOW M aBTO3MUCCHUOHHOM
CHCTEMbl Ha OCHOBE KapOuaa KpeMHUSI U HAHOKPUC-
TaJUIMYECKOTO ajiMasa IpeAcTaBiIeHa Ha puc. 1.

3amenJigiomupe CHCTEMbI: TOKOIMpoxoxaeHue (6o-
nee 95 %), acnektHoe oTHolieHue (6onee 1/25), iie-
POXOBATOCTb MOBEPXHOCTU (IECSITKM HAHOMETPOB).

CremyeT OTMETUTD, YTO TIPH Tepexoae K MpruMeHe-
HUIO 3aMeJISIOIIUX CTPYKTYP MaJOil MPOTSKEHHOCTU
(0Kxo110 2 ¢M) ¢ TIOBBILLIEHUEM YaCTOThI TeHEPALIUU PE3-
KO BO3pacTaloT TpeOOBaHUS K YBEJIUMUYEHUIO TIOTHOCTU
TOKa MPHU MOBBIIIEHUH SIPKOCTU KaTOIOB M K CUCTEMaM
(hopMupoBaHUs 3JI€KTPOHHOIO My4yKa, YYMUTHIBASI €ro
paccesitHMe Ha MOBEPXHOCTH.
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CemeiiCTBO aBTOKAaTOAOB HOBOIO MOKONEHUA
Ha ocHoBe Kap6uaa KpeMHWA W anma3sa

A

SiC-FIB SIC-RIE SiC-NCD

________________|

WHTerpanshan Hanopasmepsi, CrabunbHOCT,
TEXHONOrMA APKOCTH ycunexue

Puc. 1. KocTpyKTHBHO-TEXHOJIOTHYECKAS ONTHMH3ALMS KATOXHOH 1
aBTO3MHCCHOHHO! CHCTEMbl Ha OCHOBe KapOMaa KpeMHMS W Ha-
HOKpHCTaLIMYecKoro anmasa [1, 2]

Fig. 1. Constructive and technological optimization of the cathode and
autoemission system based on silicon carbide and nanocrystalline
diamond [1, 2]

ITorepu B 3amemisiolieil cucreMe NpU TpaHC-
MMOPTUPOBKE IEKTPOHHBIX IIYYKOB OMPEACIISIIOT IIPH-
OPUTETHOCTb OOecIieueHUs] TpeOyeMOoro achneKTHOIo
OTHOILEHUS 3aMEMISIONIMX CTPYKTYp (METISIOIUiA,
BCTPEUHO-IITHIPEBOI BOJIHOBOABI) M, OCOOEHHO, Ka-
YyecTBa MX TMOBEPXHOCTU (ILIEPOXOBATOCTb HE XYXKe
30...50 aMm).

st hopMupoBaHUsl pa3BUTOTO 0ObEMHOTO KaHaja
CJIOXKHOM TeOMETPUH ¢ 3aMeJisiolleil 3D-cTpyKTypoit
BO3MOXHO TpUMEHEHUE MeToJa TEPMUUYECKOTO WU
AHOIHOTO CpalllMBaHUS IBYX ICEBAOIJIaHAPHBIX 3a-
FOTOBOK KaHaja C UX MPelU3UOHHBIM COBMEILEHUEM
(He xyxe 0,5 MKM).

®opMHUpoBaHNe BOJTHOBOIOB C Pa3BUTON TeOMET-
pueil 1 HU3KOM 1IEpOXOBATOCThIO TOBEPXHOCTU 0a3u-
pyeTcs Ha 3aMeHe TPaaUIIMOHHON 3JeKTPO3PO3UOH-
HOI (MCKpOBOI) 00pabOTKM Ha TIyOMHHOE MOHHOE
TpaBJIeHUE WM TaK HaszbiBaeMylo LIGA-TexHOIOrHIO,
OCHOBaHHYIO Ha JuTOrpacuu Mo TOJICTOMY PE3UCTY C
HCTIOJIb30BAHUEM CHHXPOHHOTO U3JIy4eHUs C Tocse-
IYIOIIUM TaJbBaHMYECKUM BBIpAIIMBAHUEM B ITOJIM-
MEpPHOM MaTpulie 3aMeIJISIOIINX CTPYKTYP.

®Dokycupyomue cucrembl. Co3naHne QoOKycHUpyio-
IIMX CUCTEM C HEOOXOAMMBbIMU 151 3(PHEeKTUBHOIO
3JIEKTPOHHO-BOJIHOBOTO B3aMMOJEHCTBUSI 3HAUEHUEM
U paclipelieIeHUEM MarHUTHOIrO MOoJsi TpeOyeT Huc-
MOJIb30BaHUSI KOHCTPYKTHBHO-MAaTepUaTOBEAUYECKUX
pelLIeHnI C BEICOKMM YPOBHEM (DOKYCHPYIOIIETO Mar-
HuTHOro noJjis (6osee 10 k['c) mpu MUHUMM3ALIUMA €TO
3HAYEHMST BHE 00JIACTU NTPOXOXKACHUS JTydya Ha YPOBHE
10 T'c. Pabouee oceBoe 3HaueHHe MHAYKIUU OT 0,25
no 1 Tn. Ha maHHO# cTaguum JOMMWHUPYIOT HNPOLIECCHI
YUCJIEHHOTO aHaju3a Ha OCHOBE MOJEIUPOBAHUS He-
JIMHEWHOTO 3JIEKTPOHHO-BOJTHOBOTO B3aMMOCHCTBHUS.

Obecnevyenne Bakyyma. DyHKIIMOHUPOBAHWE MU-
HUATIOPHOIO YCTPOMCTBA C COBOKYITHOCThIO (DYHKIIMO-
HalbHBIX 3D-reoMeTpuyeckr Pa3BUTBIX DMUCCUOH-
HOM, TPAaHCIOPTHON U KOJUIEKTOPHOU MOICUCTEM
TpeOyeT MOCTUXKEHUS U JIJTUTEIbHOTO COXPaHEeHUS 10-
CTaTOYHO BBICOKOTO YpPOBHSI Bakyyma. B yclioBusix
HaJIMYUST BAKYYMHBIX MUKPO- U HAHOKAHAJIOB, T. €. Ba-
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KYYMUPOBaHUS reTeporeHHbIX 3D-00beKTOB cBepXMa-

JIBIX pa3MepoB, Hapsiay ¢ TPaAULIMOHHBIMU TpobieMa-

MU OTKQYKH{ UMEET MECTO OTPaHMYEHUE HA UCITOJb30-

BaHUeE pacnblisieMbIX reTrepoB. CHUXKeHUe TpeOoBaHU

K YPOBHIO BakyyMa B MMKpPO- M HaHOPa3MEpPHbIX

SMUCCUOHHBIX MOpubOpax TMPOTHO3UPYETCS TIpuU

YMEHBIIEHUN XapaKTEPUCTUYECKUX Pa3MEPOB IO

YPOBHS 1€CSITKOB HAHOMETPOB.

OTMETUM psI JOTIOJHUTEIBHBIX BO3MOXHOCTEN U
0coOeHHOCTeil MpUOOPOB BaKYyMHOU 3J€KTPOHUKU
MpU MEPEX0/ie K MUJIM-, MUKPO- U HAHOPA3MEPHBIM
0a30BbIM MOACUCTEMAM:

e VIIyYIIEeHWE TTOKa3aTesIs MOIIHOCTh/00beM, YMEHB-
IIEHUE MaccoradapuTHbBIX XapaKTEPUCTUK MCTOY-
HUKOB MMUTaHUS, CHUXEHUE pabounX HaTIPSIKEHUIA;

e TOBbIIIEHUE 3(GEKTUBHOCTU YIPaBIEHMUS IIPO-
liecCaMy TOKOITPOXOXKAEHUS U YCUJIEHUsI CUTHAJIOB
C TTIOMOIIIbIO MAarHUTHBIX TOJIEX B YCIOBUSAX UX JIO-
Kajau3aluy B CBEPXMaJIbIX 00beMaXx;

e peanus3alMsi KOHCTPYKIIMi, oOecreuynBamolInX
(byHKIIMOHUPOBaHUE MUKPOITPUOOPOB C MOHMXKEH -
HBIMU TpeOOBaHUSIMU I10 IIIyOMHE BaKyyMma;

¢ 3(hheKTUBHOE MCMOJb30BAHUE UHTETPAIbHO-TPYTI-
TMOBBIX MUKPOTEXHOJOTUU TBEPAOTEIBHOU 3JIEKT-
POHUKUA ¥ MUKPOCUCTEMHOW TEXHWUKHU TIPU CO3[a-
HUM MUHUATIOPHBIX BAKYYMHBIX IMPUOOPOB;

e KOMIUIEKCUPOBAHUE TBEPAOTEIbHBIX U BAKYyMHbBIX
MUKPOIPUOOPOB B U3NENUSI C paHee HEIOCTUXKU-
MbIMM (DYHKIIMOHAJIBHBIMU TTapaMeTpaMu.

PbIHOK BaKyyMHOi#l MHKPO- H HAHO3JIEKTPOHUKH

CoBpeMeHHBIE TCHACHIMU W BO3MOXHEIEC PHIHKU
BaKyyMHOI 3JIEKTPOHMKHU OMpPEAeIISIIOTCs, B MEePBYIO
oyepeab, CIPOCOM Ha MPUOOPbl KOPOTKOBOJIHOBOM
YacTU MUJUTMMETPOBOTO JMana3oHa ¢ BLIXOAHOM MOIII-
HOCTBIO B IECSATKU BaTT U OoJiee. O00OIIIEHHAS CTPYK-
Typa BO3MOXHBIX 00JacTedl MpUMEHEHUsI TaKUX MpU-
OOpOB C YYeTOM 3HAYMMOCTM 0a30BBLIX ITapaMeTpPOB
npeacTaBieHa Ha puc. 2 U nMpuBeneHa B Tadbnuue. Ta-
KM 00pa3oM, BaKyyMHasl 3J€KTPOHUKA MOXKET ObIThb
BOCTpeOOBaHa B CIEAYIOLIMX O0JACTSIX:

o WH(GOKOMMYHUKAIIMOHHBIE CUCTEMBI C paHee He-
JOCTHKMMBIMM  YacTOTaMM W MPOU3BEACHUSIMU
MOIITHOCTH Ha TTOJIOCY IIPOMYCKaHMS, CO3MaHNe KO-
TOPBIX CTUMYJIUPYETCS Pa3BUTUEM OECIPOBOAHOMN
LIMPOKOANANA30HHON BBICOKOCKOPOCTHOM CBS3U
nokoJyieHus1 SG, TpeOyolleli TTOBBIIIEHUsT padoueit
YacTOTHI U, KaK CJIEICTBUE, YBEIMYCHNS] MOILIHOCTH
cUrHaja BBUAY (hbaKTopa BO3pacTaHUsl €ro IOrJo-
1eHus1 B aTMocdepe;

e UHGOTEJIEKOMMYHUKAIIMOHHBIE CUCTEMbl KOCMM-
YecKoro 0a3mMpoBaHMs, Pa3BUTHE KOTOPHIX MOXET
TpeboBaTh AMCKPETHOIO MOBBILLIEHUSI paboyeii yac-
TOTHI B OKHaX Mpo3payHocTu atMocdepsnl (90, 220,
460, 670, 850, 1030 I'T'w) At MHTErpaLMK C HA3eM-
HBIMM OOBEKTaMM CBS3M, YBEJIWYEHUSI CKOPOCTHU
nepegayn MHGOpMAIUM U 00eCIIeYeHus ee IIoMe-
XO3aUIUIIEHHOCTH, a TaKXKe UCIIOJIb30BaHUS PEHT-




3HaYUMOCTH 0A30BBIX MAPAMETPOB MPUOOPOB BAKYYMHONM IJIEKTPOHUKH ISl TOCTIDKEHHS HeJiell B PA3IMIHBIX 00JIACTAX NPHMEHEHHs
The significance of the basic parameters of vacuum electronics devices to achieve goals in various applications

O6nacTu IpUMEHEHUS
Fields of use

Bbecnpo- Kocmu- | Pammonoka- | [locmorpo-| Menu- | Cuctemsl obecrie-
BOJIHbIE yeckasi | uusi. Panmo- | Bast TeXHU- | IIMHCKasi| 4eHUs1 Ge3omnac-
DKCTpeMaJIbHBIE MAapaMeTpbl PUGOPOB CHUCTEMBI | CBA3b U 9JIGKTPOH- | Ka, CepTU- | TeXHUKA | HOCTH SIIEPHBIX U
Extreme instrument parameters HazeM- HaBMra- | HoOe NMpOTU- | duKauus TEeXHOTeHHO-OITac-
HOW CBSI3U st BOJEUCTBUE | MPOAYKIIMU HbIX OOBEKTOB
Wireless Space Radioloca- Inspection | Medical | Means of ensuring
communi- | communi- | tion and elec- means, equip- | the safety of nuclear
cation | cationsand | tronic coun- product ment | and technogenically
systems | navigation | termeasures | certification hazardous facilities
Kputepuii kauecTBa (Ipon3BeicHUE BBIXOTHOM + + + + + +
MOIIIHOCTH Ha paboyylo YacTOTy M IOJIOCY YacToT),
He MeHee 5 kBr- I'T1r
Quality criterion (Product "Power + Frequency - Frequency
Band" > 5 kW - GHZ")
BrixogHast MOIITHOCTb Ha eIMHMILY 0O0beMa, + + + + * *
6onee 5 Br/cm
Output power per unit volume, more than 5 W/cm3
Pa6ouue yacrorer no 1 TT1x + + + + + +
Working frequency > 1 THz
Koadpunuent mryma no 10 1b + + + + + +
Noises < 10 dB
PanuaLuoHHas CToHKocTb, 6ojtee 5 - 1019 HeﬁTp./CMz + + + + + +
Radiation resistance > 5 - 10"° neutrons/cm
Ycroitunsocts kK OMU, Gonee 200 kB/cm + + + + + +
Resistance to EMR > 200 kV/cm

+ — HemocpenCTBeHHOE BIUSHKE
+ — direct effect

+ — onocpenoBaHHOE BIUSIHUME (TTapaMeTp He MepBOCTENIEHHOM 3HAYMMOCTH)

+ — indirect influence (parameter not of paramount importance)

TE€HOBCKOIO MHMamna3oHa 4acToT BBUAY MUHUMM3a-
uuu akTopa MOMIOLIEHUS U3IYYEHUS B KOCMU-
YeCKOM MPOCTPAHCTRBE;

e HaBUTALlMOHHBIE CUCTEMbl KOCMUYECKOI0 0a3upoBa-
HUsI, KOTOpble TPEOYIOT MOBBILIEHUSI MOILIHOCTU U
YacTOThl padOThl CUCTEM paJMOHABUTALIMM B LIEJISIX
JOCTIDKEHMST 00JIee BBICOKOTO pa3pellieHUsI, TOYHOC-
TU MO3ULIMOHUPOBAHMS, MAKCUMU3ALIMW OXBaTa Tep-

CHcTeMbl GecnpoBoAHOi
CBAIH

Puc. 2. DBomomus 6a3o0Bbix napametpoB DKbB BakyymHoii 2;1eKTpO-
HUKHA

Fig. 2. The evolution of the basic parameters of the ECB of vacuum
electronics

pUTOpUIA, YBETWYEHUS HAJEKHOCTU U JOJITOBEYHOC-
TN (PYHKIIMOHUPOBAHMS B YCIOBUSIX BHEIIIHUX JICK-
TPOMAarHUTHBIX U pagUuallMOHHBIX BO3ACUCTBUIA;

BBICOKOTOYHBIE PaJMO3JIEKTPOHHBIE CpeacTBa 00-
Hapy>XeHUsI, HaBeIEeHUS U pPagruod3JeKTPOHHOTO
MMPOTUBOAEICTBUAS C BHICOKMMHU 3HEPTrOYacTOTHHI-
MU TTapaMeTpaMM, MPOCTPAaHCTBEHHBIM M 3D-pa3-
pelIeHneM, YCTOMYMBOCTBIO K BHEIITHAM 3JIEKTPO-
MAarHUTHBIM BO3IENCTBUSIM;

TE€XHUKA JOCMOTPOBOIO AaHTUTEPPOPHUCTUUECKOTO
Ha3HauYeHUs, OPUEHTUPOBAHHAs Ha IKCILTyaTalluio
B YAacTOTHOM JMalia3oHe "TeparepuoBble Iean"
(300 I'Twu...3 TI'a), obecneunBaloiast AMCTAHIIM-
OHHOE Hepaspylialoliee ToMOrpa¢uIecKoe BRISB-
JIeHWe W MYJBTUCIEKTPATbHYIO0 WMACHTU(UKAIINIO
IIMPOKON HOMEHKIJIATYPhl B3PLIBYATHIX U HAPKOTU-
YECKHMX BEIIeCTB MPY MUHUMM3ALUU HETaTHUBHOTO
BO3IEMCTBUSI KOHTPOJbHO-AUArHOCTUYECKOM MPo-
Leaypbl Ha YEJIOBCKA,

NpUOOPHI IJIs1 HAYYHBIX MCCIIeI0BAaHUI U cepTUduU-
KallMy TIPOIYKIIMHU, OCHOBaHHBIC Ha aHAJIM3¢e KOJIe-
OaTeNbHBIX CIEKTPOB MOJEKYJI OpPraHMYeCKOM u
HeopraHUYeckoi MpUpOJbl B TepareploBOM Iua-
Ma30He 4acToT, obecrneyrBaloleM dKCIpecc-uaeH-
TUGUKALIMIO COCTaBa OOBEKTOB, B TOM uucie 6e3
HapyIIeHUS IeJIOCTHOCTH YITaKOBKM;
MEINIIMHCKAs TEXHUKA HOBOTO TTOKOJIEHUS TS Oe3-
BpPEIHOM paavoToMorpagpuueckKoil 3sKcIpecc-aua-
THOCTUKU OTIEJbHBIX OPraHOB YejoBeKa B LIEJSIX
pPaHHEro BbISIBJICHUS MaTOJOTMYECKUX U3MEHEHUIA;
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e CHUCTEMEI oOecreueHMsT 0€30MacHOCTU SIASPHBIX U
TEXHOTEHHO-OMACHBIX O00BeKTOB Ha ocHoBe OKDb
CO CBEPX3KCTPEMaIbHBIMU TEMIIEpaTypHBIMU U pa-
IVAIMOHHBIMY YCIOBUSIMM 3KCILTyaTalluU.

3akmouenue

Hcnonp3oBaHue 0a30BbIX U MOIU(DUIMPOBAHHBIX
MPOLIECCOB MHMKPO- M HAHOTEXHOJOTMU M WHpa-
CTPYKTYPBl HMHTETPaIbHO-TPYIIIIOBOTO ITPOM3BOICTBA
MPUOOPOB TBEPAOTEIbHOMN DJIIEKTPOHUKU U MUKPOCUC-
TEMHOM TeXHUKHU CO3[al0T MPEANOChUIKN K Pa3BUTHIO
U1 BOCTPeOOBAaHHOCTU BaKyyMHOI 3JIEKTPOHUKHU C 3BO-
JIIOLIMEN B MUKPO- U HAHOPA3MEPHYIO 00J1acTHU.

KomninekcrupoBaHue TBEPAOTEIBHBIX Y BAKYYMHbBIX
MUKPOIMPUOOPOB — pallMOHAIbHBI 3KOHOMMWYECKU
9 (HEKTUBHBINA MYyTh TApPMOHU3ALUU KOHCTPYKTUBHO-
TEXHOJOTMUYECKUX PELIeHUI MpU MPOPLIBHOM Xapak-
Tepe WHTErpUPOBAaHHBIX (PYHKUMOHAIbHBIX MUKPO-
BOJIHOBBIX U T€pareploBbIX CUCTEM C paHee HEAOCTH-
XKUMBIMU TIapaMeTpaMu JJis CUcTeM OecCIpOBOMHOM
CBSI3M HOBOTO MOKOJIEHUS, paAuoJIOKallMi U paauo-
3JIEKTPOHHOI'O MPOTUBONEHCTBUSI.

VYuutbiBasi BBICOKME KOMIIETEHIIMM HayYHO-00-
pasoBatenbHO mKoubl CIIGIDTY "JIDTU", TexHo-
JIOTUYECKHE BO3MOXHOCTU DJIEKTPOTEXHUYECKOTO
VHUBEPCUTETA U €ro TPAJUIIMOHHYIO KOOIMEepaluio C

opranm3auusamMu PAH, a Takke Haauuue pealbHBIX
3aMHTEPECOBAHHBIX MHAYCTPUAIbHBIX TAapTHEPOB B
KavyecTBe MPUOPMUTETHBIX KPeaTUBHBLIX HaIlpaBIEHMH,
pa3BUBaeMbIX B HACTOSIEe BPeMsl, OMpeaesieHbl Clie-
IyIOIlUe HaIlpaBJEHUS:

— TBepHOTEIbHO-BaKyyMHBIE KOMIUIEKCHUPOBAH-
Hble MUHU-CHUCTEMBI JIJI1 OECITPOBOAHON CBS3U MOKO-
nenus 5G;

— CHUCTeMbl MTOMEXO3allMIIEHHON CBSI3U Ha PEHT-
TeHOBCKHX YacTOTax.

MHudopmanmss o6 ucciaenoBaHUsIX U pa3pabOTKax
B JaHHBIX HaIlpaBJIEHUSX, peaJIn3yeMbIXx Ha 0a3ze
CII6I'®TY "JIDTHU", npencraBieHa B 3TOM HOMepe
KypHaa.
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Introduction

The introduction of materials and processes of mi-
cro- and nanotechnology in the vacuum electronics in-
dustry and the possibility of integrating solid-state and
vacuum micro-devices allows us to predict the creation
of functionally integrated products of the new genera-
tion with previously unattainable energy-frequency pa-

70 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 2, 2019

rameters and operating conditions. The creation of
compact miniature vacuum electronics devices deter-
mined the formation of a new direction — integrated
vacuum micro- and nanoelectronics.

The purpose of this article is to analyze the physi-
cotechnological problems and functionality of vacuum
micro- and nanoelectronics devices.




Micro- and nanoscale factors in the evolution
of vacuum electronics

The evolution of technical parameters and functional
capabilities of vacuum emission micro- and nanoelec-
tronics devices is determined by the combination of the
following physical and structural-technological factors:
e ultralow times (10_9...10_12 sec) of the processes

(microdimensional paths of electrons, the speed of

propagation of electromagnetic radiation in vacuum

~3.0- 108 m/s);

e ultra-small capacitances (micro dimensions of
structural elements and low relative dielectric con-
stant of vacuum ¢ = 1);

e high values of induction of magnetic fields in con-
ditions of ultra-small dimensions (weak manifesta-
tion of the effect of decrease in the magnetic field
from a distance of about 1/ R6);

e ultrahigh electric field strengths (more than
108 V/cmz) (ultralow interelectrode distances and
nanoscale local curvature of emitters);

e ultrahigh current densities (more than 108 A/cmz)
(nano- and microlocalization of emission processes);

e high density of emitters (more than 108/mm2) (im-
plementation of processes based on integrated group
micro- and nanotechnologies).

The previously noted physical features and progres-
sive constructive-technological solutions in the field of
emission systems also make it possible to solve a set of
tasks to create unconventional micro- and nanoengi-
neering of a new generation, using the creation in small
volumes of local zones of ultrahigh temperatures, gen-
eration and local retention of plasma in supersmall vol-
umes, as well as stimulation of superlocalized, includ-
ing topologically ordered, X-ray radiation.

Design solutions and technological priorities
in vacuum electronics

Let's define a number of characteristic design and
technological solutions for creating devices with previ-
ously unattainable parameters.

Cathodes: brightness (more than 100 A/cmz),
temporal inertia (instantaneous emission field struc-
tures), stability (more than 10 thousand hours), man-
ufacturability ("nm-pm" dimensions, density more
than 108 electrons/cmZ).

There are research dominates in the field of emis-
sion physics, composition of materials, habit geometry,
topology, morphological and topological design solu-
tions.

Optimization of the cathode and autoemission sys-
tem based on silicon carbide and nanocrystalline dia-
mond is presented in fig. 1.

Slow-down systems: current passage (more than
95 %), aspect ratio (more than 1/25), surface roughness
(tens of nanometers).

It should be noted, that the requirements for in-
creasing of the current density with increasing bright-
ness of the cathodes and for the electron beam forming
systems, increase, taking into the account its scattering
on the surface, during the transition to the use of re-
tarding structures of small length (about 2 cm) with in-
creasing of generation frequency.

The losses in the slowing-down system during the
transport of electron beams determine the priority of
ensuring the required aspect ratio of the slowing-down
structures (winding, interdigital waveguides) and, espe-
cially, the quality of their surface (roughness is not
worse than 30—50 nm).

For the formation of a developed volumetric channel
of complex geometry with a slowing down 3D-structure,
it is possible to use the method of thermal or anodic
splicing of two pseudoplanar channel blanks with their
precision alignment (not worse than 0.5 um).

The formation of waveguides with a developed ge-
ometry and low surface roughness is based on the re-
placement of traditional electroerosive (spark) process-
ing with deep ion etching or the so-called LIGA tech-
nology based on thick-resist lithography using synchro-
nous radiation followed by galvanic growth of retarding
structures in the polymer matrix.

Focusing systems. Creation of focusing systems with
the value and distribution of the magnetic field nec-
essary for effective electron-wave interaction requires
the use of constructive and materials science solutions
with a high level of focusing magnetic field (more than
10 kG) while minimizing its value outside the beam-
passing region (at the level of 10 G). The working axial
induction value is from 0.25 to 1 T. At this stage, the
processes of numerical analysis based on the simulation
of nonlinear electron-wave interaction dominate.

Providing a vacuum. Functioning of a miniature de-
vice with a set of functional 3D-geometrically devel-
oped emission, transport and collector subsystems re-
quires the achievement and long-term preservation of a
sufficiently high level of vacuum. In the presence of
vacuum micro- and nano-channels, i.e. evacuating ul-
trahigh-sized heterogeneous 3D-objects, along with
traditional pumping problems, there is a restriction on
the use of sprayed getters. A decrease in the require-
ments for the vacuum level in micro- and nano-sized
emission devices is predicted as the characteristic di-
mensions decrease to the level of tens of nanometers.

Let's note a number of additional features and fea-
tures of vacuum electronics devices when moving to
milli-, micro- and nanoscale base subsystems:

e improvement of the power/volume index, reduction
in the mass and size characteristics of power sources,
reduction in operating voltages;

e improving the efficiency of managing of current-
carrying processes and amplifying signals using mag-
netic fields under conditions of their localization in
supersmall volumes;
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e implementation of structures that ensure the func-
tioning of microdevices with reduced requirements
for vacuum depth;

o effective use of integrated microtechnologies of sol-
id-state electronics and microsystem technology
when creating miniature vacuum devices;

e integration of solid-state and vacuum micro-devices
into products with previously unattainable function-
al parameters.

Market of vacuum micro- and nanoelectronics

The current trends and possible markets for vacuum
electronics are determined, first of all, by the demand for
devices in the short-wave part of the millimeter range
with an output power of tens of watts or more. The gen-
eralized structure of possible applications of such devices,
taking into account the significance of the basic param-
eters, is presented is shown in the table. Thus, vacuum
electronics can be in demand in the following areas:

e infocommunication systems with previously unat-
tainable frequencies and bandwidth on power prod-
ucts, creation of which is stimulated by the devel-
opment of wireless wide-band 5G generation high-
speed communications, which require an increase in
the operating frequency and, as a consequence, an
increase in signal power due to an increase in its ab-
sorption in the atmosphere;

e space-based information and telecommunication
systems, the development of which may require a
discrete increase in the operating frequency in the
atmospheric transparency windows (90, 220, 460,
670, 850, 1030 GHz) for integration with ground-
based communication objects, increasing the infor-
mation transmission rate and ensuring its noise im-
munity, and the use of X-ray frequency range due to
the minimization of the radiation absorption factor
in outer space;

e space-based navigation systems that require an in-
crease in the power and frequency of radio naviga-
tion systems in order to achieve higher resolution,
positioning accuracy, maximize the coverage of ter-
ritories, increase reliability and durability of opera-
tion under external electromagnetic and radiation
conditions;

e high-precision radio-electronic means of detec-
tion, targeting and radio-electronic counteraction
with high energy-frequency parameters, spatial and
3D-resolution, resistance to external electromag-
netic influences;

e anti-terrorism inspection means, focused on
operating in the frequency range "terahertz slits"
(300 GHz...3 THz), providing remote non-destruc-
tive tomographic detection and multispectral iden-
tification of a wide range of explosives and drugs
while minimizing the negative impact of the control
and diagnostic procedure on a person;
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e instruments for research and certification of prod-
ucts, based on the analysis of the vibrational spectra
of molecules of organic and inorganic nature in the
terahertz frequency range, providing rapid identifi-
cation of the composition of objects, including with-
out violating the integrity of the package;

e new generation medical equipment for the harmless
radio tomographic express diagnostics of certain hu-
man organs for early detection of pathological
changes;

o safety systems for nuclear and technogenically haz-
ardous facilities based on ECB with ultra-extreme
temperature and radiation conditions of operation.

Conclusion

The use of basic and modified micro- and nanote-
chnology processes and infrastructure of the integrated
group production of solid-state electronics and mi-
crosystem technology devices create the prerequisites
for the development and demand for vacuum electron-
ics with evolution into the micro- and nanoscale area.

Integration of solid-state and vacuum micro-devices
is a rational, cost-effective way to harmonize construc-
tive-technological solutions with the breakthrough na-
ture of integrated functional microwave and terahertz
systems with previously unattainable parameters for
wireless communication systems of the new generation,
radiolocation and electronic countermeasures.

Considering the high competencies of the SPbSETU
LETI scientific and educational school, the technolog-
ical capabilities of the Electrotechnical University and
its traditional cooperation with organizations of the
Russian Academy of Sciences, as well as the presence
of real interested industrial partners, the following now
being developed priority creative areas are identified:
e solid-state vacuum integrated mini-systems for 5G

generation wireless communications;

e jam-protected communication systems of X-ray fre-
quency.

Information on research and developments imple-
mented on the basis of St. Petersburg Electrotechnical
University LETI in these areas is presented in this issue
of the journal.
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CNOCOBb OUEHKU AATE3BMOHHOM MPOYHOCTU COEAMHEHMS
MbE3O3AEKTPUYECKMX HAHOKPUCTAAAOB C MOAAOXKOM

Ilocmynuna 6 peoxkyuro 11.11.2018

Onucanvl cyuwecmayiouje Memoobl OnpedeseHus a02e3UOHHOU NPOYHOCMU COCOUHEHUS NOKPbIMUSL ¢ NOOAONCKOU: Memod om-
puviea, memod Boavgpa — Bunvbopra, memoo uyenmpugyeuposarnus u dp. Iloumu ece cyuecmeyowue memoovst A64H0MC paspy-
WUMENbHbIMU, G MAKJHCe He NO360ASI0M OUEHUMb A02e3UOHHYI0 NPOYHOCMb HECHAOWH020 NOKpbimus. B ces3u ¢ amum npednoxcen
Memo0 OUeHKU a02e3UOHHOU NPOUHOCMU COCOUHEHUS. Nbe30IAeKMPUHECKUX HAHOKPUCMANN08 (8 YACMHOCMU, HAHOCMEePXCHEeU 0K~
cuda YUHKA) ¢ NOOAONCKOL, NymeM UCNOAb308AHUS MEMOO08 CKAHUPYIOUel 30H0080t MUKPOCKORUU.

Karouegvie caosa: aoeezuonnas npoYHOCMb, oKcuo UUHKA, HAHOCMEPICHU, HaHomamepuaiovl, AmomHO-CUN06AA MUKDOCKONUA,

cun06as MUKPOCKONUA Nbe300MmKAUKa, HAHOOUACHOCMUKA

IlepcrieKTUBHBIE CTPYKTYPBI TMOKOW 3JIEKTPOHUKA
MOTYT OBITH C(hOPMHUPOBAHEI U3 COBOKYITHOCTH OIHO-
MEpPHBIX HAHOOOBEKTOB, MEXaHWYECKU COETMHEHHBIX
¢ mognoxkoi [1—3]. B ommuue OT TpaaWIIMOHHBIX
TaKMe CTPYKTYPBI MO3BOJISIIOT COXPaHSATh pabOTOCIO-
COOHOCTB MPU 3HAYUTEIbHBIX U3MEHEHUSIX TIJIOCKOCT-
HOCTU CTPYKTYp. AKTyaJIbHOI 3amavyeil sIBJsIeTCs pa3-
BUTHE CIOCOOOB OMNpENEJEHUsS aare3MOHHOW MpoyY-
HOCTHU TaKMX HECILIOLIHBIX HAHOCTPYKTYPUPOBAHHbBIX
TOKPBITUM.

IlonsiTue aare3un W aAre3MOHHONH MPOYHOCTH

Adee3us — TOBEPXHOCTHOE SIBJIEHME, KOTOpOe 3a-
KJIl04aeTcsl B BOBHMKHOBEHUM MeEXaHWYeCKOM Mpoy-
HOCTU TIPM KOHTaKTe MOBEPXHOCTEH IOBYX Ted (KOH-
JeHcupoBaHHbIX (a3). [TpuunHoi aare3uun sIBAsIETCS
MOJIEKYJISIDHOE TIPUTSDKEHHE KOHTAKTHpYIOHInX (a3
WM UX XMMUYECKOe B3auMmojeicTBue. SIBaeHue aare-
3UHU JIEXKUT B OCHOBE 00pa30BaHMSI IIPOYHOTO KOHTAK-
Ta MEXAY TBEPAbIM TeJIoM (cybcmpamom) W KIes M
areHToM (adee3ueom), SIBISIIOIIMMMUCS OCHOBHBIMU
KOMIIOHEHTAMU adee3uoHHo2o coedunenus. Konnuect-
BEHHOI XapaKTepUCTUKOW aare3uu SIBISIeTCSl paboma
adee3uu — paboTa, HeoOXomumas mJisi 0OpaTUMOrO
U30TEPMUYECKOTO pas3feieHUs] IBYX MPUBEIACHHBIX B
KOHTaKT KOHIEHCUPOBAHHBIX (pa3 IO TIIOIIAMA €IM-
HUYHOIO CeYeHMUsl.

Crnenyet pa3nesisiTb OHSTUS aAre3uu U aare3noH-
HOW MPOYHOCTU. AATe3Usi — 3TO SBICHUE, KOTOPOE
XapakTepu3yeTcss O0paTUMON TepMOAUMHAMMNYECKON
paboToit aare3uu, MOAAAIOIIEIHCS SKCIEPUMEHTAIbHO-
MY OIIpEeIC/IEHUIO TOJIBKO B psine ciydaeB [4—6]. Dra
BEeJIMUMHA OIpenesieTcss PU3nKo-XUMUIYECKUMU Xa-
paKTepUCTUKAMU KOHTAKTUPYIOLIUX MOBEPXHOCTEM
(BKiIIOYasl UX CTPYKTYpYy), OHAa MHBapHaHTHA IO OT-
HOLIEHHUIO K METOIY U3MEPEHUS U HE 3aBUCHUT OT yC-
JIOBUI (pOPMUPOBAHUSI aAr€3MOHHOTO COEIUHEHMUS.
Adee3uonnas npoyHocms — cujiaa, HeoOXomuMmasy IS
pa3pylieHus aare3MoHHOTO coenuHeHus. BHellHee
YCUJIME, BBI3BIBAIOIIEE OTAEJIECHWE aAre3nuBa OT CyO-
cTparta, TpaTUTCS HE TOJBKO Ha MPEOAOJICHUE CHII afl-
re3uu, HO U Ha Apyrue modbouHsle npoiecchl. Hanbo-
Jiee 3HAUUTeNIbHbIE U3 HUX — aedopmalusl aare3rBa
BCJIEICTBME HEOJHOBPEMEHHOIO OTPbIBA OT IOBEPX-
HOCTM cyOcTpara, MpeomoJeHUE MEXaHUYECKOIro 3a-
LICTIJIEHWS aATe31Ba U CyOCTpaTa, BO3HUKIIIETO BCIICICT-
BUE 11IEPOXOBATOCTU MOBEPXHOCTU WM DJEKTPUUECKUX
CWUJI B CJIy4ae, €cjiv B pe3yJibTaTe KOHTaKTa ajre3vBa u
cyOcTpaTa BO3HUKAET JBOMHOM 3JIeKTpPUYECKUI CIION.
TakuMm oOpa3om, ajare3voHHasi MPOYHOCTb SIBJISIETCS
KMHETUYECKOI BeanunHoi. Takke 3HaYeHUS aare3u-
OHHOW MPOYHOCTU OYE€Hb UYBCTBUTEJbHBI K pazMepy
5KCNIEPUMEHTAIBHBIX 00Pa310B.
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AmnajornyHasi 1mpo0Jjema Cylle-
CTBYET B (PU3UKO-XMMHYECKON Me-
XaHUKE IIPU COIIOCTaBICHUU TEOpe-
TUYECKON U MEXAHUYECKOM IIPOY-
HOCTH TBepabIX Ted. TeopeTnueckast

MIPOYHOCTh, OmpeaessieMas MOJIEeKy-

JISPHBIMU CUJIaMU, HE paBHa Mexa-
HUYECKOM, TIOCKOJIBKY aehopMarius
TBEPIbIX Te€J, KaK MpaBWJIO, Mpea-
cTaBisieT Cco0Oli HepaBHOBECHBIN
MpoLIeCcC, CBI3aHHbIN C UCCUAl-
el sHepruu. Takum obpaszom, pabo-
Ta aAre3ur MOXET COOTBETCTBOBATh
aJire3MOHHOM MPOYHOCTH JIMIIb TIPU
nedopmanuy ¢ 66CKOHEYHO Maloii CKOPOCTBIO.

daxkropamMy, BIUSIONIMMHA Ha aare3MOHHYIO TPO-
YHOCTb, SIBJISIIOTCSL SHEPTUS CBA3€H, NEHACTBYIOLIMX Ye-
pe3 TMOBEPXHOCTh pasjielia; YMCIO CBs3el, obpasylo-
IIUXCS Ha TpaHWIle pasnena; Ae(eKTHOCTb TPaHWIIBI
pazaena; CTpyKTypHO-MOpPGhOoJornyecKas opraHu3aius
1 (a3oBblil cOCTaB MOBEPXHOCTU pasiesia u Ap.

TpamuLIMOHHO IIpencTaBIeHUs 00 aAre3uu CBSI3bI-
BalOT C M3yYeHUEM U MPOU3BOACTBOM KOMITO3UTHBIX
MaTepuajoB. YUeT aAre3uu HEOOXOOMM TakxKe IIpu
U3yYEeHUU TpeHMs TBepabiX Tel. Ha ocHoBe u3yueHust
anTe3MOHHBIX SIBJICHUI BO3MOXHO IMMOHMMAaHUE MeXa-
HU3MOB TOJMPOBAHUS, U3HOCA METAIJIOB, UX (DpUK-
LIMOHHOTO MepeHOoca, CXBaTbIBAHUS TIOBEPXHOCTE! Ma-
TEepHAaJIOB KaK MPU OObIYHBIX, TAK U TTPU MOBBIIIEHHBIX
Temrieparypax [7].

Ha npakTuke npumeHsieTcs OO0JbIIOE YUCIO Me-
TOAOB JJISI U3MEPEHUSI CUJIbl aAre3uu. DTO CBSA3aHO C
OTCYTCTBUEM E€IMHOTO KPUTEPHSI, XapaKTEPUIYIOIIETO
MPOYHOCTh CLETJIEHUS] IJIEHKUM M TOoMIoxXKu. Kak
MpaBUJIO, U3MEPsSEMOe 3HaUeHWEe aAre3UOHHON MpoY-
HOCTU 3aBMCHUT HE€ TOJIbKO OT CLITUIEHUSI Ha I'paHUIIe
adee3us — cybcmpam, HO U OT JAPYruMX IapamMeTpoB
Ipoliecca OTpbIBa TUIEHKU, TAKUX KaK CKOPOCTb OTPhI-
Ba, HAIpaBJICHUST IPUIIOXKEHUST CUJIbI, TOMIIMHBI ajare-
3uBa U T. . [§—10].

splitting; d — shift

MeTtoabl onpeaeieHns: aAre3UOHHON MPOYHOCTH
COEIMHEHHS MOKPBITHH C MOANOKKOM

Bce cyliectBytoniyie MeToabl OLIEHKHU aAre3MOHHOMN
MPOYHOCTU MOXHO pa3ie/uTh Ha Tpu rpynrsl. K nep-
BOW TpyIne OTHOCSTCS METONIbl OIpeeIeHUsT aare-
3UM MyTeM OTpbIBa MIeHOK. OTPbIB MPOUCXOAUT B pe-
3yJIbTaTe HapyIIeHUs aare3uOHHOTO B3aMMOIEHCTBUS
MeXIy aare3uBoM U cyocTtpaTtoM. Bropas rpymnma me-
TOIOB OCHOBaHA Ha OIpeAeeHNN (HaKTUIeCKOM aare-
3UU IJIEHOK 0€3 HapylleHUs aAre3MOHHOIo B3auMO-
neiicTBuA. TpeThs rpyria MEeTOIOB JaeT BO3MOXHOCTD
MOJYYUTh OTHOCUTEJIbHbIC XapaKTEPUCTUKM aAre3u-
OHHOTO B3aMMOJIEMCTBUSI — TaK Ha3bIBaeMble KOCBEH-
HbI€ METOIIbI OLICHKW aJre3uMu.

AJIre3MOoHHasl TPOYHOCTh MOXKET OBITh OMNpeaesieHa
Memodom ompbiea naenok [11—15], KOTopslii ocyllecT-
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Puc. 1. Metoap! onpeseieHus aAre3u0HHOI NPOYHOCTH: g — OTPHIB; b — OTCIAUBAHUE; ¢ —
paciieruieHue; d — CIBUT

Fig. 1. Methods for definition of the adhesive strength: a — detachment; b — lamination; ¢ —

BJISIETCS IyTeM OIHOBPEMEHHOTO HapYILIEeHWs TII0IIa-
JIM KOHTaKTa MEXJy aAre3uBOM U CyOCTpaTOM JIMOO ITy-
TeM I10CJIe0BaTEIbHOTO OTphIBA IVIeHKU (puc. 1, a, b).
B aTux ciyyasx mociie NpeogosieHUs] CWJI aAre3uu
JMAJTbHEWIIIEE B3AUMOACHCTBUE MEXAY TUIEHKOW U TO-
BEPXHOCTBIO MCKJIIOYAETCS, MPOUCXOAUT pasbearHe-
HUE aJare3uBa M cyOcTpaTa Ha pacCTOSIHMM, Ha KOTO-
POM HEBO3MOXHO UX NAIbHEWIIEE B3AUMONCHCTBUE.

B 3aBucHMOCTH OT HampaBjieHUS! AEHCTBUSI BHEL-
Heil CUJIBI TI0 OTHOLIEHUIO K TUIOIIAAM KOHTAKTa aj-
re3uvBa U CyOCTpaTa pa3janyaloT HOpMaJlbHOE U TAHT€H-
IMaJIbHOE HAIIpaBJIeHUs CUJIBI OTphiBa. Kpome Toro,
CUJIa OTpbIBA MOXET ObITh HampaBjeHa MOI YIJIOM K
IO KOHTaKTa IBYX ITOBEPXHOCTEA.

Memod omcaaueanus (puc. 1, b) umeeT psia mpe-
WMYLIECTB: CTPYKTypa adee3ug — cybcmpam HE Tpe-
TepreBaeT HUKaKO 00pabOTKU MpU MOATOTOBKE K M3-
MepeHUsIM (HarpuMmep, TEPMHUUECKON, KakK B cliyyae
"HOopMaJLHOTO OTphIBa"). OQHAKO MPU BCEX MPEUMY-
1IeCTBaX ATOr0 METONa, €ro CYIIECTBEHHBIM HEH0-
CTaTKOM SIBJISIETCSI CUJIbHAsI 3aBUCUMOCTb OT YCJIOBUIA
OTpbIBa — CKOPOCTU OTCJIaMBaHUsI, JaBJICHUS OKpYXKa-
o111eit aTMocepbl, yriia MpUIOXKeHUs CUJibl 1 ap. Omn-
penesieHue aare3MOHHON MPOYHOCTU METOIOM OTCJia-
WBaHUSI BO3MOXHO B CIyyae, KOrja aare3uB Win cyo-
CTpaT SABJISIOTCS TUOKUMM.

IIpu oTpbiBE TJIEHOK MemoooMm pacujenieHus
(puc. 1, ¢) cubl OTphIBA AEHMCTBYIOT OMHOBPEMEHHO Ha
cyoctpat u aare3uB. OcylecTBIEHUE JaHHOIO MeToIa
BO3MOXHO MOJ JeHCTBUEM MOCTOPOHHETO TpeaMera,
HanmpuMep UUJIMHIPUYECKOro cTepxkHs [16].

ANTe3MOHHYI0 TTPOYHOCTh TaKXKe MOXKHO OTpeje-
JINTB TIpU cdsuee deyx mea (puc. 1, d). Ilocne Hapylie-
HUSI aare3uu TUJIEHKU MPOUCXOAUT €€ TepeMelleHre
10 MOBepXHOCTU cyocTpaTta [17]. Takum obpa3oM, am-
re3usi OLIEHMBAETCS 110 3HAYEHUI0 BHYTPEHHEN YIIpy-
TOil CUJIbI, HAKOMMBIIEHCS B MTOKPHITUA K MOMEHTY
€ro OTCJIauBaHusl, WM 3HAYEHUIO YCUJIMS CIBUIa OT-
HOCUTEJIbHO MOIJIOXKHU.

Memod ckpatibuposanus 3aKJI0UYaEeTCSI B HAHECEHUN
Ha TOBEPXHOCTU IUIEHKU CEpUM LiapaluH ajiMa3HOM
WUTJIOM, Ha KOTOPYIO AEUCTBYET BepTUKAJIbHAS HATPy3-
Ka [18]. DTta Harpy3ka yBeJuuMBaeTcs 10 TeX Mop, Mmo-




Ka IJIeHKa He OymeT ydajeHa moiaHocThlo. 1o 3Haue-
HUIO Harpy3ku, Mpu KOTOPOW MPOMCXOAUT yaajieHUe
TJIEHKY, OIIEHUBAETCSI CUJIa alre3UM.

Memoo kapandawa (memod Boavgha — Buavbopra).
B mporiecce mccnenoBaHus cHavYaja UCITOIb3yeTCs Ka-
paHgaml ¢ rpudelieM Majoil TBepAOCTU (MSTKHUi1) C
MTOCTICAYIOIIM TTOIIATOBBIM YBEJIMUCHNEM TBEPIOCTH
(puc. 2).

®parMeHTH Tpudels YIATIIOT MSITKON TKaHBIO C
WHEPTHBIM PacTBOPUTENEM. 3aTeM MOKPBITHE OCMaT-
PHUBAIOT W OMNPEIENSIIOT HaJWdhe WU OTCYTCTBHE
IJIACTUYECKON aedopMaliii MM KOTe3MOHHOTO pa3-
pyuieHus. Ecnu noBpexneHue He 0OHapyXeHO, TO UC-
MBITAHUE TIOBTOPSIOT C MCIIOJb30BaHMEM KapaHIalla
oousbleit TBepaocTu. [lpuMep aaresmomeTrpa KapaH-
JAITHOTO TUIIA IIPUBEICH Ha pHC. 3.

K uucny MeTonoB omHOBPEMEHHOIO OTPhIBA OTHO-
CUTCSI Memod ueHmpugyeuposarus. odpasel] coBepliia-
€T BpallleHUe BOKPYI BEPTUKAJIbHON WM TOPU3OH-
TajibHOI ocu (puc. 4). Bo3HuKaro1ast mpu 3ToM LIEHT-
poOexxHasl cuiia CTpEMUTCsI OTOPBaTh MOKphITHE. OTPhIB
MOKPBITUST TIPOMCXOAUT B TOM CJydyae, KOrjaa LEeHTpO-
OexHasl cwia TIPeBBIIIAET 3HAYCHUE aAre3MOHHOTO
B3auMoaeicTBusd. OnpeneneHue aare3MOHHON Mpoy-
HOCTU C TIOMOIIBIO ILEHTPU(YTUPOBAHUS SIBISICTCS

=7 mm
=7 mm

Puc. 2. Cxema npoBeJeHusi U3MEPEHHS aAre3MOHHOI MPOYHOCTH Me-
TOIOM KapaHiama

Fig. 2. Scheme for measurement of the adhesive strength by the pencil
method

Puc. 3. Aaresuomerp Kapanmamuoro tuna Elcometer 501 [19]
Fig. 3. Elcometer 501, adhesiometer of a pencil type [19]

Puc. 4. Cxema ycTpoiicTBa A onpeeieHns: POYHOCTH CIETIEHHS
¢ moMompio nenrpudyrn: / — Karuisi; 2 — TeJio BpalieHus ; 3 — MoK-
poitHe; P, — cuia uHepuun

Fig. 4. Design of the device for definition of the strength of coupling by
means of a centrifuge: 1 — a drop; 2 — rotation body; 3 — coating;
P, — force of inertia

JIOBOJILHO TPYIOEMKUM IpolieccoM. BHeuiHee BO3-
JIeCTBME 3aBUCUT OT pa3MepOB OTPHIBAEMOTO MOKPbI-
TUSI, KOTOPbIE MOTYT KojiebaTbCsd B 3HAYMTEJbHBIX
npenesax.

Memoo eubpayuu. B pesynabrare BUOpauuu anre-
3MBa U CyOcTpaTa Ha IIpWJIMIIIEe IMOKpPhITHE OyaeT
JIeICTBOBaTb Cuja OTpbiBa. Y 3TOr0 METONIA €CTh Cy-
1LIECTBEHHBI HENOCTATOK: aAre3uB U CyOCTpaT COBEp-
alT KojebareibHble ABMXKEeHUs. [Ipu aBMXKeHUU
BHM3 Ha MPWIMIIIIYIO TUIEHKY OyneT AeicTBOBaTb OT-
phIBalollas cujia 3a cyeT Bubpauuu oopasua. Ho npu
JIBWXXEHUM BBEPX BTa CUJa CTAaHOBUTCS MPUXUMaIO-
meit. Hannune npukuMarolneid CUabl U YyepeaoBaHUe
OTpPBIBA C IPUKATUEM MOXET UCKA3UTh UCTUHHOE 3Ha-
YeHUE aIFe3UOHHON MPOYHOCTU YK€ B MPOLIECCE OT-
pbiBa, YTO CKaXXeTCsl Ha TOYHOCTU M BOCIIPOU3BOAM-
MOCTHU MOJIYYEeHHBIX pe3yabTaToB. Kpome Toro, Bubpa-
IIMOHHBIM METONl OTPbIBA MOXHO WCIOJb30BaTh IS
JKECTKMX 00pa31loB MPU YCJIOBUU, UTO KOTE3US TIJIEHKHU
3HAYUTENbHO OoJble aare3un. Koeesus — 3TO CleN-
JIEHUE IPYT C APYTOM YacTeil OAHOIO U TOTO XK€ Tela,
00YCJIOBJIEHHOE NEUCTBUEM CHUJI MEXMOJEKYISIPHOIO
B3aMMOJEUCTBUSI, BOAOPOJHON CBSI3U WM XUMUYEC-
KO CBSI3W MEXAY COCTABJISIIOIIUMU €r0 MOJIEKYJIaMU
(aroMaMu, MOHAMM) U TIPUBOJSIIEE K O0bEeAUHEHUIO
9TUX 4YacTell B €AUHOE 1IeJ0e ¢ HauOOoJIbllell Mmpoy-
HOCTBIO.

Memoo uzeuba. CyocTpar ¢ HaHECEHHBIM aare3u-
BOM MOJBEPTaioT U3JIoMy noa yriiom 90° B 06e cropo-
HBI. B MecTax m3iroMa KOHTpOJIMpyeMOe TTOKPHITHE He
IOJDKHO oTciaamBarhbes. OMHUM M3 HETOCTATKOB JaH-
HOTO METoja SIBJIIETCS TO, YTO METOJ MOAXOAUT TOJb-
KO IUIS1 CIUIOLIHBIX MOKphITHH [20, 21].

Memod pewemuamosix Hadpe3os (nonepeyHvix Hace-
yeK) SIBNISIETCS CaMbIM pPAcIpPOCTPaHEHHBIM U OBICT-
PBIM CIIOCOOOM OIpeAeeHUs aAre3uy pa3Horo poaa
MOKPBITUI U TIeHOK [22]. CyTh MeToJa 3aKIH04aeTcsl
B HAHECEHMU Ha MOKPBITUE MEePIEHIUKY/ISIPHBIX HaI-
Pe30B CIIeIMABHBIM HOXOM (pHC. 5) U JaJIbHeHIIIei
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Puc. 5. Tecrep aare3mu metomoM momepeunbix Hacedek Elcometer
1540 [19]

Fig. 5. Elcometer 1540 tester of adhesion by the method of cross-section
notches [19]

BU3YAJIbHOI OlLIEHKE COCTOSIHUSI MOKPBITUS MO YeThI-
pexbainbHO cucteMe (cM. Tabnuily). McnbiTaHuio Ha
peleTyaThlii Haape3 MpeIiecTByeT o0s3aTeIbHas Orle-
pamys o U3MEPEHMIO TOJIIIWHBI TTOKPBITHS, KOTOpast
MTO3BOJISIET OINPENENUTh, C KAKUM IIIaroOM CJIeAyeT YC-
TaHaBJIMBATb JIE3BUST HOXKaA.

ITo TOCTy 52146—2003 Marepuan MOXeT UMETh
aaresuto Toyibko 0 6amios!

OmHUM W3 Hepa3pylIaloluX CIIOCOO0B aare3no-
METPUU SIBJISETCS YAbMpazeykoeol memod [23—25]:
YCTaHABJIMBAIOT KOPPEJSLMIO MEXAy TUHAMUYECKUM
MOIYJIEM aire3vBa M aare3MOHHON IIPOYHOCTBIO TIO
KaKoMy-JIM0O pa3pyllaroleMy MeToay. 3aTeM B Kjiee-

BOM cJIOo€ BO30OYXXIAIOTCS MPOIOJIbHBIC MU TIOTeped-
Hbl€ BOJIHBI, COOTBETCTBYIOILIE TEM YIPYIMM Hampsi-
JKEHUSM, KOTOpbIe BOZHMKAIOT B M3IEIUH IIPU paboTe,
HO 3HAYUTEJbHO MEHblE MX IO 3HauyeHuio. Tak or-
peaessiioT MOYJIb aare3uBa. 3Hasi COOTHOILIEHUE MeX-
Iy MOAYJIEM U aAre3MOHHOI MPOYHOCTHIO, OMpPeaes-
10T ee 3HaUYCHHUE.

ANre3uoHHast IPOYHOCTh TAKXKE MOXKET ObITh OIpe-
JieJieHa METOAaMU CKaHupyrueli 30H0080U MUKPOCKO-
nuu (C3M) [26—28]. C3M mno3BOoJIsIET OCYIIECTBUTH
TaKOW METOJA OLIEHKU aAre3MOHHON MPOUYHOCTH, KakK
HAHOUHOeHMUPOBaHUe. DTO METOI, UCIIOJIb3YIOIINIA JIO-
KaJIbHOE CHUJIOBOE BO3JEWMCTBHME HAa MaTepuaa U OJHO-
BPEMEHHYIO PerucTpaluio 1e(popMaliMOHHbBIX OTKJIM -
KOB C HAHOMETPOBBLIM pa3pemieHueM [29]. B 1984 r.
. Mapiuami u A. DBaHC MPeIIOXUIN IIEPBYIO MOJEb
pacyeTa yAeJbHON pabOThl OTCAAMBAHUS TUIEHOK OT
cybcrpata MeToaoM uHAeHTupoBaHus [30, 31]. Dra
MOJIe/Ib YUYMThIBAJIa MOTEPIO YCTOMYMBOCTU OTCIOUB-
LIerocsl ydyacTKa TJIEHKU, MPUBOISAIILYI0 K 00pa3oBa-
HUIO B3OYTHS IO ACMCTBUEM JIaTepalbHbIX HaIlpsIKe-
HUI CKaTUsI OT BHEIPSIIOLIETOCS] KOHUUYECKOTO MHIeH -
Topa (puc. 6).

Cy1iecTBeHHBIMA HEIOCTaTKaMU TIepeUMCICHHBIX
BbIllIE METOMOB OLIEHKU aJr€3MOHHOI MPOYHOCTU SIB-
JISIETCS Clleyolee:

1) mouTH BCe M3BECTHBIE CHOCOOBI ITPUMEHUMEI
JIMIIb TSI CTUTOLIHBIX TTOKPBITHIA;

2) Bce CIOCOOKI OIpeaeIeHUs CLEIUIEHUS aAre3ruBa
¢ cyOcTpaToM — paspyliarolye, Tak Kak OCHOBaHbI Ha
OIICHKE CTEeTICHN MEXaHWYECKOTO ITOBPEXIECHUS ITOK-
PBITUS;

OueHka ajire3MOHHON MPOYHOCTH METOIOM PEMIETYATHIX HAJAPE30B
Estimation of the adhesive strength by the method of the latticed cuts

Kraccudukarmst Ornucanue BHelHmit BUI MMOBEPXHOCTH
Classification Description External view of the surface
0 6annoB Kpast Hanpe3oB poBHbIE, HET MPU3HAKOB OTCJIAMBAHUSI TIOKPBITUSI HU B OJTHOM KBajipaTe
0 points penieTKu
Edges of the cuts are even, no signs of scaling of the coating, not in a single square of the lattice
1 Gann HesHnauuTenbHoe OTCIanuBaHUe TIOKPBITHS B BUIE MEJIKUX YelyeK B MECTax repecedeHust
1 point JIMHMIA pewietku. HapylieHue Habmonaercst He Gosiee yeM Ha 5 % MOBEpXHOCTU PEleTKU
There is an insignificant scaling of the coatings in the form of small scales in the places of crossing
of the lines of the lattice. Infringement is observed in no more than 5 % of the surface of the lattice
2 Ganna YacTtuuyHoe WM TIOJTHOE OTCIaMBaHKe MOKPBITHSI BIOJb JIMHUI HAIPe30B pelleTKA WU B
2 points MecTax Ux nepeceveHus. HapyuieHue HabGnionaercst He MeHee yeM Ha 5 % u He GoJiee yeM s
Ha 15 % NOBepXHOCTH peIeTKH +
There is partial or full lamination of coatings along the lines of cuts of the lattice or in the places of
their crossing. Infringement is observed on not less than 5 % and on not more than 15 % of the .
surface of the lattice
3 bayuta YacTyHOE WM MTOJTHOE OTCJIaMBaHUe TIOKPBITHS BIOJb JIMHWI HAIPEe30B PEIISTKU WIN B
3 points MecTax MX nepeceueHus. HapyieHue HabmonaeTcss He MeHee yeM Ha 15 % u He Gonee
yeM Ha 35 % TOBEPXHOCTH PEIIETKU
Partial or full lamination of the coating along the lines of the cuts of the lattice or in the places |
of their crossing. Infringement is observed on not less than 15 % and not more than 35 % of the — =17
surface of the lattice
4 6amna [MomHOe WM YacTUYHOE OTCIauBaHUe, MpeBbiiaolniee 35 % MOBEPXHOCTU PEIIETKH
4 points Full or partial lamination exceeding 35 % of the surface of the lattice m
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Puc. 6. Cxema onpezesieHus aAre3ud IUIEHKH K NMOMJI0XKKEe METOIOM
HaHOMHJeHTHPOBaHUs. CBEPXY BHH3: MOSIBJEHHE PACCJIOS MO MH/IEH-
TOPOM; 00pa30BaHHE CKJIAIOK B IUIEHKE BCJEACTBHE MOTEPH YCTOM-
YHBOCTH; B3/LyTHE OTCJIOMBILErOCs Y4acTKA IUIEHKH NMOCJIe pa3rpy3Ku:
1 — uHIOEeHTOp; 2 — IUIeHKa; 3 — MOIJIOXKa

Fig. 6. Scheme of definition of adhesion of a film to a substrate by the
method of nanoindentation. From top to bottom: occurrence of
delamination under the indentor; formation of folds in a film owing to
loss of stability; steam blow in the exfoliating site of a film after unloading:
1 — indentor; 2 — film; 3 — substrate

3) Ha TIOJlyJaeMbIii pe3yiabTaT 3a4acTyl0 MOXKET
BJIMSITH TOJILMHA afAre3usa.

MeTtomamMu Hepa3pylIaloero KOHTPOJIS MPUHSITO
CUMTATh METO/bI, ITO3BOJISIIOLINE IPOBOAUTD AUATHOC-
TUKY COCTOSIHMSI MCCJIeTyeMbIX MaTeprajoB 6e3 Hapy-
IIEHUS WX LEeTIOCTHOCTU M BHEIITHETO BUIA.

Hepaspymaltomme MeTombl OCHOBaHBEI Ha KOppe-
JISUUM aAre3MOHHOM IPOYHOCTU C 3JIEKTPUYECKUMH,
aKyCTUYECKUMM, CIEKTPAIbHBIMU U APYTUMU (DU3U-
YeCKMMU CBOMCTBAMU HCCIeMyeMbIX MaTepraioB. [1pe-
MMYILIECTBOM TaKUX METONOB SIBJISIETCSI HE3aBUCHUMOCTD
MTOJTy9aeMbIX Pe3yJIBTaTOB OT pa3MepoB 00Pa3IoB, Ie-
(opMaLIMOHHO-TIPOYHOCTHBIX CBOMCTB aAre3MOHHBIX
COCIMHEHWI W MEXaHWYECKUX HANPSIKEHWI B HUX.

s OLleHKM TIPOYHOCTH aAre3MOHHBIX COeIUHE-
HUI WCTTONB3YIOT TaKKE Onmuveckue Hepazpyuiaroujue
Memoodbl. B 3THX MeTOZaxX UCITONb3yeTCs CBSA3b OITH-
YeCKUX CBOMCTB MTPO3paYHbIX MAaTEPUAJIOB C HaITpsTKe-
HUSIMU, BO3HUKAIOLIAMU TIpA 00pPa30BaHUU WA pa3-
pYLIEHWN aare3VOHHBIX COeIWHEHUW 3THX Marepua-
J0B. OCHOBHBIM HEIOCTATKOM ONTUYECKUX METOIOB
SBJISIETCS HEOOXOAMMOCTD ONITUYECKOM MMPOHUIIAEMOC-
TH UCCIIEAYeMBIX OOBEKTOB.

Onpenejende aare3HOHHON MPOYHOCTH HECILIOMIHBIX
HAHOCTPYKTYPHPOBAHHBIX MOKPbITHI HA OCHOBE
JAHHBIX CHJIOBO MMKPOCKOIHH NMbe300TKINKA

OnpenejeHre aare3MOHHON MPOUYHOCTU TMPOBOAST
B OCHOBHOM Ha MakpooOpazuax. IIpu atom uccieny-
I0TCS1 MOBEPXHOCTH, TJIOIIAJAb KOHTAKTa KOTOPBIX paB-
Ha JecITKaM U COTHSIM KBaJpaTHBIX MUJUIUMETPOB.
OaHako XOPOIIO M3BECTHO, YTO aAre3uoHHasi mpoy-
HOCTb 3aBUCHUT OT (hOPMbI U pa3MePOB UCITBLIThIBAEMbBIX
obpasuoB. Kpome Toro, Heo6XxoanMMo CpaBHUBATh aj-

Te3MOHHYIO MPOYHOCTh PA3JIMYHBIX ap MaTepUalioB,
3HaTh, KAK OHA MEHSIETCS PU U3MEHEHUHU CaMbIX pa3-
JIMYHBIX (paKTOPOB (CTPYKTYypa U XUMUUYECKUI COCTaB
ajire3uBa U cyocTpara, BO3IEMCTBME Ha COEMMHEHME ar-
PECCUBHBIX cpem U Ap.). [lostomy [yt mpoBeneHus
OLIEHKM aAre3MOHHBIX CBOMCTB MaTepUaoB IO Pe3yJib-
TaTaM MOBEPXHOCTHBIX UCITBITAHUM 11€1eCO00pa3HO UC-
MOJIb30BaTh O0Opa3llbl, UMEIOIINEe MUHUMAIbHO BO3-
MOXHbIE pa3Mepbl U HauboJiee CUMMETPUYHYIO (hOpMY.

KonnektnuBoM y4yeOHO-HayyHOWl JabopaTtopuu
"Hanomatepuansl" CIIOIDTY "JIDTU" paspabotaH
Crnoco0, MO3BOJISIIOIIMI OLIEHUTh aAre3MOHHYIO MPOY-
HOCTh HECILIOIIHBIX HAaHOCTPYKTYPUPOBAHHBIX ITOK-
PBITUIA, TPEACTABISIONINX COO0 COBOKYITHOCTh HAHO-
00BEKTOB C MMbE303JICKTPUICCKNMMI CBOMCTBAMU, ITy-
TEM MPOBEACHUSI Hepa3pyllalolMX 3TU MOKPBITUS
nerictBuii [32].

IIpu mpoBeneHUU U3MEPEHUI B pexXuMe CHIOBOM
MUKpPOCKONMM Tibe300TKIMKa (Piezoresponse Force
Microscopy — PFM) [33] B yclnoBUSIX 3aKpeIUIeHUs
OTHOMEPHOIO Tbe303JIEKTPUUECKOT0 HAaHOOOBEKTa K
MOUTOKKE Ta YaCTh HAHOOOBEKTA, KOTOPAsk HAXOIUTCS
B IUIOTHOM KOHTaKTe (/[) (puc. 7), He UCIIBITBIBAET Je-
(opmaiiun B objgacTy MOMIOKKMA MPU BO3AEUCTBUU
MEepeMEHHBIM DJIEKTPUUYECKUM TI0JIEM, T. €. pacIpo-
cTpaHeHue aedopMalliu B HaIlpaBJIeHUU MOMIOXKU
orcyTrcTBYeT. Ilpu 3ToM medopmMaiuss pacrnpocTpaHsi-
€TCsl B CTOPOHY MOABEAEHHOI0 30HJ0BOTO JTaTuMKa 1
pPETUCTpUPYETCST KaK aMIUTUTyIa MEXaHMYEeCKUX KO-
JiebaHu# 30HAa. B yacTy Mbe3031eKTPUYECKOro HaHO-
00beKTa, He CBA3aHHOM € MOMIOXKKOIA (/), moa aeiicT-
BUEM MEPEMEHHOIro 3JIEKTPUYECKOIo IOJis BbI3bIBa-
IOTCSI MEXaHUUYeCKue KojiebaHMsl, a paclipoCcTpaHeHUe
JedopMalid HaHOOOBEKTa OKa3bIBAE€TCSI OIrpaHUYEH-
HBIM TOJIbKO CO CTOPOHBI KOHTaKTa C 30HAOM — IpO-
11ecC B CBOOOIHOM ITPOCTPAHCTBE CO CTOPOHBI TTOIJIOXK -
Ki. B aTuX ycnoBusix aMIuuTyaa KojebaHuil 30HAA
HE3aKpeIJICHHON YacTM HAaHOOOBEKTa CYIIeCTBEHHO
OTJIMYAeTCs OT aMIUIMTYIbl KOJeOaHWl 4acTu 30H7A,
JKECTKO 3aKPEeIICHHOM ¢ MOII0XKOM. JlaHHbI ekt
PErUCTPUPYETCSL CKAHUPYIOUIMM 30HIOBBIM MUKPO-
CKOITOM B BUJIE CTYII€HYATON XapaKTePUCTUKHU TPU UC-
cllelOBaHMM TaKuMX HaHOOOBbeKTOB B PFM (puc. 7) u

3

Puc. 7. CxemaTnyHoe M300paxKeHHe OAMHOYHOTO NMbe303JIeKTPHYEC-
KOT0 HAHOO0O'bEKTA, XapaAKTePH3YIOMIETOCH CTYNEHYATHIM HEePEX0A0M
B pexume PFM

Fig. 7. Schematic image of a single piezoelectric nano-object, charac-
terized by a step transition in the PFM mode
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IMO3BOJISIET OLIEHUTD CTENEeHb 3aKpeIUIeHUs (aare3noH-
HYIO TIPOYHOCTb) MbE303JICKTPUUECKUX HAHOOOBEKTOB
Ha XXeCTKOM OCHOBAHWU.

Takum 006pa3oM, COBOKYITHOCTb MCCIEAOBAHUM HE-
CIUIOLIIHOTO HAHOCTPYKTYPUPOBAHHOTO MOKPBITUS C
nomouibio C3M B pexxume Tororpaduu 1 PFM mno3s-
BOJISIET OLICHUTb AATre3MOHHYIO IPOYHOCTb IMpPeaJio-
>KeHHBIM c1tocoboMm. I1o oTHoLIeHIIO A MEX Iy YHUCIOM
HUCCJIeNOBAaHHBIX HAHOOOBEKTOB 1 YMCJIOM HAHOOOBEK-
TOB, XapaKTePU3YIOLIMXCSI CTYIICHYATBhIM IIEPEXOIOM,
MOXHO OLIEHUTh aATe3MOHHYIO TPOYHOCTh MTOKPBITHS.

Ecnu A< 0,3, MOXHO CYUTATh, UTO Y TOKPBITHUS al-
re3MoHHas IIPOYHOCTh K MOMJIOXKE OTCYTCTBYET.

Ecmu 0,3 <A<0,7, To HEOOXOAMMO JTOIIOJTHUTEIIb-
HOe McCCIefOoBaHMEe MaHHOro oOpasla Ha COCeaHEM
yyacTke, coaepxalleM faHHoe nokpbeiThe. Ilpu noma-
TBEPXICHUM pe3ybTaTa CTOUT OIPEISIUTh ITaHHOE
MOKPBITHE KaK 00Jaarollee HelI0CTaTOYHON aare3u-
OHHOI MPOYHOCTEIO.

Eciu A > 0,7, MOXHO clieaTh BEIBOJ, O MAKCUMaTb-
HOM aare3uOHHOM MPOYHOCTH.

Paboma ewvinoanena npu nooddepicke npoekma
"YMHHUK" 12136TY/2017.
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Structures of flexible electronics can be formed from an array of one-dimensional nanoobjects mechanically connected to the sub-
strate. Such structures retain their effectiveness when changing the flatness of structures in contrast to continuous coatings.

The purpose of this work is to describe the existing methods for determining the adhesive strength of a coating with a substrate:
separation method, scribing, Wolff-Wilborn method, centrifugation method, and others. Almost all of existing methods are destructive
and also do not allow to estimate the adhesive strength of a non-continuous coating with the substrate. Also, the coating thickness
affects the resullt.

Non-destructive methods are based on the correlation of adhesive strength with electrical, acoustic, spectral and other physical
properties of the studied materials. The advantage of such methods is the independence of the results obtained from the size of the
samples, the deformation-strength properties of mechanical stresses.

Determination of adhesive strength is carried out mainly on macrosize samples. The contact area of investigated surfaces is equal
to tens and hundreds of square millimeters. However, it is well known that the value of adhesive strength depends on the shape and
size of the test specimens. In addition, it is necessary to compare the adhesive strength of different pairs of materials; to know how
it changes when different factors change (the structure and chemical composition of the adhesive and substrate, etc.). Therefore, to
assess the adhesive properties of materials according to the results of surface tests, it is advisable to use samples that have the smallest
possible size and the most symmetrical shape.

A method is proposed for estimating the adhesive strength of piezoelectric nanocrystals, in particular zinc oxide nanorods, using
scanning probe microscopy methods.

Keywords: adhesive strength, zinc oxide, nanorods, nanomaterials, atomic force microscopy, piezoresponse force microscopy, na-

nodiagnostics
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Promising structures of the flexible electronics can
be generated from a set of one-dimensional nano-ob-
jects, mechanically connected to a substrate [1—3].
Unlike the traditional structures they allow us to pre-
serve workability during a considerable variation of the
planeness of the structures. A topical task is develop-
ment of the ways for definition of the adhesive strength
of the discontinuous nanostructured coatings.

Concepts of the adhesion and of the adhesive strength

Adhesion is a surface phenomenon, which consists in
occurrence of a mechanical durability due in a contact of
the surfaces of two bodies (condensed phases). The rea-
son for adhesion is the molecular attraction of the con-
tacting phases or their chemical interaction. The phe-
nomenon of adhesion underlies formation of a strong
contact between a solid body (substratum) and the gluing
agent (adhesive), the basic components of the adhesive
connection. The quantitative characteristic of the adhesion
is the adhesive work which is necessary for a reversible iso-
thermal separation of two condensed phases brought into
a contact on the area of a single-piece section.

It is necessary to separate the concepts of the adhesion
and of the adhesive strength. Adhesion is a phenomenon,
which is characterized by the reversible thermodynamic

work of adhesion and can find its experimental definition
only in certain cases [4—6]. This value is determined by
the physical and chemical characteristics of the contact-
ing surfaces (including their structure), it is invariant in
relation to the method of measurement and does not de-
pend on the conditions for formation of an adhesive con-
nection. Adhesive strength is the force necessary for de-
struction of an adhesive connection. The external effort
causing a detachment of the adhesive from a substratum
is necessary not only for overcoming of the forces of ad-
hesion, but also for the other, collateral processes. Most
considerable of them are deformation of the adhesive ow-
ing to a non-simultaneous separation from a substratum
surface, overcoming of the mechanical gearing of the ad-
hesive and the substratum, which was due to the surface
roughness or electric forces in case, if, as a result of the
contact of the adhesive and the substratum, a double
electric layer appears. Thus, the adhesive strength is a ki-
netic value. Besides, the values of the adhesive strength
are very sensitive to the size of the experimental samples.

A similar problem exists in the physical and chem-
ical mechanics in comparison of the theoretical and
mechanical strength of the solid bodies. The theoretical
strength determined by the molecular forces is not
equal to the mechanical one, because deformation of
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the solid bodies, as a rule, is a nonequilibrium process
connected with the dissipation of energy. Thus, the ad-
hesion work can correspond to the adhesive strength
only in case of deformation with an infinitesimal speed.

The factors influencing the adhesive strength are the
energy of the bonds operating through the interfacial
area; the number of the bonds formed on the section
border; the deficiency of the section border; the struc-
tural-morphological organization and the phase com-
position of the interfacial area, etc.

Traditionally the concept of adhesion is connected
with studying and manufacture of the composite mate-
rials. The account of adhesion is also necessary for stud-
ying of the friction of the solid bodies. On the basis of
studying of the adhesive phenomena it is possible to un-
derstand the mechanisms of polishing, metallic wear,
frictional transfer of metals, and seizure of the surfaces
of the materials at regular and high temperatures [7].

In practice, many methods are applied for meas-
urement of the force of adhesion. This is connected
with absence of a uniform criterion characterizing the
strength of coupling of a film and a substrate. As a rule,
the measured value of the adhesive strength depends
not only on coupling on the adhesive — substratum bor-
der, but also on the other parameters of the process of
detachment of a film; speed of separation, direction of
the applied force, thickness of adhesive, etc. [8—10].

Methods for definition of the adhesive strength
of the connection of the coatings with the substrate

All the existing methods for estimation of the adhe-
sive strength can be divided into three groups. The first
group includes the methods for definition of the adhe-
sion by detachment of films. A detachment occurs as a
result of infringement of the adhesive interaction be-
tween the adhesive and a substratum. The second group
is based on definition of the actual adhesion of films
without infringement of the adhesive interaction. The
third group gives a chance to receive relative charac-
teristics of the adhesive interaction — the so-called in-
direct methods for estimation of adhesion.

The adhesive strength can be defined by the method of
detachment of films [11—15], which is carried out by a si-
multaneous infringement of the area of the contact be-
tween the adhesive and the substratum or by a consecu-
tive detachment of a film (fig. 1, a, b). In these cases after
overcoming of the forces of adhesion the further interac-
tion between a film and a surface is excluded, and a sep-
aration occurs between the adhesive and the substratum
to a distance, at which their interaction is impossible.

Depending on the direction of action of the external
force in relation to the area of contact of the adhesive
and the substratum, we distinguish normal and tangen-
tial directions of the detachment force. Besides, the de-
tachment force can be directed at an angle to the area
of contact of two surfaces.

The method of lamination (fig. 1, b) has a number of
advantages: the adhesive — substratum structure does
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not undergo any processing during the preparation for
measurements (for example, thermal processing, as in
case of "a normal detachment"). However, notwith-
standing the advantages, this method has an essential
drawback — a strong dependence on the detachment
conditions — the speed of lamination, the pressure of
the surrounding atmosphere, angle of application of
force, etc. Definition of the adhesive strength by the
method of lamination is possible in case, when the ad-
hesive or the substratum are flexible.

In case of detachment of films by the splitting method
(fig. 1, ¢) the forces of detachment operate simultane-
ously on the substratum and the adhesive. Realization of
the given method is possible under the influence of an ex-
traneous object, for example a cylindrical core [16].

The adhesive strength can also be defined during a
shift of two bodies (fig. 1, d). After an infringement of
the adhesion a film moves on the surface of the sub-
stratum [17]. Thus, the adhesion is estimated by the
value of the internal elastic force accumulated in the
coating by the moment of its lamination, or the value
of the effort of the shift in relation to the substrate.

The scribing method consists in deposition on the
film surface of a series of scratches by a diamond nee-
dle, on which a vertical load operates [18]. This load is
increased until the film is removed completely. By the
value of the load, under which a film is removed, the
force of the adhesion is estimated.

Pencil method (the method of Wolff—Wilborn). In
the course of the research, at first, a pencil is used with
a slate of small hardness (soft) with the subsequent step-
by-step increase of the hardness (fig. 2).

Fragments of the slate pencil are deleted by a soft
fabric with an inert solvent. Then the coating is exam-
ined and the presence or absence of a plastic deforma-
tion or a cohesive destruction are defined. If damage is
not revealed, the test is repeated with a pencil of greater
hardness. An example of the adhesiometer of a pencil
type is presented in fig. 3.

Among the methods of a simultaneous detachment
also is the method of centrifugation: a sample performs a
rotation around the vertical or horizontal axis (fig. 4).
Thus the arising centrifugal force aspires to tear off the
coating. A detachment occurs, when the centrifugal
force exceeds the value of the adhesive interaction.
Definition of the adhesive strength by means of cen-
trifugation is a labor-intensive process. The external in-
fluence depends on the sizes of the detached coating,
which can vary within considerable limits.

Vibration method. As a result of vibration of the ad-
hesive and of the substratum the force of detachment
will operate on the stuck coating. This method has an
essential drawback: the adhesive and the substratum
make oscillatory movements. During the movement
downwards due to vibration the tearing off force will
operate on the stuck film of the sample. But during the
movement upwards this force becomes a pressing one.
Presence of the pressing force and alternation of the de-




tachment with pressing can already deform the true val-
ue of the adhesive strength in the course of a detach-
ment, which will affect the accuracy and the reproduc-
ibility of the received results. Besides, the vibration
method of detachment can be used for the rigid sam-
ples, provided that the cohesion of the films is much
more than adhesion. Cohesion is coupling of the parts
of the same body with each other, caused by forces of
the intermolecular interaction, hydrogen bond or
chemical bond between the comprising it molecules
(atoms, ions) and leading to integration of these parts
into a single whole with the greatest strength.

Method of bending. A substratum with the adhesive de-
posited on it is subjected to bending to the angle of 90°
in both sides. In the place of the fracture the controlled
coating should not exfoliate. A drawback of this method
is that it is good only for the continuous coatings [20, 21].

The method of the latticed cuts (cross-section notches)
is the most widespread and fast way to define the ad-
hesion of the coatings and films of various kinds [22].
The method boils down to making of cross-section per-
pendicular cuts on a coating by a special knife (fig. 5)
and the further visual estimation of the state of the coat-
ing by a four-point system (see the table). A test for a
grating cut is preceded by an obligatory operation of
measurement of the thickness of the coating, which al-
lows us to define the necessary steps for the knife blade.

According to GOST 52146—2003 standard, a ma-
terial may have the adhesion of only 0 points!

One of the nondestructing methods of adhesiometry
is the ultrasonic method [23—25]: a correlation is estab-
lished between the dynamic module of the adhesive and
the adhesive strength by any destructing method. Then
the longitudinal or cross-section waves are excited in the
glutinous layer corresponding to those elastic stresses,
which arise in a product during operation, but they are
considerably less by value. Thus, the module of the ad-
hesive is defined. Knowing the correlation between the
module and the adhesion strength, its value is defined.

The adhesive strength can also be defined by the
methods of scanning probe microscopy (SPM) [26—28].
SPM allows us to implement such a method for esti-
mation of the adhesive strength as nanoindentation. 1t is
a method using the local power influence on a material
and a simultaneous recording of the deformation re-
sponses with a nanometer resolution [29]. In 1984 the
first model was offered for calculation of the specific
work of lamination of films from a substratum by the
method of indentation [30, 31]. It took into account the
loss of stability of the exfoliated site of the film, leading
to formation of the steam blow under action of the lat-
eral stresses of compression from the taking root conic
indentor (fig. 6).

Important drawbacks of the above methods for es-
timation of the adhesive strength are the following:

1. Almost all the known methods are applicable only
for the continuous coatings;

2. All the methods for definition of coupling of the
adhesive with the substratum are destructing ones, be-
cause they are based on estimation of the degree of a
mechanical damage of a coating;

3. Thickness of the adhesive can frequently influ-
ence the received result.

The methods of nondestructive control are usually
understood as the methods, allowing us to carry out di-
agnostics of the state of the investigated materials with-
out infringement of their integrity and appearance.

The nondestructive methods are based on correla-
tion of the adhesive strength with the electric, acoustic,
spectral and other physical properties of the investigat-
ed materials. An advantage of such methods is that the
received results are independent of the sizes of the sam-
ples, deformation-strength properties of the adhesive
connections and mechanical stresses in them.

For estimation of the strength of the adhesive con-
nections the optical nondestructive methods are also
used. These methods use the connection of the optical
properties of the transparent materials with the stresses
arising during formation or destruction of the adhesive
connections of these materials. The main drawback of
the optical methods is the necessity for the optical per-
meability of the investigated objects.

Definition of the adhesive strength of the
discontinuous nanostructured coatings on the basis
of the data of the piezoresponse force microscopy

Definition of the adhesive strength is mainly done on
macrosamples. At that, the surfaces are investigated, the
contact area of which is equal to tens and hundreds of
square millimeters. However, it is well-known, that the
adhesive strength depends on the forms and sizes of the
tested samples. Besides, it is necessary to compare the
adhesive strength of various pairs of materials; to know,
how it varies due to a change of the most different factors
(structure and chemical composition of the adhesive and
the substratum, influence on the compound of the ag-
gressive environments, etc.). Therefore, for estimation of
the adhesive properties of the materials by the results of
the surface tests it is expedient to use the samples with the
minimal possible sizes and the most symmetric forms.

Nanomaterials Laboratory of "LETI" developed a
method allowing us to estimate the adhesive strength of
the discontinuous nanostructured coatings, representing
a set of nanoobjects with piezoelectric properties, by car-
rying out of actions not destroying these coatings [32].

During carrying out of measurements in the mode of
Piezoresponse Force Microscopy (PFM) [33] in the
conditions, when one-dimensional piezoelectric nano-
object is fastened to the substrate, the part of the nano-
object, which is in tight contact (/;) (fig. 7), has no de-
formation in the area of the substrate under the influ-
ence of a variable electric field, i.e. there is no distri-
bution of deformation in the substrate direction. At
that, the deformation extends towards the brought
probe sensor and is recorded as the the amplitude of the
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mechanical oscillations of the probe. In the part of the
piezoelectric nanoobject, not connected with the sub-
strate (/,), under the influence of the variable electric
field, mechanical oscillations appear, while the spread-
ing of the deformation of the nanoobject is limited only
from the side of the contact with the probe — the proc-
ess is in the free space from the side of the substrate. In
these conditions the amplitude of the oscillations of the
probe of the loose part of the nanoobject essentially dif-
fers from the amplitude of the oscillations of the part of
the probe rigidly fixed with a substrate. The given effect
is recorded by the scanning probe microscope in the
form of a step characteristic during the research of such
nanoobjects in PFM (fig. 7) and it allows us to estimate
the degree of fastening (adhesive strength) of the pie-
zoelectric nanoobjects on the rigid basis.

Thus, a complex of the research works of the dis-
continuous nanostructured coatings by means of SPM
in the mode of topography and PFM allows us to esti-
mate the adhesive strength by the proposed method. By
relation A between the number of the investigated na-
noobjects and the number of the nanoobjects, charac-
terized by a step transition, it is possible to estimate the
adhesive strength of a coating.

If A < 0.3, it is possible to consider, that the coating
has no adhesive strength to the substrate.

If 0.3 < A < 0.7, an additional research is necessary
of the sample on the neighboring site containing the
given coating. If the result is acknowledged, it is nec-
essary to define the given coating as possessing an in-
sufficient adhesive strength.

If A > 0.7, it is possible to draw a conclusion about
the maximal adhesive strength.

The work was done with support of the project UMNIK
121361Y/2017.
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Bsenenune

B Hacrosmiee BpemsT He CyIIeCTByeT MOAeIei, KO-
TOpbIe MOTYT aIeKBaTHO OIMCHIBATh UBMEHEHUS JIeK-
TPOHHBIX CBOMCTB CTPYKTYP CO CJIOKHBIM pacIipeelie-
HUEM 3JIEKTPOHHOI TJIOTHOCTHU, B TOM YHCJIe HAHO-
MaTepHaJioB U IIEHOK Ha MX OCHOBE, Ha TTOBEPXHOCTH
TTOUTOXKKH.

Pazpaborka mogoOHOI Moaenu KpaiiHe akTyajlbHa
B CBSI3U C Pa3BUTUEM MHHOBALIMOHHBIX TEXHOJIOTUIA B
MMKPOSJIEKTPOHUKE M SHEPTeTHKE.

ToHKMe MIEHKU, COCTOsIIME U3 (PTATOLMAHUHOB
[1—3], nopdupunos [4] u rpadeHa [5, 6], camu 10 ce-
O0e 00samaloT 0COOBIMM CBOWCTBAMM, KOTOPBIE OIIpe-
JIeJICHHBIM 00pa3oM M3MEHSIIOTCS MPU B3aUMOIEHCT-
BUU C TIOBEPXHOCTHIO.

MaremaTnyecKkas MoJeJib HAHOCTPYKTYPbI
B TOJI€ TOMJIOXKKH

B paborax [7—9] paccMaTrpuBaeTcsl 371€KTpoCTaTH -
4YECKOE B3aMMOJEWCTBUE B XUAKOCTH MOJIEKYJI, HE SB-
JISIIOIIMXCS MaTeMaTUUYEeCKUMU IUIIOJISIMU, 3TO B3au-
MOJIEMCTBUE YUYUTHIBAET HEOIHOPOIHOCTb paclipeie-
JICHUSI B HUX BJIEKTPOHHOM TJIOTHOCTH.

Y1o0bl UMETh BO3MOXHOCTh MPOTHO3UPOBATh M3-
MEHEHUS 3JIEKTPOHHBIX CBOMCTB MaTepUaloOB Ha MO -
JIOKKE HEOOXOIMMO CO3/IaTh MATEMAaTUUECKYIO MOJIENb
B3aUMOJICAICTBUS MHOTOLIEHTPOBOW MHOTO3apsSIAHON
CUCTEMBI C TUDRJIEKTPUKAMHU U METAJNIAMU.

C y4eTOM OJTHOPOMHOTO 3JIEKTPOCTATUYECKOTO T10-
JIsl IUMBJIEKTpUKA TIPelIoKeHa MOJEb B (hopMaiu3me
MaTpUIIbl TJIOTHOCTH, TMOKAa3bIBaIOIIasl, KaKUM o0pa-
30M U3MEHSI0TCS (poToxumMuyeckue u GoTOINEKTPOH-
HbI€ CBOMCTBA, ONpeieisieMble TOTEHIIMAIIOM MOHU3a-
LIMU, TIOJ BAUSIHUEM TMOBEPXHOCTH.

MeTtoaoM aaekTpocTaTudecKuX n3oodpaxeHuit [10]
MOXHO TOJyYUTh BbIpaKE€HWE [IJI1 SHEPTUN TIPUTSIKE-
HUST (B3aMMOMEMCTBYUSI) CUCTEMbI 3apsIIOB K TUIOCKOM
MOBEPXHOCTU OJJHOPOTHOU Cpebl C AUBIEKTPUIECKOM
IMPOHULIAEMOCTBIO &!

U=—%k(§)§%g4§3/ [R? o+ 4r 1, (1)

—&-1
MO = B 2)

Ryp= A/(XA*XB)sz(YA*yB)zJF(ZA*ZB)za (3)

& — IUaJIEKTpUYecKasl IPOHUIIAEMOCTh — Oe3pa3mep-
Hasl BeJmuyuHa (paBHa 1 11 BakyyMa, JIEXKUT B Iuarna-
30He OT 2 A0 10 mist AUMPAEKTPUKOB U MOXKET ObITh
MpupaBHEHA OECKOHEYHOCTH TSI METAIIOB); { — 3(-
(DeKTUBHBINA 3apan atoma; R, p — PacCTOSHUE MEXIY
3apsaaMu aToMoB A U B; ry, rp — paccTosiHMe MEXIy
3apsAI0M M TTIOBEPXHOCTHIO, CYMMHPOBAHME TIPOBOINT-
Cs 10 BCEM aTOMaM CHUCTEMBbI.
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ITpu paccMOTpeHMHU MOJIEKYJIBI KaK CUCTEMBI XM-
MMUYECKU CBSI3aHHBIX aTOMOB, DHEPIUsl €€ B3auMO-
TMEWCTBHUS C TIOBEPXHOCTHIO MOXET OBITh TTOJTyJYeHa yC-
peaHeHueM BeauyrHbl U 1o 3apsimOBBIM COCTOSIHUSIM
aTOMOB:

Uip =20y + Uy p 4
4B %A AEBA<B (4)

Uy v Uy p B IPABOM YACTH OTIPENENSIOTCS CIIETYIO-
LIMMH BBIPAKEHUSIMU:

UA = %‘:T[‘IA 1/4r 4 (&)

Uj.p= —EI—} [quB]/A/RiB+4rArB, (6)

q4> gp — 3apsibl HA COOTBETCTBYIOLLMX aTOMaX.
YuuThiBasi MJIOCKOE CTPOCHME pacCMaTpUBaeMbIX

CTPYKTYp, MoOJiydaeM BblpaxkeHue IJIsl SHepruu B3au-

MOJAEHCTBUSI MOJIEKYJIbI C TIOBEPXHOCTHIO:

—Z[%:TCIAJ/"_

1
- 2E+_14Aq3}/ RY g+ 4. (7)
3apsan g4 Ha atoMe (£, — 3apsij g4apa) MOXHO OIl-
peneauTh Kak
W=Zy— X Py (8)
acA
rae P,, — AMaroHaJbHBIE 3JIEMEHTBI MAaTPULIbI IJIOT-
HOCTH P, XapaKTepU3YIOLLNE 3aCETEHHOCTh aTOMHbIX
opbuTaiei;

Pab = Z Cbt > )

P,, — 01HO31EKTPOHHAs MaTpULIA TUIOTHOCTH, TPe-
cTaBJieHHasl B 0a3nce aTOMHBIX OpOMTaJIeit.

B pesynbTaTe IpuMeHEHUS 3TOT0 METOAa OBLIN MO-
JIy4eHBbI 3HAYEHMSI SHEPTUM B3aMOACKCTBUS IUIOCKUX
MOJIEKYJl C TMOIJIOXKON (OU3AEKTPUKOM WU MeTasl-
noMm). Ecay oTmenbHO paccumTaTh 3HEPIUIO B3aMMO-
JNEWCTBUSA IJISI HEUTPAJbHOM MOJIEKYJbl U UISI MOHU-
3UPOBAHHON MOJEKYJIbI (KaTUOH-pagnKajaa) U BBECTU
9Ty IOMNpPABKY B 3HAYEHUSI SHEPIUil IIpU BBIYUCICHUU
MOTEHIIMAJIOB MOHU3AlMXA, TO MOXHO CYIMTb O TOM,
KaK M3MEHSITCSI MOHU3ALMOHHbIE 1 (DOTOXUMUYECKUE
CBOICTBA MOJIEKYJIbI MO BAWSIHUEM MOJST HOMIOXKHU.

(I)Ta.]]()l.ll/lalll/l]-l HAa MOBEPXHOCTH

dna mpoBepku npemiaraemoro merona (4)—(9)
OblJIa MOAPOOHO M3ydyeHa MoJjeKysda (TajoluaHuHAa
LIMHKA HA MOMJIOXKAaX C PA3JIMYHON JTURJIEKTPUUYECKOMN
MPOHMUIIAEMOCTBHIO M Ha Pa3HBIX PACCTOSHUSIX OT IMO-
BepXHOCTU. BbUIM paccunTaHbl 3HAYeHUs] SHEPTUU B3a-
UMOAECUCTBUSI HEUTPAJTbHOU MOJIEKYJIBI U €€ KAaTUOH-
paguKaa ¢ TIOBepXHOCThIO IJist (GMKCUPOBAHHOTO pac-
crosHus r = 3,213 a. e., KOTOpOe COOTBETCTBYET BaH-
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JepBaaIbcoBbIM pagunycaM atomos (1,7 A ms atoma C).
HuanexTpuyeckass MPOHUIIAEMOCTb BapbUpOBaJlach
ot 1,5 mo 100, yTo BKJIIOYaeT B ce0s1 MPaKTUIYECKU BECh
JIMafna3oH ee U3MEHEHMSI OT OPraHWYeCKUX pacTBOPH-
TeJiel 10 BOJHBIX pacTBOPOB (Tabh. 1). st meTaaioB
IU2JIEKTPUYECKYIO TTPOHUILIAEMOCTh MOXKHO IPUHSThH
paBHOIl GeckoHeyHocTU. Kak M clieqoBano OXuaath,
SHEPTUS B3aMMOIEHCTBHS OTHO3aPSIIHOTO MOHA C T10-
BEPXHOCTBIO TOPA3A0 OOJIbIlIE SHEPTUM B3aUMOACHCT-
BUSI HEUTpaJbHOM MOeKyJbl. ClemnyeT oXuaaTh, YTO
W3MEHEHME ITOIl BeJIMYMHbI OyJIeT, B OCHOBHOM, OIl-
penenaTh U3MEHEeHWe TOTeHIINala NOHU3aIu MOoJie-
KYJIbl Ha TOBEPXHOCTH.

s mosnydeHUsT TOTEHIIMAla MOHU3AIMKU Ha T10-
BEPXHOCTH /[ BBIYMCIEHHAsA B paMKax IpeuiaracMoi
MOJIEJIH TTOTIpaBKa A/ CyMMUpPOBaJach ¢ paHee paccuu-
TaHHBIM B paMKaX KBaHTOBOW MEXaHUKU MOTEHLMA-
JIOM MOHU3aluu (TajouraHWHaTa LIMHKA, KOTOPbIA
paBeH 6,17 3B. [11].

DHeprus B3auMOJIeHCTBUSI KaTHOH-paanKaa ¢ 1o-
BEPXHOCTBIO CYIIIECTBEHHO YBEJIMUMBAETCS B 1MAIa30-
He 3HaueHuu & ot 1,5 no 11,5. 3aremM uaMeHseTcs He-
3Ha4YMTEJbHO, a B paitoHe oT 80...100 1o o cTpeMuTcs
K CBOEMY MaKCHUMYyMY.

Tabauua 1
Table 1
3aBucumMocTh SHepruu B3aumoneiicTeus U W moTeHnua a
HOHM3ALMH HA NOBEPXHOCTH I OT AMIJIEKTPHUECKOi
NPOHUIAEMOCTH NMOMJIOKKH & npu ¥ = 3,213 a. e.
Dependence of the interaction energy U and the ionization potential on
surface I on the dielectric permeability of substrate & at r = 3.213 a.u.

U, a. u.
13 Al eV I, eV
B3LYP UB3LYP

1,5 —0,0038 —0,0141 —0,2803 5,8897
2 —0,0063 —0,0235 —0,4680 5,7020
2,5 —0,0082 —0,0303 —0,6013 5,5687
3 —0,0095 —0,0353 —0,7020 5,4680
3,5 —0,0106 —0,0392 —0,7782 5,3918
4 —0,0114 —0,0424 —0,8435 5,3265
4,5 —0,0121 —0,0449 —0,8925 5,2775
5 —0,0127 —0,0471 —0,9360 5,2340
5,5 —0,0132 —0,0489 —0,9714 5,1986
6 —0,0136 —0,0504 —1,0013 5,1687
6,5 —0,0139 —0,0518 —1,0313 5,1387
7 —0,0143 —0,0530 —1,0530 5,1170
7,5 —0,0145 —0,0540 —1,0748 5,0952
8 —0,0148 —0,0549 —1,0911 5,0789
8,5 —0,0150 —0,0557 —1,1074 5,0626
9 —0,0152 —0,0565 —1,1238 5,0462
9,5 —0,0154 —0,0572 —1,1374 5,0326
10 —0,0156 —0,0578 —1,1483 5,0217
10,5 —0,0157 —0,0583 —1,1591 5,0109
11 —0,0158 —0,0588 —1,1700 5,0000
11,5 —0,0160 —0,0593 —1,1782 4,9918
12 —0,0161 —0,0598 —1,1891 4,9809
16 —0,0168 —0,0623 —1,2381 4,9319
20 —0,0172 —0,0639 —1,2707 4,8993
40 —0,0181 —0,0672 —1,3360 4,8340
60 —0,0184 —0,0683 —1,3578 4,8122
80 —0,0185 —0,0689 —1,3714 4,7986
100 —0,0186 —0,0692 —1,3768 4,7932
0 —0,0190 —0,0706 —1,4040 4,7660
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Fig. 1. Dependence of the interaction energy U on the dielectric
permeability of substrate &
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Fig. 2. Dependence of the ionization potential on surface I; on the
dielectric permeability of substrate &
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Fig. 3. Dependence of the interaction energy U on distance r to the surface

KpuBas B3auMoaeicTBUSI HEUTPaTIbHOM MOJIEKYJIbI
C IMBJIEKTPMKOM HE3HAYUTEJIbHO MEHSIETCSl C yBEJIU-
yeHueM &. Hanbosee cyniecTBEHHbIE U3MEHEHUS Ha-
OirogaroTcsl TIpU MajbiX 3HaAYeHUSIX & (puc. 1).

KpuBag nsmeHeHus NOTeHLMana MOHU3aUUU [ B
3aBUCUMOCTHU OT & MpeacTaBieHa Ha puc. 2. MoxXHO

BUIETH, YTO 3HAUUTEJIBHOE TMaJieHUE MOTEHIMaIa MOHM -
3alMY HaOJII0AaeTCs Ha TIOBEPXHOCTSIX BEILIECTB CO 3Ha-
YeHUSIMU IUBJIEKTPUIECKONM IIPOHULIAeMOCTH 10 7,5.
Ot & =7,510¢& = 11,5 noTeHIMaT MEHSIETCST HECYILIECT-
BeHHO. B 3Ty obGnacTh momagaloT OKCHIbI Pa3IuYHbIX
METAJUIOB ¥ KPEMHUIA, Yallle BCETo MCIOJIb3YIOLIMECS B
KayecTBe MOMJIOXEK. 3aTeM KpuBasi aCUMIITOTUYECKU
CTpeMUTCSI K 3HaueHuto 4,77 3B, 4TO COOTBETCTBYET
3HAYECHMUIO & = 0o, KOTOPOE MOXKHO MPUITKCATh METAJLIaM.

Br110 Takke paccMOTpeHO B3aMMOAEHCTBIE MOJIe-
KyJibl (pTaJIONMAHMHA LIMHKA C MOMIOXKON (IU3IEeKT-
puduecKasi MPOHUIAEMOCTh & = const = 6) Ha pas-
JIMYHBIX PACCTOSTHUSIX A0 TToBepxHOCcTHU (Tabd. 2). Pac-
CTOSAHHME BapbupoBayiock oT 1,5 a. e. (0,8 A) mo 10 a. e.
(5,3 A).

ITo mepe ynajeHMs] MOJIEKYJIbl OT MOBEPXHOCTHU
BJIMSIHUE TOMJIOXKM Ha (hOTOJIEKTPOHHBIE CBOMCTBA
MoJIeKyJibl yMeHbluaeTcs. Ho paxe 11 cpaBHUTEbHO
GOJIBLIOrO paccTosiHUs 5,3 A OHO Bce paBHO 3aMETHO,
MMOTEHIIMA MOHM3alNK MoHmxkaercsa Ha 0,69 3B.

3aBUCHMMOCTb HEPIUM B3aUMOAEIHCTBUSI HEUTpasib-
HOM MU MOHU3UPOBAHHON MOJIEKYJIbI (pTamoLMaHUHA-
Ta LIMHKA OT PacCTOSIHUS 10 TIOJAJIOXKU MPUBEAEHBI
Ha puc. 3.

B sTOM ciiyyae TeHAEHUMM W3MEHEHUS SHEPruid
B3aUMOJEUCTBUA HEUTPAITLHOU MOJEKYIbl U KATUOH-
pagvKajia MpakKTUYECKU COBIMANAlOT, XOTS W pa3jiuya-
I0TCSI IO aOCOJIIOTHOM BEJIMYMHE.

Ha puc. 4 npeacraBineHa 3aBUCUMMOCTb TTOTEHIIMAIa
MOHU3ALIMU MOJIEKYJIBI B M0OJI€ MOMJIOXKHU OT paccTo-
STHUSL.

Tabauua 2
Table 2
3aBucumocTs SHepruu B3aumoaeiicTeus U u moreHnuasa
HOHM3ALMH HA moBepxHocTH I oT paccrosanus r npu & = 6
Dependence of interaction energy U and ionization potential
on surface I on distance r at £ = 6

U, a. u.
r,u Al eV I, eV
B3LYP UB3LYP
1 —0,5086 —0,5779 —1,8857 4,2843
1,5 —0,1660 | —0,2128 | —1,2734 4,8966
2 —0,0648 —0,1056 —1,1102 5,0598
2,5 —0,0302 | —0,0688 | —1,0503 5,1197
3 —0,0167 | —0,0540 | —1,0149 5,1551
3,5 —0,0107 —0,0469 —0,9850 5,1850
4 —0,0076 —0,0429 —0,9605 5,2095
4,5 —0,0057 —0,0401 —0,9360 5,2340
5 —0,0045 | —0,0379 | —0,9088 5,2612
5,5 —0,0037 —0,0361 —0,8816 5,2884
6 —0,0030 —0,0346 —0,8598 5,3102
6,5 —0,0025 | —0,0332 | —0,8353 5,3347
7 —0,0021 —0,0319 -0,8109 5,3591
7.5 —0,0018 | —0,0308 | —0,7891 5,3809
8 —0,0015 —0,0297 —0,7673 5,4027
8,5 —0,0013 —0,0287 —0,7456 5,4244
9 —0,0011 —0,0278 —0,7265 5,4435
9,5 —0,0009 —0,0269 —0,7075 5,4625
10 —0,0008 | —0,0261 | —0,6884 5,4816
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Fig. 4. Dependence of the ionization potential on surface I; on distance
r to the surface

HaGmomaeTcst mpakTUuecKu Iiaakasi KpuBasi, KO-
TOpasi CBUIAETEJbCTBYET O IOCTEIIEHHOM YMEHble-
HuU 3(pdekTa BO3AeCTBUS MOJTOXKU C YBEIMYEHUEM
pacCTOSIHUS 10 MTOBEPXHOCTH.

3akmouenue

AHanu3 pe3yiabTaToB, MOJYYEHHBIX HA OCHOBAaHUU
npejajaracMoii MeTOAUKY, CBUAETEILCTBYET O TOM, UTO
Ha 3HaueHMeE MOTeHIIMajga MOHU3ALMU MOJIEKYJIbl, Ha-
MMbLIEHHOW Ha MOBEPXHOCTh, a CJIeA0BaTeIbHO, Ha €e
9JIEKTPOHHbBIE W OMNTHUYECKHE CBOMCTBA BJUSIET DS
¢axkTopoB. B mepBylo ouyepeab — 3TO AUBJIEKTpUYEC-
Kasi MPOHUIIAEMOCTh MaTepuajia, U3 KOTOPOIo M3ro-
TOBJIEHA MOJIOXKA, MPUYEM B AMAIla30HE AUDIEKT-
puKoB ¢ & oT 7,5 no 11,5 3HaueHUe MOBEPXHOCTHOTO
MOTEHIAaJla MOHU3AIUM MEHSIETCS HEe3HAUUTEJIbHO.

[MoTteHIIMaMm MOHM3AIIMKA HAHOCTPYKTYPHI Ha ITOBEPX-
HOCTU B TO K€ BpeMsl 3aBUCUT U OT TOTO, KAKUM 00-
pa3oM BEITTOTHSIOCH HAITBUIEHUE, T. €. OT PACCTOSTHUS
MOJIEKYJI 10 TOMJIOXKH.
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The authors of this work propose a model with an adequate description of variations in the electronic properties of the structures
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Introduction

There are no models, which can describe adequately
the variations in the electronic properties of the struc-
tures with a complex distribution of the electron den-
sity, including nanomaterials and films on their basis,
on the substrate surface.

Elaboration of such a model is extremely topical
in connection with the development of the innova-
tive technologies in microelectronics and power engi-
neering.

The thin films consisting of phthalocyanines [1—3],
porphyrins [4] and graphene [5, 6], themselves possess
special properties, which vary in a certain way during
interaction with the surface.

Mathematical model of a nanostructure
in the substrate field

In [7—9] the electrostatic interaction in a liquid of
the molecules, which are not mathematical dipoles, is
considered, and this interaction takes into account the
heterogeneity of distribution of the electron density in
them.

In order to predict variation of the electronic prop-
erties of materials on a substrate, it is necessary to
create a mathematical model of interaction of a
multi-center, multi-charge system with dielectrics and
metals.

With account of the homogeneous electrostatic field
of the dielectric, a model was proposed in the formal-
ism of the matrix density, showing variation of the pho-
tochemical and photoelectronic properties defined by
the potential of ionization under the influence of the
surface.

By the method of electrostatic images [10] it is pos-
sible to receive an expression for the energy of attrac-
tion (interaction) of the system of charges to a flat sur-
face of a homogeneous environment with the dielectric
permeability of &:

U=—%x(g)§%gAgB/ IR g+ 4r,rg, (1)

—&-1
MO = B 2)

Ryp= J(XA*XB)2 + (y/ryB)2 (24— zB)z, 3)

& — dielectric permeability — dimensionless value (it is
equal to 1 for vacuum, it lays within the range from 2
up to 10 for dielectrics and can be considered equal to
infinity for the metals); { — effective charge of an atom;
R p — distance between the charges of atoms 4 and B;
ry, rp — distance between a charge and the surface, the
summation is done by all the atoms of the system.

If a molecule is considered as a system of chemically
connected atoms, the energy of its interaction with the
surface can be received by averaging of the value of U
by the charge states of the atoms:

Ujp =20y + Uy ps 4
4B %A A§BA<B 4)

U, and Uy _ p in the right part are defined by the fol-
lowing expressions:

Uy =— gg} [g%1/4r4, (5)

Uren = =51 10uasl) [Rig+4rarg, ©

44, 9p — charges on the corresponding atoms.

Considering a flat structure of the considered sub-
stances, we receive the expression for the energy of in-
teraction of a molecule with the surface:

U= —1Z[§’—lqﬂ/r—

2°4LE+1
_ —1 2 2
Ang[%ﬁquBJ/ R g+4r. (7)

The charge of g4 on an atom (Z; is the charge of the
nucleus) can be defined as:

q4 = ZA - g%APga’ (8

where P,, — diagonal elements of the matrix density of
P,;, characterizing population of the nuclear orbitals;

N
ab = 2 Cai C[;ki’ )

i=1

P

P,, — one-electron matrix of density presented in the
basis of the atomic orbitals.

As a result of application of this method the values
of the interaction energy of the flat molecules with the
substrate (dielectric or metal) were received. If we cal-
culate separately the interaction energy for a neutral
molecule and for an ionized molecule (cation radical),
and introduce this amendment into the values of ener-
gies during calculation of the ionization potentials, it is
possible to judge, how the ionized and photochemical
properties of a molecule change under the influence of
the substrate field.

Phthalocyanine on the surface

For verification of the proposed method (4—9) the
authors studied in detail the molecule of zinc phthalo-
cyanine on the substrates with various dielectric per-
meabilities and at different distances from the surface.
The values of the energy of interaction of a neutral mol-
ecule and its cation radical with the surface were cal-
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culated for the fixed distance of » = 3.213 a.u., which
corresponds to the Van der Waals radiuses of atoms
(1.7 A for C atom). The dielectric permeability varied
from 1.5 up to 100, which included all the range of its
variation from the organic solvents up to the water so-
lutions (table 1). For metals the dielectric permeability
can be accepted as equal to infinity. As it would be log-
ical to expect, the energy of interaction of a one-charge
ion with the surface is much more than the energy of
interaction of a neutral molecule. It should be expect-
ed, that variation of this value will mainly be defined by
the variation of the ionization potential of a molecule
on the surface.

For reception of the ionization potential on the sur-
face of [, the amendment of A/, calculated within the
framework of the proposed model, was summarized
with the zinc phthalocyanine, calculated earlier within
the framework of the quantum mechanics ionization
potential, which was equal to 6.17 eV. [11].

The energy of interaction of a cation radical with the
surface essentially increases in the range of values &
from 1.5 up to 11.5. Then it varies slightly, and in the
area from 80...100 up to < aspires to its maximum.

The curve of interaction of a neutral molecule with
a dielectric varies insignificantly with an increase of &.
The most essential variations are observed at small val-
ues of & (fig. 1).

The curve of variation of the ionization potential de-
pending on & is presented in fig. 2. It is possible to see,
that a considerable decrease of the ionization potential
is observed on the surfaces of the substances with the
values of the dielectric permeability up to 7.5. From
€ = 7.5 up to & = 11.5 the potential does not vary es-
sentially. Oxides of various metals and silicon, fre-
quently used as substrates, get into this area. Then, the
curve asymptotically aspires to the value of 4.77 eV,
which corresponds to value & = « which can be attrib-
uted to metals.

Besides, the interactions of a molecule of zinc
phthalocyanine with the substrate (dielectric permea-
bility of £ = const = 6) at various distances to the sur-
face were considered (table 2). The distances varied
from 1.5 a. u. (0.8 A) up to 10 a. u. (5.3 A).

The further is a molecule from the surface, the less
is the influence of the substrate on the photoelectronic
properties of the molecule. But even for a rather big dis-
tance of 5.3 A it is all the same appreciable, and the ion-
ization potential goes down by 0.69 eV.

Dependence of the interaction energy of the neutral
and ionized molecule of zinc phthalocyanine on dis-
tance to the substrate is presented in fig. 3.

In this case the trends for variation of the interaction
energies of a neutral molecule and of a cation radical
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practically coincide, although they differ by the abso-
lute values.

Fig. 4 presents the dependence of the ionization po-
tential of a molecule in the substrate field on distance.

We observe a practically smooth curve, which tes-
tifies to a gradual reduction of the effect of influence
of the substrate with an increase of the distance to the
surface.

Conclusion

An analysis of the results received on the basis of the
proposed technique testifies to the fact that the value of
the ionization potential of a molecule deposited on the
surface, and, hence, its electronic and optical proper-
ties are influenced by a number of factors.

First of all, this is the dielectric permeability of a
material, of which the substrate is made, at that, with-
in the range of the dielectrics with & from 7.5 up to
11.5 the value of the surface potential of ionization var-
ies insignificantly. At the same time, the ionization po-
tential of a nanostructure on the surface also depends
on the fact how the deposition was carried out, i.e. on
the distance of molecules to the substrate.
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IAEKTPOMEXAHUYECKASA MOAEADb UTMNMK-AKTIOATOPA

Ilocmynuna 6 pedakyuro 12.11.2018

Axmroamopbl Ha OCHOBe UOHHBIX NoAuMep-Memaniuyeckux kKomnozumoe (UIIMK-axmiwoamopst) wupoko ucnoav3yom ons
npeodpasoeanus 3anaceHHoU u UHOYYUpYyemoll SHepeul 8 mexarnuueckoe nepemeujerue. Paboma UIIMK-axmwoamopa onuceiea-
emcesi cucmemoll HeAUHelHbIX ypasHeHul, cocmoawei u3 ypaguenus Hepucma—Ilranka, ypasnenus [lyaccona u ypaenenus me-
XAHUKU meep0oeo meaa. Dmu YPasHeHUs 6 KOMNAEKCe MOJICHO Peulumb, MOAbKO UCNOAb3YA CheyudanbHvle npoepammsl. Memoo
2NEKMPOMEXAHUMECKUX AHAN02UT, NpUMeHeHHbIT 045 onucanua UTIMK-axkmioamopa é dannoil pabome, no3goasem npedcmagumay
pabomy npeobpazogamens ¢ HOMOWbIO COBOKYNHOCMU CUCTEM AUHEIHbIX YPAGHEeHU.

Karoueevie caosa: aKkmoamopst, UOHHble noaumep-memaniu4ecKue KoOMno3umsl, 3A€KmpomexanuvecKas Moae/lb, INeKmpo-

AKMUEHbLE noAUMEDbL

BBenenne

VpaBHeHUS, ONUCHIBaIOIIEe OOBEKTHI PA3IMIHON
¢U3MYeCKOl MPUPOAbI, MMEIOT OOIIME 4YepThl. DTa
OOIIIHOCTh MCITOJIb3YETCs B paMKax CUCTEM Pa3JIUYHbIX
aHajioruit. B MMKpOCUCTEMHOI TeXHUKE MPU aHaIU3e
CJIOXHBIX OOBEKTOB YaCcTO MPUMEHSIIOT 3JIeKTpoMeXa-
HUYECKHNE aHaJIOTUH.

AHanUTUYeCKOe MOJEIUPOBaHUE PA3IMYHBIX 00b-
€KTOB METOIIOM DBJIEKTPOMEXaHUUYECKUX aHaJIOTUi
MO3BOJISIET HAIJISIAHO OMMCATh COMNMPSIKEHHbIE OOBEK-
Thl pa3ju4yHOl u3nyeckoil npupoasl. Moxenu, mo-
JIYYEHHBIE METOJIOM 3JIEKTPOMEXAHUYECKUX AHAJIOTUA,
LIMPOKO UCIOJIB3YIOT B aBTOMAaTU3UPOBAHHbBIX U a/1al-
TUBHBIX CHCTeMax, MOCKOJbKY JaHHBIA METOJ MO3BO-
JISIET OIKMCHIBaTh B3aMMOJEUCTBUE CIIOXHBIX CUCTEM
¢u3nYeCKrX OOBEKTOB C IIOMOILBIO JIMHEUMHBIX ypaB-
HEHU.

MeTon 35IeKTpOMEXaHUYECKUX aHAJIOTMI IIpHME-
HHMM TOJIBKO JUISI OOBEKTOB C MaJILIMM IIPUPAIICHUSI -
MM HCCIIEAYyEeMBIX MapaMeTpOB M Ha 4acTOTaX, MHOTO
MEHBIIINX PEe30HAHCHOW YacTOTHI PaccMaTPUBAEMOTO
00BeKTa, HO OH ITO3BOJISICT aHAJTM3UPOBATH CUCTEMBI C
pacrpeneIeHHBIMU M COCPEIOTOYECHHBIMHM ITapaMeTpa-
Mu [1-—2].

IIpuamun padorer UIIMK-akTioaTopa

MIIMK-akTi0aTOop MpeacTaBsieT co00i KOHCOJb-
HYIO 0aJiKy, COCTOSIIYI0 M3 MOHOOOMEHHOI MeMOpa-
HBI* ¢ HAHECEHHBIMU Ha Hee ayekTponaMu. [1puHIumm
paboThl TAaKOTO akTiaTopa 3aKJII4YaeTcsl B Iepepac-
npeaeJieHud HMOHOB B HMOHOOOMEHHBIX MeMOpaHax

* TepMrUHOM "MOHOOOMEHHass MeMOpaHa" OyaeM [JIst KpaTKOCTH
0603HaYaTh MEMOpaHy M3 MOHOOGMEHHOTO MaTepHraa.

Mocjie TMPUIOXKEHUS 2JIEKTPUYECKOro Iojs. JIBrke-
HUE MOHOB OJHOTO 3HaKa B MeMOpaHe Ioj IeiicTBUeM
BHEIITHETO 3JIEKTPUYECKOTO TTOJIST TIPUBOIUT K TTOSIBIIC-
HUIO DJIEKTPOOCMOTUYECKOTO TOTOKA XXUAKOCTU OT
aHOJa K KaTony, BCJAEACTBUE YETO Y OMHOTO U3 DJEKT-
pOIOB co3MaeTcs M30bITOYHOE AaBl€HUE KUIKOCTH.
Pa3zHocTh naBfieHUi Ha 27eKTpoAax MPUBOAUT K Je-
dbopmanum akTioaropa [3—5].

MIIMK-akTioaTopsl ILIMPOKO MCHOJB3YIOT MpU
CO3JaHUU JIBUXKUTENEH MUKPO- U MUHU-POOOTOTEX-
HUYECKUX cucTeM [6]. OHU MTO3BOJISTIOT CO31aBaTh Ie-
peMelleHUsT U YCUJIUsl, OOMbIINE, YEM Y BJIEKTPOCTa-
TUYECKUX U TIhEe303JIEKTPUUECKUX aKTI0OATOPOB, ITOT-
peOASIOT MeHblIe 3Hepruu U umerot ooabiunii KITI,
yeM TepMOMEXaHMYeCKre aKToaTopsl [7, 8].

DIeKTpOMeXaHHIeCKass MOJieJIb

B pamxkax snexkrtpomexaHnueckoi mogeau UITMK-
aKTIOATOp HEOOXOOWMO paccMaTpWBaThb B YIEIbHBIX
BeJuuMHax. st aToro pasgesum Oajlky Ha y4yacTKU
(puc. 1) Tak, YTOOBI Ha KaX/IOM Y4acTKe BBITTOJIHSIOCH
HEPaBEHCTBO f; > f (pelesl NPUMEHUMOCTU METOnA
3JIEKTPOMEXaHUYECKUX aHAJIOTUIA), T/e f; — Pe30HaHC-

Puc. 1. Mogeas akTioaTopa
Fig. 1. Model of the actuator
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Hasl 4acTOTa BLIOPAHHOTO yJacTKa 0alku; f— pabodas
yacToTa.

HaHHast MOziesTh TIpeNIioIaraeT HaIMure B CUCTEME
Tpex mpeobOpa3oBaTeseit:

1) mpeoOpa3oBaTenst HanpsixkeHus (Toka) B AaBJe-
Hue (0OBEMHBINM MOTOK);

2) npeobpasoBaresis AaBjaeHUs] (00bEMHOIO TMOTO-
Ka) B MOMEHT (yroj moBOpoTa);

3) mpeobpasoBaTessi MOMeHTa (yrja MmoBOpoTa) B
cuily (mepeMelleHue).

CucreMa ypaBHEHUI, XapaKTEpU3UPYIOLIUX padboTy
KaxJ0ro M3 MepeyrciIeHHbIX BbIlIE Mpeodpa3zoBaTe-
JIei, B O0IIeM BUIE BHIIVISIIUT CIEAYIONIM 00pa3oM:

{dFl = kydq, +kj,dF,
4y = kydq, + kydF,

)
rne Fy, F, — 0000ueHHbIe MOTEHUMAIbl NIEPBOA U
BTOPO# CUCTEMBI COOTBETCTBEHHO; ¢}, ¢, — 0000LIEH-
HBIE TIApAMETPBI NEPBOi U BTOPOii CUCTEM COOTBETCT-
BEHHO; k|5, k5| — MepeKpecTHbIe KO3(MOULUEHTBI Mpe-
obpasoBanusd; ki, ky; — COOCTBEHHbIE OOOOLIEHHBIE
KO3(ppULIMEHTHI.

1. Ilpeobpa3zoeameav nanpsaxcenus (mokxa)
6 dae.aenue (006eMHbBLI NOMOK)

DTOoT Mpeobpa3oBaTe/ib OCHOBAH Ha SIBJIEHUU 3JIeK-
TPOOCMOCA, M CUCTEMA OIMUCHIBAIOLINX €TI0 YPaBHEHUIA
MMeeT BUIL:

{j: ki E+kpdy

rlie j — MUIOTHOCTb TOKa; F — HamnpsKeHHOCTb 3JIeK-
TPUYECKOTIO I0JIA; j)y — YAEIbHbIIA 0ObEMHBINA MTOTOK;
VP — rpanueHT maBjeHUSI.

JIist onmcaHus 3JeKTPOOCMOTUYECKUX IPOLIECCOB
B paccMaTpMBaeMoOl CTPYKTYpe IPEANOJIOXKHUM, UTO
XKUIKOCTD, COAepKalllasi MOHBI, IEPEABUTAETCS B MEM-

Puc. 2. UnmocTpauus K pacyery siBjeHHs 3JEKTPOOCMOca
Fig. 2. An illustration to calculation of the phenomenon of electroosmosis
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OpaHe 1O KaHaJlaM TOJIIMHOK &, TOrma BbIpakeHHUe
JUISI TOKa B MeMOpaHe 3a cueT NMPUJIOKEHHOTo Hampsi-
KeHus B cioe dh (puc. 2) OyneT UMETh CleAyoni
BMI;

_d — 3801’
== —_
I(CU) 5 Us,

IJIe € — OTHOCUTEJbHAsl TU3JEKTpUYeCcKasi MpOHUIIA-
€MOCTb MaTepuaa; gy — AUJIEKTPUYECKast MOCTOSH-
Has; b — mumpuHa akTioaTopa; U — ympasisoliee Ha-
NpsiKeHue; 3 — CKOPOCTh MOTOKA MOHOB.
[Ipeobpa3yemM mociiemHee BbIpaXXEHUE B BbIpaxke-

HUE IS TIJIOTHOCTU TOKa:

. egyU

Jj=—9
3

BBenem moHsATHE yAEIBHOTO OOBEMHOIO IMOTOKA,
UMEIOILETO CIECAYIOIINN BUI;

Tormna nepekpecTHbIi Ko3(duiimeHT npeodpaso-
BaHWS MOXHO TIpEACTaBUTH B BUIE

_ dj

_eggU
djy 82 ’

ki

PaszHocTh JaBiieHUit, BOZHUKAIOLIAS Y 3JEKTPOIOB
3a CYET 3JICKTPOOCMOCA, OITMCHIBACTCSI TAKUM BhIpazke-
HUEM:

eeq U
aP=-9E - 02,y
S 2
)
Trac E— HaIpPs2KEHHOCTD 9JIEKTPUYECKOTIO ITOJIA, A U—
PasHOCTh TOTEHLMAJIOB B CIIOE A.

M3 aTtoro BbIpaxkeHMs] MOXKHO IOJYYUTb BTOPO
MepeKPeCcTHbI KO3(DULIMEHT Mpeodpa3oBaHUSI:

AU VU 52

Haiimem coOcTtBeHHBIE 0000ILIEHHBIE KO3(DPULIM-
enTel. M3 3akona Oma B muddepeHInaaIbHOM BUIE
cJemyeT, 4To

ki = o,

rae o* — 3 eKTUBHasI IPOBOAUMOCTD (BEJIMUMHA, Xa-
pakTepusylolas NpoBOAMMOCTb MaTepuaja MemOpa-
Hbl C YYETOM MOHHOTO TOTOKA).
H3BecTHO, 4TO
Jy= KVP,

rae K — Koa(pduimeHT puibTpauum.
IIpeobpaszyem mnocnenHee paBeHCTBO CAEAYIOLIUM
obpazoM:
Ly _ gAP




TOTIA

1
AP= — =1y
K s
Bunno, yto BennuuHa 4/(KS) aHanornuyHa corpo-
TUBJICHUIO, B TAHHOM CJIydae OHA COOTBETCTBYET I'MI-
POCOIPOTUBIICHUIO ABMXKEHUIO MOHOB B PacTBOpE I10
rmopaM MeMOpaHbl. [1o aHaTOrM MOXHO 3aITMCaTh:

_ 12uh
R, 35

rae pu — AMHaMuyeckKasi BI3KOCTh pacTBOpa.
Takum o0pa3zoM, MOJYyYHUM, YTO

1_ 12
K 62'

Torma BTOpOil COOCTBEHHBIN OOOOILIEHHBIN TMapa-
METp MOXHO MpPEACTaBUTh B BUIE

Ha ocHoBe Mmojgy4eHHBIX BBIPaXXEHUII MOXHO CO-
CTaBUTb CUCTEMY YPaBHEHMUI JJ1s1 MEPBOro Mpeodpa3o-
BaTeJIs:

. eegU.
Jj=oE+t——jy
2
8
U
VP = _*o E+ QEjV
5 5

3HaK "MHMHYC" BO BTOPOM ypaBHEHMU OOYCJIOBJIEH
pa3HbBIMU HAIpaBJIEHUSIMU TTPWIOKEHHOTO 3JeKTPU-
YECKOro IOJIsI M JAEHCTBUEM B CBSI3U C OTUM YPaBHO-
BEIIMBAIOIIETO TpagieHTa TaBICHUIA.

2. Ilpeo6pazoseameas dasaenusa (o6semnozo0 nomoka)
6 momenm (yz0a noeopoma)

Cucrema ypaBHEHUI, OMKUCHIBAIOIINX 3TOT IPEO0-
pas3oBaTelib, BBIISAUT CIAEAYIOUIUM 00pa3oM:

b

{Ml = sy FrpVe
Jy = 118 1V P
rae M| — yaenbHbIi MOMEHT, NEHCTBYIOINIA HA e11-
HUL IUIOWAAN; o = a/l{ — yroy moBopora Ha eau-
HUILY JJIMHBL; 0., — CKOPOCTb U3MEHEHMsI YIEIbHOTO
yIJjia II0OBOPOTA.

JeicTByomuii MOMEHT Ha ydacTke /| (puc. 3) onu-
CBIBA€TCSI BBIPAXKECHUEM

dM = PS\h, = VPh, bdh,.

Puc. 3. ITosicHenus K pacyeTy npeodopa3oBaTeis JaBJeHHsI B MOMEHT

Fig. 3. Explanations to calculation of the converter of pressure into a
moment

15T ynenbHOro MOMeHTa Ha eIWHUILY TIIoIIamu O0y-
JIET CTIPABEMINBO BBIPAXKEHNE

dM _ ;2

Takum o6pa3oM, CUCTEMy YpaBHEHMIA, XapaKTepHu-
3YIOLIMX BTOPOM Mpeobpa3oBaresib, MOXHO IpeacTa-
BUTH B CJIeAYIOIEM BHIE:

M, = &6, +hVP
Jo ,

. 2.
rae g« — 3(pdexkTUBHAS MOAATIMBOCTh KPYUEHUIO.

3. Ilpeobpazoeameav momenma (yz2aa nogopoma)
6 cuay (nepemewenue)

CucreMa ypaBHEHHIT 3TOTO MpeobGpa3oBaTest nMe-
€T BUII:

Ay: }»I]F+)M]2A(X.

rne Ay — mnepeMelleHue; Ao — U3MEHEHHUE yIia Io-
BOpOTA.

IlepekpecTHbie U COOCTBEHHbIE KOI(DOUIIMEHTHI
HaxoJWM W3 M3BECTHBIX YpaBHEHUU 1Jig Oanku, 3a-
IEMJIEHHOM C OTHOTO KOHIIA. B CBS3M C 3TUM CHUCTEMY
ypaBHEHMI [JIs1 aHHOTO IMpeobdpa3oBaresiss MOXHO
MPEeNCTaBUTh CAEAYIOIIMM 00pa3oMm:

R
Y~ 3E5, T 2ET,

Ao = —l% + g M
* T 2ET, E,
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M3 BTOpOro ypaBHeHMsI HOCJEI-
Hell CUCTeMbI MOJYyYuM ClieAylolee
PaBEHCTBO

<
~

|

|
ey
*
&
©

Puc. 4. Cxema-ananor yyacrka /; MIIMK-akrioatopa: N|, N,, N3 — K03GbbULUEHTHI ITpe-
06pa3oBaHMsI, COOTBETCTBYIOIINE TIEPEKPECTHBIM Ko3dduimeHTaM; C — eMKOCTb aKTIO-

\
| :
K. \
Z | { i am  __h
o Y : dFAOLZO 2
|

IIpeacraBuUM MOCIEAHIOW CUCTE-
MY YpaBHEHMI i1 TPEThEro Mpeoo-
paszoBaTesisl CIeAYIOIINM 00pa3oM:

aTopa MeXIy BEpXHUM U HUXKHUM 3JIEKTPOIAMU; ¥ — COMPOTUBIEHUE, O0YCIOBIEHHOE MOH-
HBIM TpaHcnopToM; m, = 0,2m, — addexTnBHas macca; Z,, — anemeHT Bap6ypra; Rm — co-

MPOTUBJICHUE 3JIEKTPOJIOB; RyT — conpotusieHue "yreuku"; R* — conporusnenne MUMIIK- - OF+ l_l Aa
aKTIoaTopa B MOIMEPEeYHOM HaIpaBIeHUU 2

Fig. 4. Scheme-analogue of site I; of IPMC-actuator: N;, N, N3 — conversion coefficients / EJ
corresponding to the cross coefficients; C — capacity of the actuator between the top and bottom M= — 1 —F+ £ Z
electrodes; r — resistance determined by the ionic transport; m, = 0,2m, — effective mass; 2 1

Z,, — Warburg element; Rm — resistance of the electrodes; R,
resistance of the IPMC actuator in the cross direction

— resistance of leakage; R* —
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Fig. 5. Full scheme-analogue of the IPMC-actuator
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Fig. 6. Transformed scheme-analogue of the IPMC-actuator
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Fig. 7. Comparison of the results of modeling and experiment
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Husi: Rm < Ru Rm < rnopu F= 0.
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Pesynbrathl MonmenupoBaHusgs AYUX u pe3ynbTaThbl
SKCIIEpMMEHTa MMoKa3aHbl Ha puc. 7. O0pas3elr ObIT CO-
3[1aH IO TeXHOJIOTUM, OIMMCAHHO B paboTtax [3, 9, 10],
U TIpEACTaBIISIET COO0M KOHCOJBbHYIO 0alKy U3 MOJU-
Mepa Nafion 117 qiuHo# 25 MM, ILIUPUHON 5 MM, TOJI-
wyrHoi 200 MKM.

3akimouyeHue

MeToooM aHaJIOTHii TIOCTPOEHA BJIEKTPOMEXaHU-
yeckas mogenb MTITMK-akTioatopa. B pamkax naHHOM

Monenu chOpPMYITMPOBAHO TIPEAIIOIOXEHNE O HaJu-
YU B CUCTEMeE TpeX MpeoOpaszoBaTeseii:

1) mpeoOpa3oBaTesi HaMpsikeHUsl (ToKa) B JAaBJie-
HUe (00BbEMHBII MMOTOK);

2) npeoOpa3oBatefisi AaBjieHUs] (0ObEMHOIO TOTO-
Ka) B MOMEHT (yroJj IIoBOpOTa);

3) mpeobpasoBaTensi MOMeHTa (yIja MOBOpPOTa) B
cuily (mepeMelleHue).

st Kaxkaoro nmpeoopa3oBaTesis IpeacTaBlIeHa CUC-
TeMa ypaBHEHUI U MOJYyYeHbI ITEPEKPECTHbIC U COOCT-
BeHHbIe KO3 duLIMeHThI IpeodpasoBaHus. Ha ocHoBe
CHUCTEM YpaBHEHUI MOCTpoeHa cxema-aHajor. [1pose-
JIIEHO CpaBHEHME pe3YJIbTaTOB MOIETUPOBAHUS C pe-
3yJbTaTaMU 3KCITePUMEHTA.

Hccnedosanue evinoaneno 6 pamkax epanma PHO
(npoexm No 16-19-00107).
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lonic polymer-metal composite actuators (IPMC-actuators) are widely used to convert stored and induced energy into mechan-
ical displacement in microrobotic systems. In this article IPM C-actuators are considered as a console balk, that consist of an ion-
exchange polymer (Nafion 117), which coated on both sides with a conductive metal. The applied electric field is causes mechanical
deformation of the actuator. Opposite, mechanical deformation of the material is causes the measurable electrical signal. In this way
the work of the IPM C-actuator is described by a system of nonlinear equations consisting of the Nernst—Planck equation, the Poisson
equation and the equation of solid mechanics. The first equation describes behavior of ions flow in the ion-exchange polymer. The
second one connects with the applied electric field. And the third equation describes mechanic behavior of IPMC-actuator. These
equations can be solved in complex only using special programs like Comsol Multyphisics. The method of Electromechanical anal-
ogies applied to the description of the IPMC-actuator in this article allows us to present the operation of the tranducer using a set
of systems of linear equations. But this method has limited such as its can use only for systems with small increments of the studied

parameters and have frequency range up to resonance frequency.
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Intorduction

The equations describing objects of various physical
natures have common features. These common features
are used within the systems of various analogues. Mi-
crosystem technologies often use electromechanical
analogues for analysis of complex objects.

Analytical modelling of various objects by the
method of electromechanical analogies allows us to
describe visually the conjugate objects of various phys-
ical natures. The models received by the method of the
electromechanical analogies are widely used in the au-
tomated and adaptive systems, because the given
method allows us to describe interaction of complex
systems of physical objects by means of the linear
equations.

The method of electromechanical analogies is ap-
plicable only for the objects with small increments of
the investigated parameters and on the frequencies of
considerably smaller resonant frequency of a consid-
ered object, but it allows us to analyse the systems with
the distributed and concentrated parameters [1—2].
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Principle of Operation of an IPMC-Actuator

An IPMC actuator is a console beam consisting of
an ion-exchange membrane* with electrodes deposited
on it. The principle of operation of such an actuator
consists in redistribution of the ions in the ion-ex-
change membranes after application of the electric
field. Movement of the ions of one sign in a membrane
under the influence of the external electric field leads to
occurrence of an electroosmotic flow of a liquid from
the anode to the cathode, owing to which a superfluous
pressure of the liquid is created at one of the electrodes.
The difference of pressures on the electrodes leads to a
deformation of the actuator [3—5].

IPMC-actuators are widely used for development of
the propulsion devices for the micro- and minirobot-
technical systems [6]. They allow us to ensure move-
ments and efforts greater, than the electrostatic and pi-
ezoelectric actuators, consume less energy and have

* The term of "ion-exchange membrane” means a membrane
from an ion-exchange material.




higher coefficient of efficiency, than the thermome-
chanical actuators [7, 8].

Electromechanical model

Within the framework of an electromechanical
model an IPMC-actuator should be considered in spe-
cific values. For this purpose we will divide a beam into
sections (fig. 1), so that for each section the inequality
of f; > fis true (the limit of applicability of the method
of electromechanical analogies), where f; — resonant
frequency of the selected site of the beam; f — working
frequency.

It is assumed that the given model has three con-
verters in the system:

1) converter of tension (current) into pressure (vol-
ume flow);

2) converter of pressure (volume flow) into a mo-
ment (turn angle);

3) converter of moment (turn angle) into force
(movement).

The system of equations characterizing operation of
each of the above-enumerated converters in general
looks like the following:

b

4y = kydqy + kydF,

where F|, F, — generalised potentials of the first and
second system, accordingly; g;, g, — generalised pa-
rameters of the first and second systems, accordingly;
k5, ky; — cross conversion coefficients; ky, kp, — own
generalised coefficients.

1. Converter of tension (current)
into pressure (volume flow)

This converter is based on the phenomenon of elec-
troosmosis, and the system of the equations describing
it looks like the following:

{j_ kiE+kijy

where j — current density; £ — electric field intensity;
Jy — specific volume flow; VP — pressure gradient.

For description of the electroosmotic processes in
the considered structure we will assume, that the liquid
containing ions moves in a membrane via the channels
with thickness of 5, then the expression for the current
in the membrane due to the applied pressure in layer dh
(fig. 2) will look like the following:

= é =
1= £cv)

eggb

Us,
)

where ¢ — relative dielectric permeability of a material;
g9 — dielectric constant; b — width of the actuator; U —
control voltage; 3 — speed of the ion flow.

. eggU
Jm
o

Let us introduce a concept of the specific volume
flow, which looks like the following:

. _dv/dt _ dh _
V= =g g

Then it will be possible to present the cross coeffi-
cient of conversion in the following way:

= ﬂ =
dy 4

eegU
kiy .

The pressure difference arising at the electrodes
due to electroosmosis is described by the following ex-
pression:

where E — intensity of the electric field; AU — potential
difference in layer A,.

From this expression it is possible to receive the sec-
ond cross coefficient of conversion:

Let us find the own generalised coefficients. From
the Ohm law in a differential form it follows that

kll = o%,
where o* — effective conductivity (the value character-
izing the conductivity of the material of a membrane

taking into account the ionic flow).
As is known,

where K — filtration coefficient.
Let us convert the last equality in the following way:

I
V _ AP
U
then
_1.h
S

It is obvious that the value of 4/(KJS) is similar to the
resistance, and in this case it corresponds to the hydro-
resistance of the movement of ions in a solution via the
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membrane pores. In a similar way we can put down the
following:

_ 12uh
Rg 52 o

where p — dynamic solution viscosity.
Thus we will get:

1_ 12
K 62'

Then it is possible to present the second own gen-
eralized parameter in the following way:
= QH'
k22 2 .
o
On the basis of the received expressions it is possible
to present a system of equations for the first converter:

. eggU.
J=cE+t—jy
2
8
" .
vp=- 20 g 120
50 8

The "minus" sign in the second equation is due to
different directions of the applied electric field and the
influence in this connection of a counterbalancing gra-
dient of pressure.

2. Pressure converter (volume flow)
during the moment (turn angle)

The system of equations, describing this converter,
looks like the following:

{Ml = oy trpVe

Jy =126 +1VP

where M| — specific moment operating on a unit of the

area; ay = a/l; — turn angle on a unit of the length;

&, — speed of the change of the specific turn angle.
The moment operating on site /; (fig. 3) is described

by the following expression:

dM = PS;h, = VPh bdh,.
For the specific moment per area unit the following
expression will be fair:
am

2
M, = Z2 = pivP.
L bdn, !

Thus, the system of the equations characterising the
second converter can be presented in the following way:

M, = &6 +hVP
Jo ,

iy = —hja, + KV P

where g+ — effective pliability to torsion.
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3. Converter of the moment (turn angle)
into force (movement)

The system of the equations of this converter looks
like the following:

M = 7\2]F+?\.22A0c ’

where Ay — movement; Aa. — change of the turn angle.

The cross and own coefficients are found from the
known equations for a beam jammed from one end. In
this connection for the given converter it is possible to
present the system of the equations in the following
way:

3 2
Ay = LF+ LM
Y~ 3E5, T 2ET,
Ao = —l% F+ g M
* T 2E5, El,

where £ — Young modulus of the beam material; J, —
moment of inertia of the cross section

Let us present the last system of the equations in a
more convenient form. For this purpose we will find
dependence of movement on the angle:

Ay _
—— = tanAa =~ A
11/2 (0} o

or

Ay _h
Ao 2

From the second equation of the last system we will
receive the following equality:

aM __h
dF Ao=0 2

Let us present the last system of the equations for the
third converter in the following way:

/
Ay = OF+ %Aa
I, . EJ
M= -dF+ = Zpq
20

A scheme-analogue for the section with length /; of
IPMC-actuator is presented in fig. 4.

With reference to this scheme the following corre-
lations are fair:

h

R = ;




g — 1 Ebh’.

jo 121,

_ E,bh’h,

8e 2—11,
A

Z,= 221 -,
" e

where g, — torsional rigidity of the electrons.

A full scheme-analogue for the whole of IPMC-ac-
tuator is presented in fig. 5.

During an interface of the beam elements by
lengths /}, 1, ..., [y additional elements appear: R, »—
resistance of the top and bottom electrodes on each
site; R, — unloading resistance connected with occur-
rence of the pressure difference on the border of the
sites, into which the beam is broken; m — full mass of
each site.

Modeling

On the basis of the scheme-analogue presented in
fig. 4 it is possible to construct AFC of an actuator. For
this purpose by rules of transfer of elements through the
converter we will transform the scheme to the kind pre-
sented in fig. 6, where the following assumptions are ac-
cepted: Rm < Rand Rm < rat F= 0.

Then:

e _ 1 2 2.
Cn = ;gNz Ny

m
L*= e .
2220
N3Ny N,
R* =R, /N>
yr o yT/ 1

The results of modelling of AFC and the results of the
experiment are presented in fig. 7. A sample was made by
the technology described in the works [3, 9, 10]. It is a
console beam from Nafion 117 polymer with length of
25 mm, width of 5 mm, and thickness of 200 pum.

Conclusion

An electromechanical model of an IPMC actuator
was constructed by the method of analogies. Within the
framework of the given model the following assumption
concerning the presence in the system of three convert-
ers was formulated:

1) converter of tension (current) into pressure (vol-
ume flow);

2) converter of pressure (volume flow) into a mo-
ment (turn angle);

3) converter of the moment (turn angle) into force
(movement).

For each converter a system of equations is present-
ed, as well as the cross and own conversion coefficients.
On the basis of the systems of equations, a scheme-an-
alogue was constructed. A comparison of the results of
modelling with the results of the experiment was done.

The research was done within the framework of RNF
grant (project Ne 16-19-00107).
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MCKAXEHME MOBEPXHOCTU ®YAAEPEHA TNPU B3AMMOAENCTBUUN

C BOAOPOAOM

Ilocmynuna 6 pedaxyuro 12.11.2018

Ilpedcmasnena memoduka pacuema 63aumooeiicmeus adcopoUpoBaHHbIX AMOMO8 8000p00a ¢ NOBEPXHOCMbI) (hy1epeHOs.
Keanmoeso-mexanuueckumu memodamu HF u DFT (B3LYP) 6 6azucax STO-3G, 6-31G u 6-311G paccmompero g3aumodeticmeue
amomoe 60dopoda ¢ moaexyaou gyanepena. Ilokazarno, ymo UCHOAb30BAHUE COBPEMEHHO20 BbICOKONPOU3B00UMENBHOCO BbIYUCAU-
MenbHO20 KOMNAEKCA NO360AsAem He MOAbKO PACCMAMPUBAMb HAHOCMPYKMYPbL, HO U U3YYAMb MeNCAMOMHbBIE U MEICMONCKYAAD-
Hble 83aumodelicmsus Ha ux nogepxrnocmu. Teopemuueckas mooeab UCKAdNCEHUs MOACKYAbl (hyaiepeHa npu eudpuposanuu 0cem-
Hadyamovio amomamu 6000poda cosnadaem ¢ pe3yabimamami, ROAYYEHHbIMU IKCNEPUMEHMANBHO.

Karoueevie caoea: hyinepen, 6000pod, adcopbyus, mamemamuueckoe modeauposanue, memoo GYHKUUOHANA INeKMPOHHOU

naomuocmu, 6000])00/1(1;1 IHepeemuKka

Beenenune

B HaHO®1EKTpOHUKE W BOMOPOJHON 3HEPreTUKE
00CyX1aeTcss BO3MOXHOCTb MCIIOJIb30BaHUsT yJuie-
PEHOB U YIJIEPOAHBIX HAHOTPYOOK IS CO3MaHMST Op-
FaHUYECKUX TOJYMPOBOJIHUKOB, MUKPOIIPOLIECCOPOB,
(hOTOIMUCCHOHHBIX KaTOIOB U KOHTEHHEPOB IS Xpa-
HeHus Boaopoza. B cBsI3u ¢ 3TUM SIBiIsSIETCS] aKTyaslb-
HBIM HU3Yy4YeHUE B3aMMOIEHCTBUS aTOMOB M MOJEKYII
BoJopoa ¢ ¢ysuiepeHaMy Ha MOJIEKYJISIPHOM YPOBHE.
Ilenbio paboThI OBLIO pacCMOTpPEHME IIpoliecca aacopo-
LIMM BOAOpOJa Ha MoJjeKysae dyepeHa MeToaaMu
KBaHTOBOW MEXaHUKM, a TaKXKe IMPOLIeCCOB TMApUPO-
BaHUS M (TOpPUpPOBaHUST MOJEeKyNIbl (dymiepeHa Co60.
ITonoOHy10 3a7a4y MOXHO ObLIO PELIUTh TOJBKO C UC-
MOJIb30BAHUEM MOIIHON BBIYMCIUTEIBHON TEXHUKU.
BriOpaHHBIe B KauecTBe 00BEKTOB UCCAEA0BaHNS TTPO-
U3BOJIHBIE MOJIEKYJIBI (pymiepeHoB C60 MHTEPECHBI C
TOYKM 3PEHUS UX UCIIOIb30BAHUSI B IOCTPOEHUU HAHO-
CTPYKTYp, ONTUYECKNX MaTepHaIOB, KaTaJln3aTOPOB,
a TaKXe B BOJAOPOJHON SHEPreTUKe B KaUeCTBE aKKy-
MYJISITOPOB BOAOPO/A.

Dyanepersr — 3TO HOBasl AJIOTpOITTHAs hopMa yr-
Jieponia, OTIIMYHAsl OT U3BECTHBIX paHee rpaduTa v aj-
Ma3za. Haubosee pacnpocTpaHeHHbIM cpeau (ysiepe-
HOB siBiisieTcst pyaepeH C60, KOTOPHIN TTPeaCTaBIIsIeT

c000i1 MosieKyIry 13 60 aTOMOB yIiIepoaa, 00pa3yroIIX
3aMKHYTYI0 C(epUYECKYI0 MOBEPXHOCTb, COCTABIICH-
HYIO U3 TIPABUJIBHBIX LIECTU- U MSATUYTOJBHUKOB, YTO
SIBIISIETCS MOJIEKYJISIPHBIM aHAJOTOM €BPOIEHCKOro
¢yrooapHOro Mstya. C YHMKAJIBHOCTBIO CTPOEHUST (PyII-
JIEPEHOB CBSI3aHBl U UX YHUKAJIbHBIE (PU3NYECKUE U
XMMUYeCcKUe cBoiicTna [1, 2].

Moaekyna ¢ynnepena C60

Bbuin BBIIOTHEHBI pacyeThbl MOJIEKYJIbI (yJiepe-
Ha C60 B pa3mMuHBIX 0a3ncax W PasIUIHBIMA METO-
Jamu. Pacuetsl mpoBoawinch 1o nporpamme Gaussian
[3] meropamu RHF u B3LYP [4] B 6a3ucax STO-3G,
6-31G, 6-311G [5]. B pesynbrate OBLIM ITOJyYEHBI
cjenymoliye 3Ha4YeHUs] MOJHOM SHEPrud U MexKaToM-
HBIX PaCCTOSTHUM, TIpeACcTaBJIeHHBIC B Ta0O. 1.

HMHTepecHO cpaBHUTH pacdeT MOJIEKYIT GyiiepeHa
MeTonoM Xaptpu — Doka B MUHMUMAJILHOM Oasuce
STO-3G, B pacimpeHHoM Gasuce 6-311G u pacuer Mo-
JeKynsl GyiepeHa MmerogoM B3LYP B MunumanbHOM
6asuce STO-3G, B ontuMmaabHoM 6asuce 6-31G u B
pacimupeHHoM 0a3uce 6-311G. CpaBHUBATh MOJTHbBIE
SHEPIruM, MOJYYeHHBIC Pa3IMYHBIMU METOIAMU, MBI
HE MOXEM, a BOT CPaBHUTh MEKAaTOMHBIC PACCTOSTHUSI
BIIOJIHE MO3BoJINTeNbHO. M3 TipuBeneHHOM Taba. 1 Bua-

Tabauua 1
Table 1

3navenus noaHoi snepruu E; (., (a.e.) H MeXaTOMHbIE paccTOAHMA R (A) B Qymnepene

Values of the total energy E,

ota

; (a.e.) and interatomic distances R (4) in fullerene

Merton/6a3uc DKcrnepuMeHT [6]
Method)/basis RHF/STO-3G | RHF/6-311G | B3LYP/STO-3G | B3LYP/6-31G | B3LYP/6-311G Experiment [6]

Eiotal —2244.2212447 | —2271.3377424 | —2258.2205573 | —2285.588806 | —2285.9944626

R (B miecturpaHHuKe) 1.376 1.373 1.412 1.397 1.394 1.40

R (in hexahedron)

B MSITUTPAHHUKE . . . . . .
R( ) 1.463 1.451 1.478 1.460 1.459 1.46
R (in pentahedron)
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HO, UTO C yBeJIMYeHHeM Oasuca Io-
JlydeHbl 0oJiee TOYHBIE PE3yJIbTaThl.
INonmHoe 3HaYeHNe PHEPTUM TTOHIIKA-
etcst B Metoae B3LYP ¢ ysennueHuem
pa3MepHOCTU 0a3UCHBIX (PYHKITUIA.
3HaueHus1 dHEPruM, pacCuMTaH-
Hble B 6asncax STO-3G u 6-31G kak
meronoMm RHF, Tak u Mertomom
B3LYP, cunbHO paznnyaroTcs 1o ad-
COJIIOTHOM BeIMYMHE. ODTOT (aKT
JIMIITHUM pa3 CBUAETEIbCTBYET O TOM,
4yTO Mcrojb3oBaHue 6a3zuca STO-3G
BO3MOXHO TOJIbKO B KayecTBE Olle-
HOYHBIX (TIOATOHOYHBIX) PACUETOB.
OO0 ynydllleHuUd pe3yibTaTOB C YBeE-
JIMYeHHeM pa3Mepa Oasuca cBuUe-
TEJBCTBYIOT M MEXaTOMHBIE PacCTO-
SIHUST, BBIYMCIIEHHBIE JUIS1 MOJIEKYJIbI (pyjiepeHa B pas-
JIMYHBIX Oa3zucax. B 1meaoM, MOXHO OTMETUTh, 4YTO
Merog B3LYP nydine mnepemaer reoMeTpUYecKylO
CTPYKTYpy MoJjekyiabl. Mcxonss M3 MoJydeHHBIX pe-
3yJAbTaTOB, ISl JajJbHEUIIMX MCCIeNOBaHUI ObLIM
npuMmeHeHsl MeTox B3LYP u 6asuc 6-31G.

MoJieKyabl THIPUPOBAHHOTO U ()TOPUPOBAHHOTO
¢dynnepena C60

B nmutepatype n3BeCTHBI MHTEPECHBIE SKCITEPUMEH-
TaJIbHBIC TaHHBIC [6], TOBOPSIIIIIE O TOM, UTO MpH (PTO-
PUPOBAHUN MOJIEKYITHI yUIepeHa TTPONCXOIUT XUMU-
Yyeckoe B3aMOJEHCTBUE ¢ aTOMaMu (Topa, B pe3yJib-
TaTe 4Yero MCcKaxaercsl CTpykKTypa dymiepeHa C60.
IIpucoenunenue 18 aToMoB (pTopa B BEepxHEil MOy~
cepe dynnepeHa MPUBOIUT K €€ YIUIOUIEHUIO, B TO
BpeMsI KakK BTopasl mojycdepa He3HAUUTEIbHO BBITH-
baetcs. I[IpumepHO Takas ke KapTWHa HaOJromaeTCs
npu ruapupoBanuu ¢ysuiepera C60 18 atomamu Bo-
nopona. HaGmiomaemble a3(pdexThl MoATBEpPKAAIOTCS
SKCIIEPUMEHTATEHO METOIaMU SIIEPHOTO MAarHUTHOTO
pe3oHaHca (AAMP), nHdpakpacHO CIIEKTPOCKOIUU
(MK), crieKTpocKonuu KOMOMHALIMOHHOTO pacCesTHUS
ceera (KP), a Takxke peHTTeHOCTPYKTYPHBIM aHalu-
30M KpUCTaIMUecKuii ¢a3bl GTOpUPOBaHHBIX (yJlIe-
peHOB. BBIIO MHTEpEeCHO MPOBEPUTH, TTOATBEPKIAIOTCS
WA HET 9KCIIEPUMEHTAIbHbIE JAHHbIE TEOPETUYECKU-
MM pacuyeTaMd. B cBsI3u ¢ 3TUM OBITN BEITIOTHEHBI pac-
YeThl TUAPUPOBAHHON U (PTOPUPOBAHHON MOJIEKYJIbI
C60 18 aromamMu Bogopoaa U (pTopa COOTBETCTBEHHO.

IIpu ruppupoBaHuu QyjiepeHa ucKaxaercs yrie-
POAHBIN cKelleT (ysuiepeHa, obOpasys YIUIOILIEHHYIO
¢opmy. IIpu saTom Hekotopsie cBsI3u C—C yBenuuu-
Baiorcd ot 1,46 no 1,65 A u ymensbiiatoresa ot 1,40 o
1,38 A. IIpucoenHEHHbBIE ATOMBI BOLOPOIA HAXOLAT-
cs Ha paccrosgHuu 1,1 A, 94To TMUMMYHO IIS CBA3EH
C—H. [Insa HarnggHocTy Ha puc. 1. moka3aHo MCKa-
JKeHUEe YIJIEPOMHOro cKejeTa Mpu TMAPUPOBAHUU IO
CpaBHEHUIO C 4YMCTOil MoJjiekynoil ¢ymnepena C60.
ITpu KOMNBIOTEPHOM MOACIMPOBAHUU (PTOPUPOBAHUSI
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Puc. 1. Monekyaa dyinepena (a) 4 ucKaxkeHue ee CTPYKTYpPbl (b) mpu ruipupoBaHUM
Fig. 1. Molecule of fullerene (a) and distortion of its structure (b) during hydrogenation

MOJIeKyNbl (yjiepeHa HaOarogaeTcs OoJiee CIOXHasI
KapTMHA, a UMEHHO YIJIEPOIHEINM CKeJieT (ysuiepeHa
HMCKaXaeTcsl aHAJIOTMYHBIM 00pa3oM, cBsi3u C—C yBe-
mmyuBaiored 10 1,68 A u ymenbmatores o 1,38 A, Ho
3HAUCHUSI MeXaTOMHBIX paccrossHuii C—F 0onee pas-
OpocaHbl 1 cocTaBiAaloT or 1,4 no 1,44 A.

CnenoBaTebHO, TEOPETUUYECKU TTOATBEPXKIEH Ha-
OogaeMblil B akcniepuMeHTe 3¢ ¢GeKT UCKaKEeHUS yT-
JIEpOAHOrO cKejeTa (yiepeHa IMpU ero TuApupoBa-
HUM WU (PTOPUPOBAHUM.

Ancopouusa Bogoponaa Ha dyiepene C60

Hanee ObUla paccMOTpeHa MoOAedb Ipolecca ai-
copbuuu Bomopozaa Ha ¢pymieperne C60. MBI paccMOT-
peliu 1Ba BapraHTa MoJesu aacopoLuu. B nepBoM Ba-
pHMaHTe YacTh aTOMOB BOAOPOIA HaXOOMJIACh BHYTPHU
MOJIEKYJbI ¢yJuIepeHa, a 4yacTb — CHapyxu. Bo BTo-
pPOM BapuaHTE BCE aTOMbI BOAOPOAA HaXOAUIUCh CHA-
PYXM Ha TOBEPXHOCTU MOJEKYNBl (ymiepeHa. [1pu-
YyeM B TOUYKE HayaJbHOIO MPUOJMKEHUS Mbl B TOM U
JIPYTOM CJIydae 3aJaBajld aTOMbI BOIOPOJA, CBI3aHHEIC
C TeMU Xe yIIepOAHBIMU aTOMaMM, YTO W IpPU pac-
cMmotpennu tunpodyuiepeHa C60H18. B pesyibrate
MPOBEACHHBIX PACUYETOB C ONTUMM3AIIMENH TeOMETPUU
MOJIEKYJISIPHBIX CTPYKTYP TIOJIYIeHBI CIIEAYIOIINe, He-
TPUBUAIBHBIC PE3YJIBTATHI.

B nepBom BapuaHTe Haubojee BHITOAHON OKasa-
Jlach CTPYKTYpa C IIeCThI0 aTOMaM1 BOIOPOAA, HAXO-
OSIIMMUCS BHYTpU, U 12 aToMaMu — CHapyXud MoO-
JieKyabl ¢ymiepeHa. MckaxkeHUe CTPYKTYpbl MTPOMC-
XOIUT CJEIYIOIIUM 00pa3oM: Te aTOMBbI yrjiepoaa, K
KOTOPBIM TIPUCOEIMHEHBI aTOMBI BOIOPOAa, HaXOIs -
wuecs BHyTpu ¢ysuiepeHa C60, BrubaroTcss BHYTPb
(ynnepeHa, a ocTajibHble MPAKTUYECKU HE MEHSIOT
coero nonoxeHus. Ilpu atom cBsizu C—H ancopou-
POBAaHHOTrO BOIOpO/AA paBHbI 1,1 A, yriepomHblii cke-
JIET B LIeJIOM CYLIECTBEHHO He McKaxaeTcsl (puc. 2).

Bo BTOpoM BapuaHTe Mpu aacopOLMM BOAOPOIA
CHapyXu Ha TOBEpXHOCTU GyJIepeHa IPOUCXOIUT
JIOCTAaTOYHO CJIOXKHBIMA MPOLECC.
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Puc. 2. Ancopoumus aromoB Boxopona Ha ¢ysiepese C60
Fig. 2. Adsorption of hydrogen atoms on fullerene C60

C0

Puc. 3. Ancop0imsi aToOMOB M MOJIEKYJI Bojopona Ha ¢ymiepene C60
Fig. 3. Adsorption of atoms and molecules of hydrogen on fullerene C60

OnTuMu3auusi reoMeTpum MoJOOHONM CTPYKTYPhI C
YU4eTOM KBAHTOBBIX 3(P(PEeKTOB Kak B aTOM-aTOMHBbIX,
TaK Y B MEXKMOJIEKYJISIPHBIX [7] B3aMMOIEICTBUSIX ITOT-
peboBasio OOJNBIIMX 3aTpaT MAallMHHOIO BpEMEHU Ha
BBICOKOITPOU3BOIUTEIbHOM BbIUMCIUTETLHOM KOMII-
JIeKkce. BB mosydeH ciemymolii pe3yabTaT: 1IecTb
aTOMOB BOJIOPOJa CBSI3bIBAIOTCS CUJIbHON XMMUYECKOM
CBS3BIO C MEXAaTOMHBIM paccrossHueMm 1,1 A, a oc-

TaJbHBIE aTOMBI BOJOPOA OTTATKUBAIOTCS OT ITOBEPX-
HOCTH dyjutepeHa, 00pa3ysl MOJIEKYJIbl BOIOPOAA, KO-
TOpBIE HAXOAATCS Ha paccrosinuu 3,24...4,02 A. Takum
00pa3oM, MOXXHO CUMTaTh, YTO B JAHHOM cllyyae Ha
TMOBEPXHOCTU aACOPOUPYIOTCSI MOJIEKYJIbl BOIOPOAA

(puc. 3).

OO0cyxeHne U CpaBHEHHE Pe3yJbTATOB pacyera

Kak BugHO u3 Taba. 2 HaubGojee BBITOJHON II0
SHEPrum SIBJISETCS CTPYKTypa TMAPUPOBAHHOTO (y-
JIepeHa, CUJIbHO WCKaXarollasd YIJIEPOAHBIA CKEJeT.
Ha BTopoM MecTe oka3biBaeTcss Moaeib I — cTpykTypa
C aToMaMM BOJOPOJa, aicOpOMPOBAHHBIMU BHYTPU U
CHapyXu (ysuiepeHa, KOTOpble 00pa3yloT C yrjiepo-
HBIM CKEJIETOM MPOYHbIE, MPAKTUYECKU XUMUYECKHUE
cBsI3u. 1 HauMeHee BBITOAHOM, HO BCe-TaKu JOCTa-
TOYHO OJIU3KOW MO 3HAYEHUIO IHEPTUHU, SIBISIETCS MO-
Jgenb I — KomrekcHasi MeXMOJIEKYJISIpHasT MOJEesb
agcopouuu. Bo3MoXHO, MpU ONpeaeaeHHbIX YCIOBU-
sIX, HATIPUMED, MO/ TaBJICHUEM, O] BIUSHUEM KPUC-
TaJJIMYECKOTo TOJs U T. M., aacopOoLusl MOJIEKYa BO-
nopona (mMogenb II) MoxkeT cTaTh elle Goyee sHepre-
TUYECKU BBITOHOM.

HMHTEepecHO COMOCTaBUThL paclpenesieHue 3apsiioB
B TMAPUPOBAHHON U (DTOPUPOBAHHOI MOJIeKyaax (yJi-
JiepeHa. [TockoJibKy aToMbl BOJOPOJA 3apsiKEHBI TO-
JIOKUTEJIbHO, a aTOMbl (DTOpa HECYT 3aMETHBIN OTpHU-
LIaTeJIbHBIN 3apsl, nepepacnpeneeHue 3JeKTPOHHOM
TUIOTHOCTHU HAa YIJIEPOMHOM cKejieTe (yiepeHa Tak-
K€ MPOVCXOAUT MPUHLIMITUAIBHO Pa3IMyHbIM 00pa3oM.
B paccMOTpeHHBIX MOJENsIX MPOLIECCOB aacoOpOLMU
aToMbl Bojgopoaa B Moaeu I Bce 3apsKeHbl TTOJI0XKM -
TeJbHO, a B Moaenu Il mpakTtruecku Bce oTpuaTeNb-
Hele. Bo Bcex ciaydasx apdekTuBHbBIE 3apsiabl HA aTo-
Max BbIYMCJIEHB 0 Majuiukeny [8].

Crnenyer OTMETWUTb, UYTO WCIIOJIb30BaHWE Tapa-
JISIBHOTO peXXMMa BBIUMCICHUIN CYILIECTBEHHO YCKO-
psieT peiuieHue 3amady. OCOOEHHO 3TO aKTyaJlbHO MJIst
mognenu II, B KoTopoil oNTUMU3UPYETCSI TEOMETPUS HE
TOJBKO XMMUYECKUX, HO U MEXMOJIEKYISIPHBIX TUTIOB
B3aUMOJENCTBUIA.

3aKkmoueHne

AHanu3 TpoBeJeHHOU paboThl IMOKAa3bIBAET, 4YTO
HCTIOJIb30BaHME METONOB (bYHKIIMOHAIA DJIEKTPOHHOM
TJIOTHOCTHU XOPOLIO NepeaeT MeXaTOMHbIE U MEXMO-

Tabauua 2
Table 2
Ioanas sneprus E, ., (a.e.) pacCCMOTPEHHBIX CHCTEM
The total energy E, ), (a.e.) of the considered systems
C60F18 C60H18 C60H18 C60H18
Cucrema 60 dTopupoBanue TunpupoBanue | AxcopOuust Bomopoaa monenb | | Axcopbuust Bomopona momensb 11
System C60F18 C60H18 C60H18 C60H18
Sfluoridation hydrogenation Adsorption of hydrogen model I | Adsorption of hydrogen model 11
Meron B3LYP/6-31G| B3LYP/6-31G B3LYP/6-31G B3LYP/6-31G B3LYP/6-31G
Method
Eotal> 2-€. —2285.588806 —4082.24484 —2296.5292506 —2296.2353015 —2296.1865047

100

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 21, Ne 2, 2019




JIEKyJISIpHbIE B3aUMOeiicTBUS B cucTteMe. Pacuer B3a-
MMOJIEICTBUS OTHOI MOJIeKY/Ibl PyuiepeHa ¢ 18 aro-
MaMM BOIOpOAA WiIM (PTOpa CBUIAETEILCTBYET O TOM,
YTO TeOopeTHYecKash MOJeb MPaBUJIBHO TepenaeT Ha-
GromaeMoe SKCIIepUMEHTATOpaMM HMCKaXeHWe YTiie-
POIHOIO CKejleTa MOJIEKYJbl (pyiepeHa. BeruucieH-
HBbIE TCOPETUYECKN KoJieOaTeTbHbIE YACTOTHI MOXKHO
COMOCTABJIATL C DKCIIEPUMEHTOM [JI PA3HBIX MOJE-
JIeil, yTOUHsIsI OTHECEHUEe YacTOT B CIIEKTpax.

BelunciieHns1 Ha BBICOKOIIPOU3BOIUTEILHOM BBI-
YUCIUTEIBHOM KOMILJIEKCE C MCIOJAb30BaHUEM B Ma-
paJUIeTbHOM peXrMe HECKOJIBKHX ITPOIIECCOPOB OTHO-
BPEMEHHO JIeJIaeT MOoJ00HbIe TPYAOEMKHE pacueThl pe-
aJIbHBIMU Ha CETOJHSIIIHUN eHb.
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The paper presents a method for calculating the interaction of adsorbed hydrogen atoms with the surface of fullerenes. The in-
teraction of hydrogen atoms with a fullerene molecule was considered using the quantum mechanical methods HF and DFT (B3LYP)
in the bases STO-3G, 6-31G and 6-311G. It is shown that using modern high-performance computing complex allows not only to
consider the nanostructures, but also to study the interatomic and intermolecular interactions on their surface. The theoretical model
of deformation the fullerene molecule by hydrogenation with eighteen hydrogen atoms coincides with the results obtained experi-
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Introduction

In nanoelectronics and hydrogen energetics, the
possibility of using fullerenes and carbon nanotubes to
create organic semiconductors, microprocessors, pho-
toemission cathodes, and hydrogen storage containers
is discussed. So it is important to study the interaction
of atoms and hydrogen molecules with fullerenes at the
molecular level. The aim of this work was to consider
the process of hydrogen adsorption on a fullerene mol-
ecule using quantum mechanical methods, as well as
hydrogenation and fluorination of the fullerene C60

molecule. This task could be solved only with the use
of powerful computing technology. The derivatives of
fullerenes C60 are interesting from the point of view of
their use in the construction of nanostructures, optical
materials, catalysts, and also in hydrogen energetics as
hydrogen accumulators.

The fullerenes are new allotropic form of carbon,
different from the well-known graphite and diamond.
The most common among fullerenes is fullerene C60,
which is a molecule of 60 carbon atoms, forming a
closed spherical surface composed of regular hexagons
and pentagons, which is a molecular analogue of a foot-
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ball ball. Their unique physical and chemical properties
are also associated with the uniqueness of the structure
of fullerenes [1, 2].

C60 fullerene molecule

Calculations were made for the fullerene C60 mol-
ecule in various bases and by various methods. The cal-
culations were carried out using the Gaussian [3] pro-
gram using the RHF and B3LYP methods [4] in the
STO-3G, 6-31G, 6-311G bases [5]. As a result, values
of the total energy and interatomic distances are pre-
sented in table 1.

It was interesting to compare the calculation of
fullerene molecules by the Hartree-Fock method in the
STO-3G minimum basis, in the 6-311G extended basis
and the B3LYP calculation of the fullerene molecule in
the STO-3G minimum basis, in the 6-311G optimal
basis. We cannot compare the total energies obtained
by different methods, but it is quite possible to compare
the interatomic distances. The tab. 1 shows that with an
increase in the basis, more accurate results are ob-
tained. The total energy value decreases in the B3LYP
method with increasing in dimension of the basis func-
tions.

The energy values calculated in the STO-3G and
6-31G bases by both the RHF method and the B3LYP
method differ greatly in absolute value. This fact indi-
cates once again that the use of the STO-3G basis is
possible only as an estimate (adjustable) calculation.
The improvement of the results with an increase in the
size of the basis is also indicated by the interatomic dis-
tances calculated for the fullerene molecule in various
bases. In general, it can be noted that the B3LYP meth-
od better conveys the geometric structure of the mole-
cule. Based on the obtained results, the B3LYP method
and the 6-31G basis were applied for further research.

Molecules of hydrogenated and fluorinated
C60 fullerene

Experimental data are known in the literature [6],
suggesting that when fluorinating a fullerene molecule,
chemical interaction with fluorine atoms occurs, as a
result of which the structure of fullerene C60 is distort-
ed. The addition of 18 fluorine atoms in the upper hem-
isphere of fullerene leads to its flattening, while the sec-
ond hemisphere is slightly curved. Approximately the
same picture is observed when hydrogenating fullerene
C60 with 18 hydrogen atoms. The observed effects are
confirmed experimentally by nuclear magnetic reso-
nance (NMR), infrared spectroscopy (IR), Raman
spectroscopy, and X-ray structural analysis of the crys-
talline phase of fluorinated fullerenes. It was interesting
to check whether the experimental data are confirmed
by theoretical calculations. In this connection, calcu-
lations of the hydrogenated and fluorinated C60 mol-
ecule by 18 hydrogen and fluorine atoms, respectively,
were performed.
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The hydrogenation of fullerene distorts the carbon
skeleton of fullerene, forming a flattened shape. At the
same time, some C — C bonds increase from 1.46 to
1.65 A and decrease from 1.40 to 1.38 A. The attached
hydrogen atoms are at a distance of 1.1 A, which is typ-
ical of C—H bonds. For clarity fig. 1. shows the carbon
skeleton distortion when hydrogenated as compared to
the pure fullerene C60 molecule. In computer simula-
tions of fluoridation of the fullerene molecule, a more
complex picture is observed, namely, the carbon skel-
eton of the fullerene is distorted in a similar way, the
C—C bonds increase to 1.68 A and decrease to 1.38 A,
but the C — F interatomic distances are more scattered
and range from 1.4 to 1.44 A.

Therefore, the experimentally observed distortion
effect of the carbon skeleton of fullerene during its hy-
drogenation or fluorination was theoretically con-
firmed.

Hydrogen adsorption on C60 fullerene

Next, a model of the process of hydrogen adsorption
on C60 fullerene was considered. We considered two
variants of the adsorption model. In the first variant, a
part of the hydrogen atoms was inside the fullerene
molecule, and a part was outside. In the second version,
all the hydrogen atoms were outside on the surface of
the fullerene molecule. And at the point of initial ap-
proximation, in either case, we set hydrogen atoms as-
sociated with the same carbon atoms as when consid-
ering hydrofullerene C60H18. As a result of the calcu-
lations performed with the optimization of the geome-
try of molecular structures, the following non-trivial
results were obtained.

In the first variant, the structure with 6 hydrogen at-
oms inside and 12 atoms outside the fullerene molecule
turned out to be the most advantageous. The distortion
of the structure occurs as follows: those carbon atoms
to which hydrogen atoms are attached that are inside
the C60 fullerene, are bent into the inside of the fuller-
ene, and the rest practically do not change their posi-
tion. In this case, the C—H bonds of adsorbed hydro-
gen are 1.1 A, the carbon skeleton as a whole is not sig-
nificantly distorted (fig. 2).

In the second variant, the adsorption of hydrogen
from outside on the fullerene surface takes place in a
rather complicated process.

Optimization of the geometry of a similar structure
with allowance for quantum effects in both atomic-
atomic and intermolecular [7] interactions required a
lot of computer time on a high-performance computing
system. The following result was obtained: six hydrogen
atoms are bound by a strong chemical bond with an in-
teratomic distance of 1.1 A, and the remaining hydro-
gen atoms repel each other from the fullerene surface,
forming hydrogen molecules that are at a distance of
3.24...4.02 A. Thus, we can assume that in this case hy-
drogen molecules are adsorbed on the surface (fig. 3).




Discussion and comparison of the calculation results

As can be seen from the table 2, the most favorable
in energy is the structure of hydrogenated fullerene,
which strongly distorts the carbon skeleton. In the sec-
ond place is the model I — a structure with hydrogen
atoms adsorbed inside and outside the fullerene, which
form strong, almost chemical bonds with the carbon
skeleton. And the least profitable, but still quite close in
energy value, is model 11, a complex intermolecular ad-
sorption model. Perhaps, under certain conditions, for
example, under pressure, under the influence of a crys-
tal field, etc., the adsorption of hydrogen molecules
(model IT) may become even more energetically favo-
rable.

It is interesting to compare the charge distribution in
hydrogenated and fluorinated fullerene molecules.
Since hydrogen atoms are positively charged, and flu-
orine atoms carry a noticeable negative charge, the re-
distribution of electron density on the carbon skeleton
of fullerene also occurs in fundamentally different ways.
In the considered models of adsorption processes, the
hydrogen atoms in model I are all positively charged,
and in model II, almost all are negative. In all cases, the
effective charges on the atoms are calculated according
to Mulliken [8].

It should be noted that the use of parallel computing
mode significantly speeds up the solution of problems.
This is especially true for model II, in which the ge-
ometry of not only chemical but also intermolecular
types of interactions are optimized.

Conclusion

An analysis of the performed work shows that the
use of electron density functional methods well conveys

interatomic and intermolecular interactions in the sys-
tem. The calculation of the interaction of one fullerene
molecule with 18 hydrogen or fluorine atoms suggests
that the theoretical model correctly conveys the distor-
tion of the carbon skeleton of the fullerene molecule
observed by experimenters. The theoretically calculated
vibrational frequencies can be compared with the ex-
periment for different models, clarifying the assignment
of frequencies in the spectra.

Calculations on a high-performance computing
complex using several processors in parallel mode si-
multaneously makes such laborious calculations real.
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ANHEAPU3OBAHHASA TPEXTIAPAMETPUYECKASA PETPECCMOHHAS MOAEADb
AASl CUTHAAA TTIOAEBOM SAEKTPOHHOM SMUCCHUN

Ilocmynuna é pedaxyuro 12.11.2018

Memodamu mamemamuuecko2o MoOeAUPOBAHUA UCCA08AHA MPEXNAPAMEMPUYECKAsi MOOeAb CUSHAAA NOAEGOU INeKMPOHHOU
omuccuu. OcHoBHOe 6HUMAHUE YOeAeHO WUPUHEe 008ePUMENbHbIX UHMEPEAn08, NOAYHEeHHbIX NPU NOCMPOCHUU AUHEApU308aHHOU
pezpeccuortol modeau. Ilokazarno, umo HeboAbULOE HUCAO MOUEK HAOAOO0eHUs (3HAYeHUI (hakmopa) Modcem 0amb WUpoKUe 2pa-
HUYbl 008epUMenbHbIX 00aacmell npu GnoaHe A0eK8amHol Mmo4euHol oyeHKe.

Karoueeuvie caosa: nonesas INEKMPOHHAA IMUCCUA, 601bM-AMNEPHAA XapaKmepucmuKka, peepeccuOHHthZ anaaus, Memoo Hau-

MeHbuux Iceaapamoe, 008€pum€ﬂbele UHmepeansvl
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BBenenune

OnHUM U3 METOJOB aHajlr3a CBOMCTB MaTepUaJoOB
SIBJISIETCSI UX U3YyUYEeHME B DJIEKTPOHHOM IIPOEKTODE.
Pabora npaHHOro ycTpoiicTBa OCHOBaHa Ha MOJIEBOM
3JIEKTPOHHOU 3Muccuu. Teopus siBieHMs1 ObLia pas-
paborana ®aynepom u Hopareiimom [1, 2]. B ee oc-
HOBe JiexXaJl KBAaHTOBO-MEXaHWYECKUI TYHHEJbHbIN
a¢ppekt. CornacHo TaKUM MpeACTaBICHUSIM ITOTEHILIM-
aJIbHBIN TOPOT Ha rpaHMIle TBEPAOro Teja, MPensTCT-
BYIOIINI CBOOOIHOMY BBIXOMY 3JIEKTPOHOB 32 MPEIeIbI
BeILeCTBA, MPU MPWIOKEHUU BHEUIHErO 3JIeKTpUYEC-
KOTO TTOJIS TIpeBpallaeTcs B MOTEHIIMATLHEIN Gapbep.
JlaHHBII OGapbep 3JEKTPOHBI YK€ CIIOCOOHBI IMIPEOa0-
JIeTh 3a cueT TyHHeabHoro addexkra. Ytoodnl addexT
cTaj CyLIEeCTBEHHO 3aMeTeH, HeOOXOIMMBI TOJIsI C Ha-
MPSDKEHHOCTBIO TTOPSIIKa 10° V/m. YKazaHHbIe 3Haue-
HHUS IOCTUTAIOTCS Ojaromgapsl MPUIaHUI0 SMHUTTEpaM
¢dopMbl TOHKOTO ocTpus [3, 4].

Karoapl, ¢hyHKIIMOHUpPYIOLIME B peXUMeE TOJIEBOK
9JIEKTPOHHOI 3MMCCUM, OO0JaJal0T PSIAOM TpPEeUMy-
wectB. [Ipexae Bcero, HalO OTMETUTh MPAKTUYECKU
0Oe3bIHEPLIMOHHBINM OTKJIMK CHUIHajla (MHTEHCHUBHOCTU
IMOTOKA 3apsiI0B) Ha U3MEHEHHWE OCHOBHOTO YITpaBJIsi-
ouero akropa — MNPUIOXKEHHOrO HampskeHus V.
DHepreTUyecKue CIEeKTPbl SMUTTEPOB OKa3bIBAIOTCS
HACTOJIbKO Y3KMMM, YTO TOCJIEIHNE MOTYT OBITH MC-
MOJIb30BaHbl KAK MOHOXPOMAaTUYE€CKUE TOYEUHbIE MC-
TOYHUKHU, B YACTHOCTHU [IJI1 paOOTHI 3JIEKTPOHHOTO TO-
norpaga [5]. Takke K IONOXUTEIbHBIM MOMEHTaM
clieflyeT OTHECTH BBICOKYIO TUIOTHOCTb TOKA.

Ecau roBopuTh 0 HegoCTaTKax, TO OHU TaKKe Mpu-
CYyTCTBYIOT. OQMHOYHBIC TOJIEBble UCTOYHMKU JalOT
MaJjblii MHTerpajibHbld ToK I. Ha I cuiibHOE BAMSTHUE
OKa3bIBaeT TaKXKe COCTOSIHME MOBEPXHOCTU KaToaa U
€€ OCHOBHas XxapaKTepuCTHUKa — paboTa BbIXO/A dJIeK-
TpoHa. B cBsi3u ¢ 3TUM (pyHKUMOHMpPOBaHUE TPUOO-
pPOB Ha OCHOBE TIOJIEBBIX SMUTTEPOB MOJLKHO TIPOMC-
XOIMTh B YCJIOBUSIX BBICOKOIO BaKyyMma [6], 4Tro He
Bceraa yao0Ho.

B Hacrosiiiee BpeMst ponosKaeTcsl MHHTEHCUBHBIMA
MOUCK HOBBIX UCTOUHMKOB, CITOCOOHBIX pabOTaTh yXKe
B YCJIOBUSIX TEXHUUYECKOro Bakyyma. [lepcrieKTHBHBI-
MU CUMTAIOTCS, HaIpuMep, 0O0pa3ilbl HA OCHOBE Kap-
6upga KpemHus [7] uau yriiepogHbIXx Matepuanosn [8].
HMHuTerpanbHblii TOK yAaeTcsl TMOBBICUThH MYTEM OO0b-
eIUHEeHMST KaTOAOB B MaTpUUbl [7, 9] win co3maHus
HEPETyJSIpHbIX CTPYKTYp [4], re 3MUCCHOHHBIMU
LIEHTPAMU SBIISIIOTCS] HAHOPAa3MEPHBIE BBICTYITHI U 11Ie-
poxoBaTocTU. BcTaeT 3aKOHHBIN BONPOC O NMPUMEHU-
Moctu Teopun Paynepa— Hopareitma K HOBbIM 00pa3-
naM. Benb mepBUYHBINM 3aKOH OBLI BBIBEAEH TOJBKO
JUJIS TJTOCKOTO cydyasl U MCKIIIOUMTEIbHO JIsl MeTall-
noB. M3HavyanbHOE paccMoTpeHue ¢GOopMbI KaToaa Kak
OCTPUMAHON NPUBOAUIO UCCIIEA0BATENEN K HECKOJIBKO
WHON 3aBUCHUMOCTHM CUJIBI TOKa OT HampspkeHus [10].
bonee Toro, 3BoIOLIMST HEPETYJISIPHBIX TOBEPXHOCTEM
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MMO3BOJISIET TIPEAIIOJI0XHUTh, YTO B TOKOOTOOP BHOCST
BKJIaJ WM MeXaHU3MBbI B3pbIBHO# smuccuu [11]. Koc-
BEHHBIM ITOATBEPXKIEHUEM 3TOIO MOXET CIIYXKUTh BU/L
BHEPreTUYECKUX CIIEKTPOB 3JE€KTPOHOB — OHU CTaHO-
BSTCS TOPa3no LIUpE.

Tem He MeHee pe3yJbTaThbl IO M3MEPEHUIO CHUJIBI
TOKa B 3aBUCUMOCTH OT HAMNpPSDKEHUSI YacTO YKJIaIbl-
BalOTCI B HEKOTOpHIe paMKu Teopun Paynepa—Hopa-
reiima. Eciun pyHkuuio

I= AVzexp[f%ﬂ , (1)

rae A B MOXHO CYMTATh TOCTOSTHHBIMU BeJTMYMHAMU
JUTST KOHKPETHOTO KaToJa, MOCTPOUTh B KOOpAMHATAX
/v, 1gl/ Vz), TO OHa OyIeT NpeiacTaBIsATL COOO
npsiMyto JuHU. OTKJIOHEHUS OT NaHHOW MpsMOii B
00J1aCTU BBICOKMX HAMPSIKEHUI OOBSICHSIIOT OrpaHu-
YyeHHUEeM TOKOOTOOpa OOBEMHBIM 3apsiIOM B MEXAJIEK-
TpomxHoM npocTpaHcTBe [12, 13]. JIoOble MHBIE OTKIIO-
HEHMST MMPaKTUYECKU HE aHAIM3UPYIOT, a CTaTUCTH-
YyecKre METOAbl aHaJM3a TOMNpPOCTy He IPUBIIEKAIOT.
DTO BBIVISIAUT CTPaHHBIM BBUIY TOTO, YTO MO Mapa-
MeTpaM A U B ctapaloTrcst cynuTh O 3HaY€HUU PabOThI
BbIXO/Ia, T€OMETPUUYECKOM (haKTOpe MOl U/Uar IJI0-
maay smuccun [14].

B manHoi1 pabote paccMoTpeHa JMHEHAs TpexIa-
paMeTpuyeckasi perpecCUoHHasi MOJeib JJIsl 3aBUCH-
moctu I = I(V). Ee monydyeHne M CTaTUCTUYECKUI
aHAJIM3 MPOBEJEHbBl METOAAMU MaTeMaTUYECKOro Mo-
e TUpOBaHUSI.

MaremaTnieckoe MOJCJIMPOBAHHEC

st ymoGcTBa TpeICcTaBUM CBSI3b CUJIBI TOKa, KO-
TOPYIO HA30BEM OTKJIMKOM, C HAIPSKEHUEM, KOTOPOe
Ha30BeM (paKTOpOM, B BUJIE

n V.
I= A]O(VVO) exp[ B2 )
Cnyyaili n = 2 mpeacraBisieT KJIaCCUYECKYIO Teo-
puto [1]. B paGorax [15, 16] TeopeTnueckre OLEHKA
IIPUBEIU K 3HAYEHUIO 1, paBHOMY TpeM. Benmunnsl V)
u Iy BBEIEHBI UIsl TOTO YTOOBI ITapaMeTphbl curHaua A
U B cranu 6e3pa3aMepHBIMU.
O0603HaYUM

i
=lg—.
7k y gIO

Torga nnHeapu3oBaHHAas 110 mapamMeTpaMm QYHKIIUS
OTKJIMKA TIPUMET CJEeAYIOLINIA BU:
y=f(x,0) =A"+ B'x + n'lgx, 3)

rne 0 = (4, B, n)T, A'=1g4, B'= —B/In10, n'= —n.
PeasibHble 3HAYEHMST CUJIBI TOKA /;, @ ClleIoBaTe b~
HO, U J; U3MEPEHBI C HEKOTOPBHIMU MOTPELIHOCTAMM.




3HayeHus GHakTopoB V; WM x; CIeayeT CYMTaTh TOY-
HBIMHU WJIW BKJIIOYATh MX MOTPEIIHOCTU B OTKIMK [17].
Ecnu momyctuts, 4To

I =1V)(1+¢), i=12,..,N,

U & TIpeACTaBIsIeT cOO0M HOPMAIbHO pacIpeaeeHHYIO
CIy4yaiiHy10 BEJMUYMHY C HYJIEBBIM MaTeMaTUYeCKUM
OXWIAHUEM M TIOCTOSIHHOW HUCIIEPCUEN, TO MOXHO
0XWJAaTh, YTO OCTATKU PErpecCUOHHON MOJEIN OyayT
TaKXe HOpMajbHO pacnpeneneHsl. [lon ocratkamu e;
NIOHMMAETCs PasHOCTb y; — f(x;, @) Mpu HEKOTOpOM
Habope nmapameTpoB 0 [18].

3amaueil perpecCHOHHOTO aHaJIM3a SIBJISIETCS TIOMCK
knacca GyHKumit f(x, 0) ¥ ONTUMAIBHOTO 3HAYCHUS
0 = 0, KOTOpO€ NOCTaBJISIET MUHUMYM HEKOTOPOMY
¢ynkumnoHaiy kauectna [18]. Bei6op knacca ¢pyHKILMIA
B HallleM cliydae TuKTyeT Teopus Paynepa—Hopareii-
Mma (1). 11 TMHeAHBIX 110 apaMeTpaM Moesei yuno0-
HO OpaTh KBaAPAaTUYHBINA (DYHKIMOHAI:

N
Sy® =1 X ¢ )

i=1

Ecnu BbINOJHEHBI OCHOBHBIE TIPEAIOIOXEHUS OT-
HOCHUTEJIbHO OCTAaTKOB PErpeCCUOHHOM MO, METOI
HAaNMEHBIINX KBAIPATOB aeT OLIEHKY MaKCUMAaJIbHOTO
npapaonoaodusi 0 ansg napameTpoB 0. JIuHeiHOCTH
MOJICJIM TTO3BOJISIET MOJYYUTh MPOCTOE PelIeHUE 3a1a-
YY MUHMMM3ALUU BeIpaxkeHus (4), KoTopasi CBOOUTCS
K PEUIEHUIO CUCTeMbl JIMHEMHbIX ypaBHeHUil. B pac-
CMaTpuMBaeMOM cllyyae:

6 = A"'b = NCb, (5)
rac
L (gx) 5
A=l (o) (e |- PTG |
(lgx) (xlgx) (lg°x) (Flgx)
1 N
©=—= 2 &

N>y

Marpuia C HasbiBaeTcst MaTpuieit Dumrepa [19].
Ha ocrarku éi = y; — fix;, 0) HaknanbIBalOTCA Clle-
Nylole OrpaHUYeHUs: OHM JOJKHBI ObITh HE3aBU-
CHUMBIMH CITyJYaliHBIMM BEJIMYMHAMU; WX MaTeMaTH-
yecKkMe OXMIaHWS MpU KaxJAoM 3HaueHMHU dakTopa
JIOJDKHBI OBITH PaBHBI HYITIO; OUCIIEPCHS HE ITOJDKHA
3aBUCETh OT 3HaueHUs (pakTopa (OTCYTCTBUE Te€TepO-
CKeJaCTUYHOCTH ).

B pamkax MaTeMaTH4eCKOTO MOACTMPOBAHUS MOX-
HO TapaHTHUPOBAThb BBLIMOJHEHHME TEPBOTO M BTOPOTO
ycaoBuii. Eciim € = 8¢’, Thne ¢’ aBisieTcs cTaHZapTHOM
HOPMAJILHO PaCIpeleICHHON CIydYaiHON BEJIMYMHOM,
a 8 COOTBETCTBYET CpelHEMY KBaJApaTUYHOMY OTKJIO-

HEHMIO U OTBeYaeT 3a ypOBEHb ITymMa, TO Tipu & — 0
ACUMIITOTUYECKM BBIMOJIHSIETCSI TPEThe TpeOoBaHUE.
Ha npakTtuke coOsoaeHne OroBOpeHHBIX MPEAIosao-
JKEHUI rapaHTUpOBaTh Heb3sl. [1oaToMy HE0OX0AMMO
BBIIBUTATh COOTBETCTBYIOIIME CTATUCTUYECKUE THUITO-
TE€3bl X IPOBOAUTH NOAXOASLIME TECTHL. LIl MpOBEpKU
OTCYTCTBUS TeTepOCKETACTUIHOCTH, HaIIpuMep, Kpaii-
He XeJIaTeJIbHO UMETh TTOBTOPHbIE U3MEPEHUST OTKIIU -
Ka MpU KaxaoMm 3HayeHuu aktopa. MccnenoBaHue
BEJIMYMH €; Ha PHHAICKHOCTb HOPMaJIbHOMY 3aKO-
Hy npuBeieHO B pabote [20].

Ecam octatku perpecCMOHHON MOIEIW IPOIILIH
HEOOXOIMMYIO TMPOBEPKY, BAXHO HE TOJIBKO [aTh OLICH-
Ky 0 TmapameTpaM, HO W TIOCTPOUTH IJIsI HUX JOBEPU-
TeJIbHbIE MHTEPBAJIbl HAa 3aIaHHOM YPOBHE 3HAYNMOC-
1. Kpome Toro, perpeccoHHasT MOIEITb JOJDKHA TIPOTA-
TH TECT Ha aIeKBaTHOCTb, a €€ IapaMeTpbl TOJLKHBI
OBITH TIPU3HAHEBI 3HAUNMBIMI.

IlocTpoeHre WHAMBUIYATbHBIX JIOBEPUTEIbHBIX
WHTEPBAJIOB MPOXOAUT Mo mpaBuiy [19]

N

8 = —apbsfe; <9< 8, + 1 _ (ks [e;, (6)

N 5
zlei’

~
Il
p—
A
oY)
=]
N
I

k= N-—p,

| —

1

rae p = 3 — 4YKCIO OlIEHWBAaEMbIX MMapaMeTPoB; o —
YPOBEHb 3HAYMMOCTH; f _ /z(k) — (I — a/2)-kBaH-
TWIb f-pacnpenencHusl CTbioJeHTa C MapaMeTpoM K;
— JMaroHaJibHble 3JeMeHThl MaTpullsl Puiiepa.
IIpoBepka 3HAYUMOCTU PETPECCUOHHON MOMEIN
OCYIIECTBIIsIETCS clieayomuM obopaszoM. Ilycth

Cji

N L2
k z (f(x,0) - ()
— 2i=1

ky N 2
_;1 (V;i—f(x;,0))

)

Ecmm F> F* = F| _ ,(k;, k), TO HET OCHOBaHU CUM-
TaTh, YTO PErPecCUOHHAs MONE/b SIBISIETCS He3HAuu-
Mo, 3nech ky =p — 1, ky = N — p; Fy _ (ky, ky) —
KBaHTWIb F-pacnipenenenus @uinepa—CHenekopa.

KoMmnbioTepHblii 3KCIIEPUMEHT M €r0 pe3yJbTaThl

B paboTte mpuMeHeH perpecCUOHHBINM MOAXOJ K
curHaiy Bujaa (2) ¢ TeCTOBBIMU 3HAYEHUSIMU apaMeT-
poB: A=A"=1,0, B= B*=4,0, n=n*= 2,0 u Ka-
JMOPOBOYHBIMU 3HaueHusamu V, = 1,0 V, [ = 1,0 A.
3HaueHus HarnpskeHus V; onpenensau no dopmyie

V.

V=V

— N |
=N+ —-——(3G(—-1),
1 1 N_ 1 ( )
T. €. OHU ObLIM BbIOPaHbI PABHOOTCTOSIIIUMU, TPU
atom V; =1,0Vu Vy=10,0 V.

Ha puc. 1 mpeacraBiaeHbl MOAEIMPYEMbIE BOJIBLT-
aMmIniepHbie xapaktepuctuku (BAX) B nuHeapu3oBaH-
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Puc. 1. Boabr-amnepnas xapakrepuctuka, 5 = 0,20
Fig. 1. Volt-ampere characteristic, 5 = 0.20

Hoi 3aBucumoctu lgl/ly = g(Vy/V). Yposenn uiyma
npuHAT paBHbiM 20 % g HarnsgHocth. Yuciao ms-
MepeHuit otkimka N = 15. CIutomiHoi TUHUEH TIpe-
craBiieH oTKIUK (3): y = f(x, 0) — cBOOOIHBII OT MOT-
pelHocTel curHajia. BugHo, 4To B BEIOpaHHOM 1IKaje

Tabauua 1
Table 1
Koaddunuentsi perpeccuonnoii moneau aasa N = 15
Coefficients for the regression model for N = 15

SJ» Sj-‘ §j A v
8§ =0,10; F= 169,0F*
A 1,00 0,884 [0,492; 1,59] 11,6 %
B 4,00 3,86 [3,15; 4,57] 3,42 %
n 2,00 2,06 [1,80; 2,31] 2,95 %
5 =0,20; F=394F*
A 1,00 0,777 [0,231; 2,62] 22,3 %
B 4,00 3,72 [2,25; 5,20] 6,94 %
n 2,00 2,11 [1,58; 2,65] 5,73 %
Tab6numa 2
Table 2

Koadduuuenrst perpeccuonnoit moaean aua N = 100
Coefficients for the regression model for N = 100

. .
9 8 9 A v

8 =0,10; F= 145,0F*

A 1,00 0,894 [0,706; 1,13] 10,6 %

B 4,00 3,87 [3,56; 4,18] 3,26 %

n 2,00 2,05 [1,95; 2,15] 2,35 %
8 =0,20; F= 33,9F*

A 1,00 0,784 [0,481; 1,28] | 21,6 %

B 4,00 3,72 [3,07; 4,37 6,92 %

n 2,00 2,10 [1,89; 2,31] 4,88 %
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Puc. 2. PesyabraT perpeccin BAX, & = 0,20
Fig. 2. Result of regression of VAC, 6 = 0.20

OTKJIOHEHHMS OT He3alllyMJIEHHOTO CHUTHaJla MOXKHO
CUYMTATh COMOCTABUMBIMU I10 3HAYEHMIO (B KOOPIMHA-
tax daynepa—Hopareitma HabiOmaeTcsl aHAIOTWY-
Hoe 1noBegeHue). O0 3TOM YIIOMUHAJIOCH IIPU BEIOOpE
MOJCJIU ITOMeEX.

Ha puc. 2 mTpuxoBoii JIMHUEH AOMOJHUTEIbHO
IIpeACTaBJIeHO MoBeaeHWe curHaaa (2) C ompe/ieNieH-
HBIMU 10 (bopMyJIe (5) napamMeTpamu (A B n).

OueHkn A Bun NpUBEACHBI B TaOI. l u 2 g
pasHbIX 3HaYeHUI YpoBHs 1yma. Hano orMeTuTs, 4to
OTHOCHUTE/IbHAS TOTPEIIHOCTD Y; = |8 - 8 |/ 8 TOYEY-
HBIX OIICHOK OKa3ajlach He CIII/IIHKOM BBICOKa Hoge-
pUTEIbHBIE UHTEPBAIBI A, IMOCTPOCHHBIE HA YPOBHE
sHaynMoct oo = 0,05 mo dopmynam (6), HAIPOTHB,
HeJIb3sI IPU3HATh Y3KMMU. DTO, HECOMHEHHO, CKaXKeT-
Cs U Ha JOBEPUTEIbHOM UHTEpBaIe ISl OLICHKHU, CKa-
2KeM, 3HaueHus1 paboThl BbIxoaa o HakiaoHy BAX [21].
Bo Bcex cnyyasix 3HaueHue ctaTucTuku F (cMm. ¢op-
myay (7)) okasajioch HOCTAaTOYHBIM IJISI TOTO, YTOOBI
YTIBEePKAaTh, YTO BHECEHHBIE MOIPEIIHOCTH HE TTOMe-
IIAJTN BBISIBUTH 3HAYUMOCTh PETPECCHOHHONM MOJEITH.

3akmoueHue

B pabGote mpencraBiieHa MateMaTuuyeckas MOJIEb
CUTHaJa MOJIEBOM 3JEKTPOHHON 3MMCCHUUM C TMOTrpell-
HOCTSIMM M3MEPEHUI CIlellaJbHOro Buma. B pac-
CMaTpUBaeMOM cllyyae JMHeapu3alusl € IMOMOIIbIO
Jlorapu(pMrYECKOro Impeodpa3zoBaHus ITO3BOJISIET pac-
CUYUTBIBATh Ha BHIMIOJIHEHUE OCHOBHBIX TPEOOBAHUIA MO
MPUMEHEHUIO KJIaCCUYECKUX METOJ0B PErpecCUOHHO-
ro aHanusa. B paMkax uCIob3yeMOoro rnoaxoaa mpei-
JlaraeTcsl OlLleHMBAaThb TPU TapaMeTpa 3MMCCHOHHOTO
oTKJIuKa. ITodydeHHbBIe METOIOM HaMMEHBIINX KBa-
paToB TOUEYHBIE OLIEHKU MapaMeTPOB UMEIOT CpaBHU-
TEJTbHO HEBBICOKYIO IMOTPEITHOCTh OTHOCUTEIBHO MO-
JeJUPYEMbIX B KOMITbIOTEPHOM 3KCIEpUMEHTE 3HAUe-




Huit. [1pu 3TOM HOBEpUTEIbHBIE MHTEPBAJIBI Ha YPOBHE
3HAYMMOCTH 5 % OKa3bIBalOTCS TOCTATOYHO IIMPOKU-
MU, YTOOKI 1aBaTh PEKOMEHAALIMU 00 OCTOPOKHOM MH-
TepIpeTalu pe3yIbTaTOB Perpeccur MpUMEHMUTEb-
HO K OlLIEHMBaeMbIM XapaKTepMCTHUKaM KaTodOB (Ha-
puMep, paboThl BHIXOJA JIEKTPOHA).

Hccaedosanue evinoaneno 6 pamkax epauma Poc-
cutickoeo HayuHoeo ouoa (npoexm Ne 15-19-30022),
CIIorDPTY "JIDTH".
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The paper presents a three-parameter model of the field electron emission signal investigated by the methods of mathematical
modeling. The main attention is paid to the width of the confidence intervals obtained during the construction of the linearized re-
gression model. The authors demonstrated that a small number of the observation points (factor values) can ensure broad boundaries

of the confidence areas at a quite adequate point estimate.
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Introduction

One of the methods for analysis of the properties of
materials is their studying in an electronic projector.
Operation of the given device is based on the field elec-
tron emission. The theory of the phenomenon was de-
veloped [1, 2] and in its foundation is the quantum-me-
chanical tunnel effect. According to this theory, the po-
tential threshold on the border of the solid body, pre-
venting a free exit of the electrons beyond the limits of
a substance, turns into a potential barrier, when the ex-
ternal electric field is applied. The electrons can over-
come the given barrier due to the tunnel effect. Con-
siderably more pronounced effects require the fields with
intensity of about 10° V/m. The specified values are
reached, if the emitters have the form of a point [3, 4].

The cathodes functioning in the mode of field elec-
tronic emission possess a number of advantages. First of
all, it is necessary to point out a practically inertialess
signal response (intensity of a charge flow) to variation
of the basic control factor — applied voltage V.

The power spectra of the emitters appear to be so
narrow, that the latter can be used as the monochro-
matic point sources, for operation of an electronic hol-
ograph, in particular [5]. Besides, among the advantag-
es we should also mention a high density of the current.

If we talk about disadvantages, they are also present.
Single field sources provide a low integral current of .
1 is also strongly influenced by the state of the surface
of the cathode and its basic characteristic — the work
function of an electron. Thereupon, functioning of the
devices on the basis of the field emitters should be in the
conditions of a high vacuum [6], which is not always
convenient.

Nowadays, an intensive search goes on for new
sources, capable to operate already in the conditions of
a technical vacuum. Samples on the basis of silicon car-
bide [7] or carbon materials [8], for example, are con-
sidered promising. The integral current can be raised by
integration of the cathodes into matrixes [7, 9] or cre-
ation of irregular structures [4], where the emission
centers are nanosized ledges and roughnesses. A lawful
question arises concerning applicability of the theory of
Fowler-Nordheim to the new samples. After all, the
primary law was deduced only for a flat case and ex-
clusively for metals. The primary consideration of the
form of the cathode as a point led the researchers to a
somewhat different dependence of the force of current
on voltage [10]. Moreover, evolution of the irregular
surfaces allows us to assume, that the mechanisms of
explosive emission also bring their contribution to cur-
rent [11]. An indirect proof of that is the character of
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the energy spectra of electrons — they become much
wider.

Nevertheless, the results of measurement of the cur-
rent strength depending on voltage are often corre-
spond to certain frames of the theory of Fowler-Nor-
dheim. If function

1= AV2exp Hﬂ , (1)

where 4 and B can be considered as constant values for
a certain cathode, is constructed in the coordinates of
/v, lgl/Vz), it will represent a straight line. Devia-
tions from the given straight line in the field of high
voltages are explained as restriction of the current by a
volume charge in the interelectrode space [12, 13]. Any
other deviations are practically not analyzed, and the
statistical methods of the analysis are simply not in-
volved. This looks strange, because by parameters of A
and B it is possible to judge about the value of the work
function, the geometrical factor of a field and/or the ar-
ea of emission [14].

In the given work a linear three-parametric regres-
sion model for / = I(V) dependence is considered. Its
reception and statistical analysis were done by the
methods of mathematical modeling.

Mathematical modeling

For convenience reasons we will present the con-
nection between the current strength, which we will call
response, and the voltage, which we will call factor, in
the following way:

= AIO(-I-%)H exp [—BKVQJ . )

Case of n = 2 represents a classical theory [1]. In
works [15, 16] the theoretical estimates led to the value
of n equal to three. The values of Vj, and /, were intro-
duced in order to make the parameters of signal A and
B dimensionless.

Let us designate

I
y=lg+.
IO

V
x= 10
V
Then the function of the response, linearized by the
parameters, will acquire the following form:

y=f(x,0) =A4"+ Bx + n'lgx, (3)

where 0 = (A4', B, n’)T, A'=1gA, B'=—B/Inl0, n'= —n.
The real values of the current strength /;, and hence
y;, were changed with certain inaccuracies. The values




of factors V; or x; should be considered accurate or their
inaccuracies should be included in the response [17]. If
we assume that

I =1V)(1+¢), i=12,..,N,

and ¢ represents a normally distributed random variable
value with a zero mathematical expectation and a con-
stant dispersion, then it is possible to expect, that the
residuals of the regression model will also be normally
distributed. Under the residuals of e; we understand
the difference of y; — f(x;, @) at a certain set of param-
eters 0 [18].

The task of a regression analysis is a search for the
class of functions of f(x, 0) and the optimal value of
0 = 0, which gives a minimum to a certain functional
of quality [18]. The selection of a class of functions in
our case is dictated by the Fowler-Nordheim theory (1).
For the models, linear by parameters, it is convenient
to take a quadratic functional:

s, @=L 3 4)
sq Nizll'

If the basic assumptions concerning the residuals of
the regression model are implemented, the method of
the least squares gives an estimation of the maximal
credibility of 0 for the parameters of 0. Linearity of the
model allows us to receive a simple solution for the
problem of minimization of the expression (4), which
boils down to solving of the system of linear equations.
In the considered case:

0 = A"'b = NCb, (5)
where
A=l D <x1gx> =1 oo |

(gxy (xlgx) (Ig2x) (ylgx)

_1 X
@ = ]_V,§ g

Matix C is called Fisher matrix [19]. On the resid-
uals of e; = y;, — f(x;, ©) the following restrictions are
imposed: they should be independent random variables;
their mathematical expectations should be equal to zero
at any value of the factor; the dispersion should not de-
pend on the value of the factor (absence of hetero-
scedasticity).

Within the framework of mathematical modeling it
is possible to guarantee implementation of the first and
second conditions. If ¢ = 8¢’, where ¢'is a standard
normally distributed random value, while & corresponds
to the root mean square deviation and is responsible for
the noise level, then at 5 — 0 the third requirement is

asymptotically fulfilled. In practice, observance of the
stipulated assumptions is impossible to guarantee.
Therefore, it is necessary to put forward the corre-
sponding statistical hypotheses and carry out the cor-
responding tests. For verification of the absence of het-
eroscedasticity, for example, it is extremely desirable to
repeat the measurements of the response at each value
of the factor. Research of the values of e; for belonging
to the normal law is presented in the work [20].

If the residuals of the regression model passed the
necessary verification, it is important not only to give
an estimate of @ parameters, but also to construct the
confidence intervals for them at the set significance lev-
el. Besides, the regression model should be tested for
adequacy, and its parameters should be recognized as
significant.

Construction of the individual confidence intervals
is done in accordance with the following rule [19]

§ =t ypbs fe; <9< f = op2(K)s Je;;, (6)
2

J=1,293; S= é') kzN_pa

H MZ <D>

1
k
where p = 3 — number of the estimated parameters;
a — level of significance; 7, _ OL/2(k) — (1 — a/2)-quan-
tile of z-distribution of Student with parameter of k;
— diagonal elements of Fisher matrix.

Verification of the regression model for significance
is carried out in the following way. Let

JJ

k 1(f(X,, 0) - ()

N

=
FklN
2V

(7)
5, fix, 0))°

If F> F* = F| _ (ky, k;), then there are no reasons
to believe that the regression model is insignificant.
Here ky =p—1, k= N—p; F| _ ,(ky, k) — quantile
F—distribqun of Fisher-Snedecor.

Computer experiment and its results

In this work a regression approach to the signal of
the kind (2) is applied with the test values of the pa-
rameters: A= A"= 1,0, B= B*=4,0, n=n*= 2,0, and
the calibration values of V, = 1,0 V, I, = 1,0 A. Values
of voltage V; were found by the following formula:

V-V .
Vi=h+ =D,

i.e., they were selected as the equidistant ones, at that
v —lOVand Vy=10,0 V.

Fig. 1 presents the modeled volt-ampere characteris-
tics (VAC) in the linear dependence of 1g// 1y = g(Vy/ V).
For visual purpose, the level of noise is accepted as
equal to 20 %. The number of measurements of the re-
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sponse is N = 135. The solid line presents the response
(3): y = f(x, ") — the signal, free from inaccuracies. It
is visible, that in the selected scale the deviations from
the noise-free signal can be considered comparable by
the value (in Fowler-Nordheim co-ordinates a similar
behavior is observed). This was mentioned during se-
lection of the noise model.

In fig. 2 the dashed line also presents behavior of the
signal (2) with the parameters (/i , l§, n) defined under
the formula (5).

Estimates fi, B and n are presented in tables 1
and 2 for various levels of noise. It should be pointed
out that the relative error y; = |8 i~ 8;‘- I/ 8}‘- of the point
estimates was not too big. The confidence intervals of A,
constructed at the level of significance of oo = 0,05 ac-
cording to formulas (6), on the contrary, cannot be rec-
ognized as narrow. This, undoubtedly, will tell on the
confidence interval for estimation, say, of the values of
the work function on inclination of VAC [21]. In all
cases, the value of statistics of F (see formula (7)) ap-
peared to be sufficient to assert that the introduced er-
rors did not hinder to reveal the importance of the re-
gression model.

Conclusion

The work presents a mathematical model of a signal
of the field electron emission with the errors of meas-
urements of a special kind. In the considered case the
linearization by means of a logarithmic transformation
allows us to calculate the performance of the basic re-
quirements concerning application of the classical
methods of the regression analysis. Within the frame-
work of the used approach the authors propose to es-
timate three parameters of the emission response. Re-
ceived by the method of the least squares, the point es-
timates of the parameters have a rather low error in re-
lation to the values modeled in the computer
experiment. At that, the confidence intervals at the sig-
nificance level of 5 % appear to be wide enough to pro-
vide recommendations about a cautious interpretation
of the results of the regression with reference to the es-
timated characteristics of the cathodes (for example,
the work function of an electron).

The research was done within the framework of the
grant of the Russian Scientific Foundation (project No 15-
19-30022), St.PSETU "LETI".
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AKTIOATOPHbIE UINTMK-MTPEOBPA3OBATEAU C CUCTEMOM
OBPATHOM CBA3U HA OCHOBE UIMNMK-CEHCOPA

Ilocmynuna e pedaxyuro 07.11.2018

Ilonyuenvt o6pazuvt UITMK-cmpykmyp u uccaedosansvi xapakmepucmuku ux pabomot ¢ kavecmee UIIMK-axmiwoamopos u
HIIMK-cencopos. Bpems nenpepoierou pabomur UITM K-cencopos boavuie, uem UIIMK-axmwoamopos. [lockoavky y UTIMK-ak-
mioamopa ecaedcmaue UChaperus JHCUOKOCMU YMEeHbUANaACh AMIAUMY0a Mexanuveckux Koaebanui, bblia paspabomana cucmema

obpamHol cesa3u ¢ ucnoavzosaruem UIIMK-cencopa.

Paszpabomansr akmrwoamoprsie HIIMK-npeo6pazosamenu ¢ cucmemoi obpamuoil cessu 08yx mooupuxayuti. [lodcomosnenst
cmeHObL 01 usmeperull ux napamemposg. Cozdana npoepamma 013 naamol Arduino, no3eonswowas peaiu308ams 0OPAMHYH C853b
6 cucmeme "aKmroamop — ceHcop” u no00epICUBams NOCMoAHKYI0 amnaumyoy Koasebanuti UITMK-axmroamopa no mepe eeo 6bi-

CbIXaHUs 6 xode pabomol.

Hmoeosas cucmema o6pamHuoll cés3u cnocodrna noddepicusames nocmoannyro amnaumyady UIIMK-axmroamopa 6 3asucumoc-
mu om ypoeHs eco useuba no mepe e20 8biCbiXaHusi ¢ meuerue 12 mun emecmo 2 MuH.

Karoueevie caosa: uonnvie norumep-memanauyeckue komnosumot, UIIMK-axkmwoamopsr, HIIMK-cencopsi, uoHoobmennas

membpana, Nafion, cucmema ob6pamuoll céa3u

BBenenune

CTpyKTypbl Ha OCHOBE HMOHHBIX IMOJUMEp-MeTasl-
mmyeckux Kommo3utoB (MIIMK) cnocoGHBI mpeo6-
pPa30BbIBATh JIEKTPUUECKUIA CUTHAJT B MEXaHUYECKOE
JIBUKEHUE U HA0OOPOT, MOATOMY MX MOXHO MCIOJIb-
30BaTh B KQUECTBE BJIEKTPOMEXaHUYECKUX Mpeodpa3o-
BaTesieil — akToaTopoB U ceHcopoB [1—3]. UTIMK-
peodpa3oBaTeInd NPEeACTaBISIOT CO00I MOIMMEPHBIE
MOHOOOMEHHbIE MEMOpPaHbI, MTOKPHITHIE C IBYX CTOPOH
METaJUIMYECKUMU 3JIEKTPONAMHU U COAepKallhe aHU-
OHHBbIE TPYINbl, UMMOOWIM30BAHHbIE B MeMOpaHe, a
TaKXe MOABUXKHBIE KATUOHBI B PACTBOPE, IMPOIUTHI-
BalollleM MeMOpaHy. B OOGBIYHOM COCTOSSHMM MOHBI
pPaBHOMEPHO pachpeaessitoTcsl o MeMOpaHe, a rnoja-
Ya 9JIEKTPUYECKOro MOTeHLIMAIa Ha 3JIEKTPOIbI BHI3bI-
BaeT uX IepepacripeiejeHue ¢ MOCAeayILIUM U3THU-
O0oM i obueil necopmaineitr MeMOpaHbI BCJIEICTBUE
BJIEKTPOCTATUUECKUX, OCMOTUUECKUX U YIPYTUX CHUII
B3aumogencTBus. MITMK-akTioaTopbl UMEIOT CYIIECT-
BEHHBIE TTPEUMYILIECTBA TIEPE] 3TEKTPOMEXAHUYECKU -

MM aKTI0OaTOPpaMU IPYTUX TUITOB: HU3KOE HAMPSKEHUE
aKTUBaLUuu, OoybluMe aedopManuy U3rnda, 6MoCcoB-
MECTUMOCTb, CITOCOOHOCTb (PYHKLIMOHUPOBATh KaK BO
BJIQXHBIX, TAK U B CYXUX YCJIOBHUSX, JJETKOCTb MUHM-
atopuzaunu [4, 5]. [Ipumenenue UITMK B kauecTBe
"YyMHBIX" MaTeprajoB B "YMHBIX' W3OEIUSIX "MSITKOMU
pOOOTOTEXHUKHM' — 3TO IIepenoBast HOBalUsI C OOJIb-
MMM TTOTEHIIMAIbHBIMM BO3MOXHOCTSIMU TTPUMEHE-
HUSI B a3pOKOCMUYECKON, MEIMIIMHCKON W aBTOMO-
OUJIbHOI OTpacisiX MPOMBIIUIEHHOCTH. OaHaKO "yM-
Hble" CHCTEMBbl TpeOyloT oOpaTHOI CBSI3M, KOTOpas
MO3BOJISIET B3aMMOAECHCTBOBATh C OKPYXKAIOILIEH Cpeaon
U pearupoBaThb Ha Bo3aelcTBUsl. OOpaTHasl CBSI3b SIB-
JIIeTCSl BaXKHbIM aCMEKTOM paclIMpeHusi cepbl Mpu-
MeHennst MTIMK-akTioatopos [6].

Ilenu maHHOM pabOTHI — pa3paboTKa U UCCaea0Ba-
Hue MIIMK-akTi0aTopoB ¢ cUCTEMO 0OpaTHOM CBSI3M.

st mccnenoBaHUid ObUIM M3TOTOBJIEHBI 0Opa3libl
HMIIMK-cTpyKkTyp, KOTOpbIE UCIOJIb30BAIM B KauecT-
Be UIIMK-aktioatopoB 1 MTIMK-ceHcopoB.
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OcHoBHol cragueii usroropiaeHuss MIIMK-cTpyk-
TYp SIBJSIIOCH (hOPMUPOBAHUE TUIATUHOBBIX 2JIEKTPO-
JIOB XMMMYE€CKMM BOCCTAHOBJIEHMEM M3 pacTBOpa COJM
ILUIaTUHBI 110 pa3paboTaHHOI paHee TexHoaoruu [7, §].

HUccaenosanne UTIMK-akTioaTopos

Hns  uccnepoBaHust xapaktepuctuk HMITMK-
aKTI0OAaTOPOB  MCIOJIb30BaJIM  00pas3lbl  pa3MepoM
20 X 5 x 0,2 MM, chopMUpOBaHHbIE Ha MeMOpaHe
Nafion® tonwumsoit 175 Mxm. Uccnenosany 3aBucu-
MOCTH aMIUIUTYIbl KOJIeOaHUI OT HANPSKEHUST U Bpe-
MEHH, a TaKXe aMIUIUTYIHO-YaCTOTHBIE XapaKTepuC-
TuKHU (puc. 1—3).

Awmmuntyna konedanuiit MTTMK-aktioaTopa (puc. 1)
MOCTENEHHO YBEJIMUYMBAETCS C YBEJIUUYEHUEM BXOAHOTO
HanpspkeHus 1o 3 B. 3ateM oHa nepecTaeT 3aBUCETh OT
BXOJTHOTO HAIPSIKEHUST U CTAOMIM3UPYETCSl Ha YPOB-
He 13 MM. AKTIOATOpBI, MOJIydUeHHbIE HA MeMOpaHax
TOMMHOW 175 MKM, HaUMHAIOT pa3BUBaTb CTAOUJIb-
Hbl€ YCUJIMS TIPU BXOAHBIX HampsikeHUsIX 6osee 2 B.

Ammuntyna konebanuit MITMK-akToaTopoB npu
MOCTOSIHHO aMIUIMTYA€ HanpsoKeHUid (CM. puc. 2)
MOCTENEeHHO CHUXAETCSI CO BpeMEHEM BCJICACTBUE BbI-
ceixanust UTIMK.

a
L

Puc. 1. 3aBucumocts ammimtya Konedanuii UIIMK-akrioaTopos ot
N0/IaBA€MOr0 HA HUX HATPSKEHUS

Fig. 1. Dependence of the amplitudes of oscillations of the IPMC
actuators on the voltage supplied to them

Puc. 2. 3aucumocts ammutyapl koaedanuii UITMK-akTioaTopos
ot Bpemenu (1,5 B; 1 I'n)

Fig. 2. Dependence of the amplitude of oscillations of the IPMC actuators
on time (1.5 V; 1 Hz)
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Puc. 3. AUX nna UIIMK-akTi0aTOpOB Npu NOCTOSIHHO#M aMILIUTYe
Hanpsukenns 2 B

Fig. 3. AFC for the IPMC actuators at the constant amplitude of voltage
2V

Puc. 4. 3asucumocts ammiutyapl koaedanuit UIIMK-akTioaTopos
OT BpeMeHH

Fig. 4. Dependence of the amplitude of oscillations of the IPMC actuators
on time

PesonaHc njis1 akTioaToOpoB, BBIMIOJHEHHBIX Ha
MeMOpaHax TOMLIMHOM 175 MKM, HacTymaet npu 16 '
(cM. puc. 3).

TunuuHbIi BUA 3aBUCUMOCTHU aMILIUTYIbI KoJieba-
Huii UITMK-akTioaTopoB OT BpeMeHM IpeAcTaBlIeH
Ha puc. 4.

HUccaenosanne UITMK-cencopon

Hnst uccnenoBanuii xapakrepuctuk MIIMK-ceHco-
POB UCITOJIb30BaI 00pa3iibl pazMepoM 20 X 5 X 0,2 MM,
chopMUpOBaHHBIE HA MeMOpaHe Nafion® TOJILLIMHOM
175 mxm. MccnenoBany 3aBUCMMOCTHU BBIXOAHOTO Ha-
MPSKEHUST OT aMIUTUTYIBI KOJIe0aHW ceHcopa W Bpe-
MeHH ero paboThl, a Takke AUX.

HMIIMK-ceHcop xapakTepu3yeTcsl JMHEHOMN 3aBU-
CUMOCTBIO BBIXOJIHOTO CHUTHaJIa OT aMIUIUTYIbl KOJie-
O0aHuii B nuamnazoHe 0,1...10 mMm (puc. 5).

Ha pwuc. 6 mpencraBieHa 3aBUCUMOCTDb BBIXOTHOTO
HaIpsDKeHUsS OT BPEMEHM TIPU TTOCTOSTHHOM aMILIUTY-
Iie KosebaTeIbHBIX BO3ACHCTBUI TTpy L = 6 MM 1 Jac-
tote f= 1 T'l.

3a BpeMsI HENpephIBHOUM pabdOThI CEHCOpa B Teue-
Hue 30 4 BRIXOJHOE HAIpPSDKeHUE YMEHBIIWIOCH IIPU-
MepHO Ha 25 % OoT nepBOHAYaIbHOTO 3HAYCHUSI.




Bbruta mccnemoBaHa 4yacTOTHasl 3aBUCMMOCTD aMII-
JIUTYJbI BBIXOAHOTO CUTHAJA MPU MOCTOSIHHOMN aMILIu-
Tyae KkojaedbaHuit 5 MM (puc. 7). MuHuUMabHas 4acTo-
Ta, IpU KOTOPOW HaOII0maeTcsl CUTHAJ OT CeHcopa,
coctasister 0,5 I'm.

IIpu yBenuueHnnu yacToThl A0 5 ' amMIumTyna BhI-
XOJHOTO curHazia pacteT. B nuamasone 5...18 I'u oHa
MpakTUYecKu He uaMeHsercs. [Ipu yacToTax BbIlIe
18 TI'n HabGmomaercsl yMEHbILICHUE aMIUIMTYAbI, 4TO
MOXeT ObITb CBSI3aHO C HM3KOU CKOPOCTbIO Iepeme-

0,1

Puc. 5. 3aBucumocts Bhixoanoro Hanpsikenuss UIIMK-cencopa ot
ammmTyasl Kostedanmii mpn f= 1 I'n

Fig. 5. Dependence of the output voltage of the IPMC actuator on the
amplitude of oscillations at f = 1 Hz
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Puc. 6. 3aBHCHMOCTb BBIXOJHOTO HANMpPSIKEHHS OT BpEMEHH MpPH
L=6wmm, f=1Tn
Fig. 6. Dependence of the output voltage on time at L = 6 mm, f= 1 Hz

Puc. 7. 3aBHcHMOCTb BBIXOJHOTO HANPSIKEHHS OT YACTOTHI NpPH
L=5mm
Fig. 7. Dependence of the output voltage on frequency at L = 5 mm

MEHUA XKUIKOCTU BHYTPU M€M6paHbI 10J, BHEIIHUM
BO3IEUCTBUEM 1, KaK CJICACTBUEC, C 3ala3ablBaHUECM
BbIXOOHOT'O CUI'HAaJIa.

Pa3paboTka u ucclieoBaHue CHCTEM 00OPATHOI CBA3N
HIIMK-akTioaTopoB

Bbi1o  BBISIBIEHO, 4YTO aMIUIMTyda KoJeOaHU
MIIMK-akTioaTopoB ¢ TeUeHHEM BPEMEHU CHUKAETCS
3a CYeT UCIapeHus XUIKOCTU U3 MaTepuasa MeMopa-
HbI B pe3yJibTaTe OMUYECKOTO HarpeBa 1 3J1eKTpoun3a.

Hist monyyeHust uHopMauuy 00 M3MEHEHUU aM-
nautyasl konebanuit UITMK-akTioaTopoB BO BpeMeHU
MoxHO ucnojbs3oBatb UTIMK-cencop [9]. B UTIMK-
CEHCopax MCIlapeHue BOJbl, KOTOpOe TakKxXe Oymer
BJIUSAATb HA BBIXOJAHOM CHUTHAJ, IPOUCXOAUT HAMHOTIO
menneHHee, yeM B MIIMK-akTioatopax (rmpu pabote
akTioaropa B riepuoz 10...20 MMH M3MEeHEHME CUTHaIa
ceHcopa IpakKTUYeCKr He HaOII01al0Ch).

11 pa3pabOTKU CUCTEMbI 00OpaTHOM CBSI3U, HEOOXO-
JUMOM 7151 MOJIepKaHUSI TIOCTOSIHHOW aMIUTUTYIbl KO-
Jie0aHUiT aKTI0aTOpa, MOXKHO HUCTIOIb30BaTh pa3IuIHbIe
TexHUuueckue peleHus, coueraromnre MITMK-akTio-
atrop ¢ UIIMK-cerncopom. MIXx MOXHO pa3aelnTh Ha
HECKOJIbKO OCHOBHBIX IpyIm [6].

1. OnTumMu3anMs MNoJIOXKEHUs aKkTioaTopa 1o U3Me-
HEHMIO XapaKTEePUCTUK 3JIEKTPOIOB B IPOIIECCE €ro
u3ruba (conpoTuBieHue 3J1eKTpoaoB, Tok B UTTMK-
CTpyKType u T. 1.) [10].

2. Ucnionb3oBaHUE CTPYKTYpP, COYETAIOLIMX aKTIoa-
TOp M CEHCOp Ha ogHoi MemOpaHe [11].

3. Ucnonb3oBaHue TMCKPETHOTO aKTIOATOpa U IUC-
KPETHOTO CEHCOopa, MEXaHMYEeCKU COCTUHEHHBIX IPYT
¢ apyrom [12].

CrpykTypsl rpymm 1 1 2 UMEIOT HeTOCTaTKM, CBSI3aH-
HBIE C TeM, YTO HalpsbkeHue, reHepupyemoe MITMK-
CEHCOPOM, Ha HECKOJIbKO IMOPSIIKOB HUXE Hampsike-
HUsI, YIIPABJISIOLIETo aKTI0aTOPOM. DTO MOXET IPUBO-
JIWTh K MOSIBJICHUIO HABOJOK HAa CUTHAJI CEHCOopa.

CTpyKTYyphl, coueTamllde IUCKPETHBIN aKTiaTop
Y TUCKPETHBIN CEHCOP, JINIIIeHBI ITOJOOHBIX HETOCTaT-
KoB. [ToaTOMY MMEHHO OHU U ObUIM BBIOPAHBI [JIsT pe-
alIu3alKMy CUCTEM OOpaTHOM cBs3u [6].

bouto paspaboraHo naBa BuIA aKTIOATOPHBIX
MIIMK-npeobpa3oBaTeneii ¢ CUCTEMOM OOpaTHOM
CBSI3U Ha OCHOBE IMCKPETHOTO aKT0aTopa U JUCKpPET-
HOTO CeHcopa:

e IpeoOpa3oBaTeiy C pa3aeJeHHbIMU aKTIOATOPOM U

CEHCOpPOM;

e TIpeoOpa3oBaTen C COBMEIIEHHBIMU aKTI0ATOPOM

1 CEHCOPOM.

Pa3paboTKa cucTeMbl 00paTHOI CBA3M
akTioaropuoro MIIMK-npeoopa3oBarens
C pa3lieIeHHbIMH aKTI0ATOPOM M CEHCOPOM

[ns peanu3alliu CUCTEMbl OOpaTHOU CBSI3U, HC-
MOJIb3yeMOI ISl YIIpaBJIEHUST aKTI0ATOpPaMU aKTHoa-
TopHbix MTTMK-nipeoOpa3oBaTesneil, nmepBoHadyaJIbHO
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ObL1a BeIOpaHa KOHCTpyKuus, B Kotopoir MITMK-ak-
TIOATOp, 3aKpeIJIEHHbI B Jaepxareje, CBOOOAHBIM
KOHILIOM MexaHuyecku ynupaics B MIIMK-ceHcop,
3aKpeIJICHHbI B aHAJIOTMYHOM jepxaresie (puc. 8).
OCHOBHOI 0COOEHHOCTbIO JAHHBIX CTPYKTYP ObLIO OT-
CYTCTBME MEXaHUYECKOI'0 COCOIMHEHMST MEXIY aKTioa-
TOPOM U CEHCOPOM.

Hnst coznanust aktroatopHoro MITMK-npeo6paso-
BaTesIsd ¢ oOpaTHOM CBs3bI0 Hcrojb3oBaau MITMK-
aKTiaTtop ToiawuHON 175 MKM, aauHoil 20 MM u
LIMPUHOMA 5 MM, HaXOMSIIUICSI B He3aKpeIIEHHOM
koHTakTe ¢ MIIMK-ceHcopom TomiuHoi 175 MKM,
nnvHon 20 MM U 1MpuHOM 2 MM (puc. 9).

HITMK-cencop
IPMC sensor

HITMK-axTioatop
IPMC actuator

Puc. 8. MHorocioiiHbie HOHHBIE CHCTEMBI "aKTIOATOp — ceHcop”
Fig. 8 "Actuator — sensor" multilayered ionic systems

Puc. 9. Akrioaropusiii UTIMK-npeoopa3oBarenb ¢ cucremMoii 00-
paTHOii cBsi3d Ha ocHoBe pasnenennbix WUIIMK-akrtioaTopa u
UIIMK-cencopa

Fig. 9. Actuating IPMC transducer with a feedback system on the basis
of separated IPMC actuator and IPMC sensor
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Puc. 10. 3aBucumMocTH HaNpsDKEHUs OT BpeMeHU: @ — JaTuMK Tepe-
MeILEeHUs; b — aKTI0aTop; ¢ — CEHCOp

Fig. 10. Dependences of voltage on time: a — motion sensor; b —
actuator; ¢ — sensor
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Puc. 11. 3apucumocTu ammutyapl: a — KosiebaHuit UTIMK-akrio-
aropa OT aMILUIMTYAbl MPUJIOXEHHOIO HaIpsiKeHUs; b — curHana
NITIMK-ceHcopa ot amrumtyasl konebanuit MIIMK-akTroatopa;
¢ — curdHana UIIMK-ceHcopa oT aMmuiuTynbl MOAaBaeMoOro Ha
NITMK-akTi0aTop HanpsKeHUst

Fig. 11. Dependences of the amplitude: a — oscillations of the IPMC
actuator on the amplitude of the applied voltage; b — signal of the IPMC
sensor on the amplitude of oscillations of the IPMC actuator, ¢ — signal
from the IPMC sensor on the amplitude of the voltage supplied to the
IPMC actuator

st mcenenoBaHMsI CBOMCTB TAaHHOM CHUCTEMBI ObLI
WCIIOJIb30BaH CTEHJI, B KOTOPOM aMILIUTYIy KoJjeba-
HUI CUCTEMBI "aKTI0aTOP — CEHCOP" ONpenesIsuIi ¢ M0~
Mollblo JasepHoro usmepurens LG-5A65PUQ. Yn-
paBJieHME aKTI0ATOPOM U TMPUEM CUTHajia OT ceHcopa
OCYIIECTBJISUIMCH ¢ moMolIbio I1athl Arduino Uno R3.
VYopasmsomuii curHan MIIMK-akTioaTtopa, curHai
ot UTIMK-ceHcopa 1 curHajl OT ONTUYECKOTrO JaTYr-
Ka TepeMelleHus] u3Mepsiiu ocuuiorpagom Agilent
DSO-X 3014A. CurHanbl, MOCTynaBlliMe Ha OCLIWI-
norpad, npeacTaBieHsl Ha puc. 10.

Hns rpagyupoBku akTtioaropHoro MITMK-mipe-
obpasoBaTeisl ¢ pasfaeJeHHbBIMU aKTI0aTOPOM U CEH-
COpOM OBIIM TOCTPOEHBI 3aBUCUMOCTU aMILIUTYIbI
konebanuit MTITMK-akTioaTopa OT aMIUIUTYIbI MPU-




JIOXXEHHOro HampsikeHus (puc. 11, a) u aMIauTynbl
curHana UITTMK-cencopa ot ammuTyasl gedopma-
mun MIIMK-aktioatopa (puc. 11, b). Ha puc. 11, ¢
MpeAcTaBieHa pe3yIbTUPYIOollas 3aBUCUMOCTb aMIUIU -
Tyabl curHasia MTTMK-ceHcopa OT aMILIUTYAbI Moja-
Baemoro Ha MIIMK-akTioatop HampsiKeHUs.
I'maBHBIM HEZOCTAaTKOM CHUCTEM TaKOIO THUIA SIBJIS-
€TCsl OTCYTCTBME MEXaHMYECKOTO COCAMHEHUS] MEXIy
HMIIMK-akTtioatopom u MIIMK-ceHcopoMm, mmoaToMy
MpU 3HAUYUTEIBHOU Aedopmaliuy akTioaTopa B CTOPO-
HY, IPOTHBOMOJIOXHYIO OT CEHCOpa, OHU MOTYT TTOTe-
pPSITb MEXaHUYECKMI KOHTAKT. DTy MpodjeMy MOXHO
pelluTh COBMELIEHUEM aKTHaTopa U CeHcopa.

Pa3paboTka cucTeMbl 00PaTHO CBA3N
akTioatopaoro UITMK-npeoopasoarens
C COBMEIIEHHBIMH AKTIOATOPOM H CEHCOPOM

IIpu U3roTOBIEHUN CUCTEMBI C OOPATHOM CBSI3BIO
Ha OCHOBE COBMEIIICHHBIX aKTI0aTOpa U CeHcopa Obl-
JIU UCCJIEOBAHBI CIEAYIOLIME 00pa3iibl AKTIOATOPHBIX
MIIMK-npeobpa3oBareneii: akTioarop 175 MKM X
X 20 MM X 5 MM U ceHcop 175 MKM X 10 MM X 2 MM.
K snexTpomnaM o06enx CTpyKTyp IpeaBapUTEeIbHO ObLIN

Puc. 12. Mexannyecku cosmemennbie WITMK-aktioatop u
HNIIMK-cencop

Fig. 12. Mechanically combined IPMC actuator and IPMC sensor

Puc. 13. Aktoaropusiii UITMK-npeoopa3oBarteiib ¢ cucremMoii 00-
patHoii cBa3u Ha ocHoBe MIIMK-cencopa (UIIMK-aktioaTop m
HUIIMK-cencop coBmelens)

Fig. 13. Actuating IPMC transducer with a feedback system on the basis
of the IPMC sensor (the IPMC actuator and the IPMC sensor are
combined)
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Puc. 14. 3apucumocTu aMmmmuTyapl: a — Kosnebanuit MUTIMK -akTio-
aTtopa OT aMIUIUTYIbl YIPaBIISIOLIEr0 HaNpsKeHUs; b — curHana
HWIIMK-ceHncopa ot amrmiuryabl Kojnebanuii MTTMK-akTioaTopa;
¢ — curHana UTIMK-ceHcopa oT aMIIMTyabl yIpaBIsIoOLIEro Ha-
npsokenust MTIMK -aktioaTopa

Fig. 14. Dependences of the amplitude: a — oscillations of the IPMC ac-
tuator on the amplitude of the control voltage; b — signal of the IPMC sensor
on the amplitude of oscillations of the IPMC actuator; ¢ — signal of the IP-
MC sensor on the amplitude of the control voltage of the IPMC actuator

MpUIasiHbI TUIOCKKE TTpoBoja. 3aTeM C TTOMOILIbIO TT0-
JmypeTtaHoBoro nionaupymoliero kiesas MIIMK-akTioa-
top 1 UTIMK-ceHcop ckiieMBaau Apyr ¢ ApyroM yepes
TOHKYIO 1ieJu10(haHOBYIO TJIEHKY (puc. 12). OcHOBHOM
OCOOEHHOCTBIO TaKMX CTPYKTYp SIBJSIETCS HaJlUuue
MeXaHMYeCKOro KOHTaKTa MeXIy aKTIoaTOPOM U CEH-
COpOM.

Cucrema ¢ 00paTHOM CBSI3bIO MOKa3aHa Ha puc. 13.

JJ1st TpamyupoBKU CUCTEMBI OOpaTHOM CBSI3U OBLIN
MOCTPOEHBI 3aBUCUMOCTHM aMILIUTYAbl KOJeOaHU OT
aMIUIUTY B! yipasisiouero HanpsikeHust MTIMK -ak-
ToaTopa (puc. 14, a), a Takxke aMIUIUTYIbl CUTHana
HUITMK-ceHcopa oT aMmuiuTyasl konedanuit MTIMK -
akTioatopa (puc. 14, b). Ha ux ocHoBe ObLIa MOCTPO-
€Ha 3aBUCUMOCTb aMIuMTyabl curHana MITMK-cen-
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Puc. 15. Anroputm pagoThl mporpamMmbl
Fig. 15. Algorithm of operation of the program

copa OT aMIUIMTYAbLI YIPaBJISIOIIETO HAIPSKEHUS
HIIMK-akTi0aTopa (puc. 14, c).

Peanm3amusi cucTeMbl 00PATHOI CBA3H aKTIOATOPHOTO
MNIIMK-npeobpa3oBaTeisi ¢ mOMOMbIO miaThl Arduino

ITpu wucnonb3zoBanuu HMITMK-akTioaTOpoB Bax-
HOM 3a1ayeil ABJIeTCs MOAAepPXKaHUE IIOCTOSIHHOMN aM-
TUIMTYAbI UX KOJeOaHUii, KOTOpask MOXET U3MEHSThCS
3a CYeT MCIIapeHMSI M 3JIEKTPOJIM3a BOIBI B IIpoliecce
padoTHI.

s peainzaluy CUCTEMbl OOpaTHOM CBSI3U aKTIO-
aropHoro MITMK-npeo6pazosarens ¢ UITMK-ceH-
copoMm OrbL1a ucnonb3oBaHa 1maara Arduino Uno R3 Ha
OCHOBe MUKpOKoHTpoJsuiepa ATmega328, koTopast yI-
paBisiia HanpsokeHueM, nogaBaeMbiM Ha MTTMK -ak-
TIOATOP, B 3aBUCUMOCTHU OT CUTHAJIa, PETUCTPUPYEMO-
ro UTIMK-ceHcopowm.

AnropuTM paboThl MporpaMMbl TpPEACTaBIEH Ha
puc. 15.

Curnan, nocrynatoiuii ¢ MIIMK-ceHncopa, nsme-
HSIETCS B 3aBUCUMOCTU OT aMIUIMTYAbl KoJieOaHUi
HMIIMK-akTioaTopa. ITpu BeickixaHun UTTMK-akTi0-
aTropa ero MakCMMaJIbHO€ OTKJIOHEHHUE YMEHbIIAIOCh,
yto 1 nokassiBan curHan ot MIIMK-cencopa. Ecimn
MaKcuMaibHbI BbixogHoit curHan MIIMK-ceHcopa
HauyMHaJ YMEHbIIATbCS HUXKE OMPENeICHHOTO YPOBHS,
To HanpskeHue Ha MTIMK-akTioatope noBbILIAIOCH,
YTO MPUBOAUIO K BOCCTAHOBJEHUIO aMIUIUTYAbI €ro
MeXaHU4YeCKMX KonebaHuit. Eciu MakcuMaibHbIN Bbl-
xomHoil curHain MIIMK-ceHcopa mpeBbIllal OIpeae-

Puc. 16. Bpemennas 3aBUCHMOCTb aMILTHTYIbI KoseOanmii akTioaTopaoro MTIMK-npeo6-
pa3oBareiisi C CHCTeMoil 00paTHoii cBs3u Ha ocHoBe UTIMK-cencopa
Fig. 16. Time dependence of the amplitude of oscillations of the actuating IPMC transducer with
a feedback system on the basis of the IPMC sensor
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JIeHHOe 3HaueHue, HanpsikeHue Ha MTIMK-akTioaTto-
pe CHMXAJOCh.

TunIHBIN BUI 3aBUCUMOCTY aMILIUTYIBI KOJIeba-
Huit aktioatopHoro MITMK-nipeobpaszoBartens ¢ cuc-
TemMoit obopaTHoi cBsizu Ha ocHoBe MITMK-ceHcopa
OT BPeMEHU IIpeICTaBIeH Ha puc. 16.

B utore Oblia mmojTydeHa crucTeMa oOpaTHOM CBSI3H,
KOTOpas CIoco0Ha MOAHMMATh HampsiKeHue, moaaBa-
emoe Ha MITMK-akTioaTop, B 3aBUCUMOCTU OT aMIl-
JIUTYOBI KOJIeOaHM IO Mepe eTo BBIChIXaHMs. [laHHast
cHUcTeMa CIIoCOOHA peryaupoBaTh aMIUIMTYLY KoJjieba-
HUI1 akTioaTopa co 3HaueHueM 0,1 MM u Gonee.

3akiouyeHune

IMomyuyensr obpasust MTTMK-cTpykTyp M uccie-
JOBaHbl XapaKTEPUCTUKU UX pabOThI B KauyecTBE
HITIMK-akTtioatopoB 1 UTIMK-ceHncopos. Bpemst He-
npepreiBHOI paboTel MITMK-ceHcopoB Ooibliie, yem
HMIIMK-akTioatopoB. ITockonbky y MITMK-akTioa-
TOpa BCJIEICTBUE MCTAPeHUS XKUIKOCTH YMEHbIIIAIACh
aMIUIMTyJa MeXaHUYeCKUX KoJjiebaHuii, Oblaa pa3pa-
0oTaHa cucTeMa oOpaTHOMN CBSI3U C UCMHOJIb30BAaHUEM
MIIMK-ceHcopa.

Paszpaboransl aktioatropHbie MITMK-npeo6paso-
BaTeJIM C CUCTeMOI 0OpaTHOM CBS3U ABYX MOAU(UKA-
nuii. IToaroToBnaeHsl CTEHIBI IJI U3MEPEHUN UX Ma-
pamerpoB. Co3maHa mporpamma sl mwiaTel Arduino,
MO3BOJISIIOIIAs Peaan30BaTh OOPATHYIO CBSI3b B CUCTE-
Me "aKTIoaTop — CEHCOop" W MOMIEePKUBAThH MTOCTOSH-
Hyo amiummtyny Kosebanuii MITMK-akTioatopa mo
Mepe €T0 BBICHIXaHUS B XOI¢ pabOTHI.

HMroroBasi cucrema oO0OpaTHOM CBSI3U CIIOCOOHA
noauepXuBaTh noctossHHY0 amruTtyny MITMK-ak-
TI0OATOpPA B 3aBUCUMOCTH OT YPOBHSI €ro u3rubda mo me-
pe ero BbIChIXaHUS B TeueHue 12 MUH BMECTO 2 MUH.
JanHast cuctema criocoOHa peryanpoBaTh OTKJIOHE-
HUS aKTioaTopa, paBHble He MeHee 0,1 MM.

JaHHass cucTtemMa OOpaTHOM CBSI3M MOXET OBITh
HCII0JIb30BaHa B 00JIACTU MUKPOPOOOTOTEXHUKHU JJIsI
co3ganusg MITMK-gBrxkureneit, pa-
OoTarolIMX Ha BO3IyXe.

Hccnedosanue 6binoaHeHo 6 pam-
xax epauma PH® (npoexm Ne 16-19-
00107).
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Actuating IPMC Tranducers with a Feedback System Based on IPMC Sensor
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IPMC actuators have significant advantages over other types of electromechanical actuators: low activation voltage, large bend-
ing deformations, biocompatibility, ability to function in both wet and dry conditions. However smart systems based on IPMC ac-
tuators require feedback that allows you to interact with the environment and respond to impacts.

Actuating IPMC trandusers with feedback system based on of IPMC sensors is created. Samples of IPMC structures were ob-
tained and the characteristics of their work as IPMC actuators and IPMC sensors were studied. Time of continuous operation,
IPMC sensors more than IPMC actuators. Since the amplitude of mechanical vibrations decreased due to evaporation of the liquid
in the IPMC actuator, a feedback system using the IPMC sensor was developed.

Two modifications of IPMC trandusers with feedback system based on of IPMC sensors was developed. Stands for measuring
their parameters have been prepared. A program for the Arduino Board has been created, which allows to implement feedback in
the "actuator—sensor" system and to maintain a constant amplitude of oscillations of the IPMC actuator as it dries during operation.

The final feedback system is able to maintain a constant amplitude of the IPMC actuator depending on the level of its bending
as it dries for 12 min instead of 2 min. This system is able to adjust the deviation of the actuator at least 0.1 mm.

Keywords: ionic polymer-metal composites, IPMC actuators, IPMC sensors, ion exchange membrane, Nafion, feedback system
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Introduction

Structures on the basis of the ion polymer-metal
composites (IPMC) can transform an electric signal in-
to a mechanical movement and vice-versa, therefore,
they can be used as electromechanical converters (trans-
ducers) — actuators and sensors [1—3]. The IPMC

transducers are polymeric ion-exchange membranes
covered from two sides with metal electrodes and con-
taining anionic groups, immobilized in a membrane,
and also mobile cations in a solution impregnating the
membrane. In a usual state the ions are distributed on
the membrane with regular intervals, and supply of an
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electric potential to the electrodes causes their redistri-
bution with the subsequent bending or general defor-
mation of the membrane owing to the electrostatic, os-
motic and elastic forces of interaction. The IPMC ac-
tuators have essential advantages compared with the
electromechanical actuators of the other types: a low
voltage of activation, big bend deformations, biocom-
patibility, ability to function both in the damp and dry
conditions, and ability for easy miniaturization [4, 5].
Application of IPMC as "smart" materials in "smart"
products of "soft robotics" is an advanced innovation
with big opportunities for application in the space,
medical and automobile industries. However, "smart"
systems demand a feedback, which makes it possible to
interact with the environment and react to the influ-
ences. The feedback is a prominent aspect of expansion
of the sphere of their application [6].

The aim of the given work is development and re-
search of the IPMC actuators with a feedback system.

For the research purpose, samples of IPMC struc-
tures were manufactured, which were used as IPMC
actuators and IPMC sensors.

The basic stage of manufacturing of IPMC struc-
tures was formation of the platinum electrodes by a
chemical reduction from a solution of a platinum salt
by the previously developed technology [7, 8].

Research of IPMC actuators

For research of the characteristics of IPMC actua-
tors the samples of 20 X 5 X (0.2 mm size were used,
formed on Nafion® membrane with thickness of 175 wm.
Dependences were investigated of the amplitude of os-
cillations on the voltage and time, and also the ampli-
tude-frequency characteristics (fig. 1—3).

The amplitude of oscillations (fig. 1) increases grad-
ually with an increase of the input voltage up to 3 V.
Then it ceases to depend on the input voltage and is sta-
bilized at the level of 13 mm. The actuators received on
the membranes with thickness of 175 pum start to de-
velop stable efforts at the input voltages over 2 V.

The amplitude of oscillations of the IPMC actua-
tors at a constant amplitude of voltages (fig. 2) de-
creases gradually with the lapse of time owing to dry-
ing of IPMC.

The resonance for the actuators made on 175-um
thick membranes begins at 16 Hz (fig. 3).

A typical kind of dependence of the amplitude of
oscillations of the IPMC actuators on time is present-
ed in fig. 4.

Research of IPMC sensors

For research of IPMC sensors the samples were used
of 20 x 5 X 0.2 mm size, formed on Nafion® membrane
with thickness of 175 um. The dependences were in-
vestigated of the output voltage on the amplitude of os-
cillations of the sensor and the time of its operation,
and also AFC.
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IPMC sensor is characterized by a linear depend-
ence of the output signal on the amplitude of oscilla-
tions in the range of 0.1...10 mm (fig. 5).

Fig. 6 presents a dependence of the output voltage
on time at the constant amplitude of the oscillatory in-
fluences at L = 6 mm and frequency of f= 1 Hz.

During a 30-hour continuous operation of a sensor
the output voltage decreased approximately by 25 %
from the initial value.

The frequency dependence of the amplitude of the
output signal was investigated at the constant amplitude
of oscillations of 5 mm (fig. 7). The minimal frequency,
at which a signal from a sensor was observed, was 0.5 Hz.

At an increase of the frequency up to 5 Hz the am-
plitude of the output signal grows. In the range of
5...18 Hz it practically does not change. At frequencies
over 18 Hz a decrease of the frequency is observed, which
can be connected with a low speed of movement of a lig-
uid inside the membrane under an external influence
and, as a consequence, with a delay of the output signal.

Development and research of the feedback systems
of IPMC actuators

It was demonstrated that in the course of time the am-
plitude of oscillations of the IPMC actuators decreased
due to evaporation of the liquid from the membrane ma-
terial as a result of the ohm heating and electrolysis.

For reception of information concerning the varia-
tion of the amplitude of oscillations of IPMC actuators
in the course of time it is possible to use an IPMC sen-
sor [9]. In the IPMC sensors the evaporation of water,
which will also influence the output signal, occurs
much slower, than in the IPMC actuators (during op-
eration of the actuator in a period of 10...20 min. a var-
iation of the sensor signal was practically not observed).

For development of the feedback system necessary for
maintenance of the constant amplitude of oscillations of
the actuator, it is possible to use various technical solu-
tions combining an IPMC actuator with an IPMC sen-
sor. They can be divided into several basic groups [6].

1. Optimization of the position of the actuator con-
cerning variation of the characteristics of the electrodes
in the course of its bending (resistance of the electrodes,
the current in the IPMC structure, etc.) [10].

2. Use of the structures combining the actuator and
the sensor on one membrane [11].

3. Use of a discrete actuator and a discrete sensor
mechanically connected with each other [12].

The structures of the first and the second groups have
the drawbacks connected with the fact that the voltage
generated by the IPMC sensor is by several orders lower
than the voltage, which controls the actuator. This can
lead to occurrence of the inducing on the sensor signal.

The structures combining a discrete actuator and a
discrete sensor have no such drawbacks. Therefore, ex-
actly they were selected for realization of the feedback
systems [6].




Two kinds of actuating IPMC transducers were de-
veloped with the feedback system on the basis of a dis-
crete actuator and a discrete sensor:

o transducers with separated actuator and sensor;
e transducers with combined actuator and sensor.

Development of a feedback system for an actuating
IPMC transducer with separated actuator and sensor

For realization of the feedback system intended for
control of the actuators of the actuating IPMC trans-
ducers, originally a design was selected, in which the
IPMC actuator, fixed in a holder, had its free end me-
chanically resting against the IPMC sensor, fixed in a
similar holder (fig. 8). The main specific feature of the
given structures was absence of a mechanical connec-
tion between the actuator and the sensor.

For creation of the actuating IPMC transducer with
a feedback, an IPMC actuator was used with thickness
of 175 um, length of 20 mm and width of 5 mm, being
in a loose contact with the IPMC sensor with thickness
of 175 um, length of 20 mm and width of 2 mm (fig. 9).

For research of the properties of the given system
a stand was used, in which the amplitude of oscilla-
tions of the "actuator—sensor” system was measured by
LG-5A65PUQ laser measuring instrument. The con-
trol of the actuator and signal reception from the sensor
were implemented by means of Arduino Uno R3 board.
The control signal from the IPMC actuator, the signal
from the IPMC sensor and the signal from the optical
transfer sensor were measured by Agilent DSO-X 3014A
oscillograph. The signals coming to the oscillograph are
presented in fig. 10.

For calibration of the actuating IPMC transducer
with separated actuator and sensor the dependencies
were constructed of the amplitude of oscillations of the
IPMC actuator on the amplitude of the applied voltage
(fig. 11, a), and of the amplitude of the signal from
IPMC sensor on the amplitude of deformation of the
IPMC actuator (fig. 11, b). Fig. 11, c presents the re-
sulting dependency of the amplitude of the signal from
the IPMC sensor on the amplitude of the voltage sup-
plied to the IPMC actuator.

The main drawback of the systems of this type is ab-
sence of a mechanical connection between the IPMC
actuator and the IPMC sensor, therefore, in case of a
considerable deformation of the actuator to the side,
opposite to the sensor, they can lose a mechanical con-
tact. This problem can be solved by a combination of
the actuator and the sensor.

Development of a feedback system for the actuating
IPMC transducer with combined actuator and sensor

During manufacturing of the feedback system on the
basis of the combined actuator and sensor the following
samples of the actuating IPMC transducers were inves-
tigated: an actuator of 175 um X 20 mm X 5 mm and
a sensor of 175 um X 10 mm X 2 mm. Flat wires were

preliminary soldered to the electrodes of both struc-
tures. Then by means of polyurethane insulating adhesive
the IPMC actuator and the IPMC sensor were glued to
each other through a thin cellophane film (fig. 12). The
basic feature of such structures is availability of a me-
chanical contact between the actuator and the sensor.

The feedback system is presented in fig. 13.

For calibration of the feedback system the depend-
encies were constructed of the amplitude of oscillations
on the amplitude of the control voltage of the IPMC
actuator (fig. 14, a), and also of the amplitude of the
signal of the IPMC sensor on the amplitude of oscilla-
tions of the IPMC actuator (fig. 14, b). On their basis
the dependency of the amplitude of the signal from
IPMC sensor on the amplitude of the control voltage of
the IPMC actuator (fig. 14, c) was constructed.

Realization of the feedback system of the actuating
IPMC transducer by means of Arduino board

During the use of the IPMC actuators an important
task is maintenance of a constant amplitude of their os-
cillations, which can vary due to evaporation and elec-
trolysis of water in the course of operation.

For realization of the feedback system of the actu-
ating IPMC transducer on the basis of IPMC sensor,
Arduino Uno R3 board on the basis of ATmega328 mi-
crocontroler was used, which controlled the voltage
supplied to the IPMC actuator, depending on the signal
recorded by the IPMC sensor.

The algorithm of operation of the program is pre-
sented in fig. 15.

The signal coming from the IPMC sensor varied de-
pending on the amplitude of the oscillations of the IPMC
actuator. When the IPMC actuator dried up, its max-
imal deviation decreased, which was demonstrated by
the signal from the IPMC sensor. If the maximal output
signal from the IPMC sensor started to decrease below
a certain level, the voltage on the IPMC actuator in-
creased, which led to a restoration of the amplitude of
its mechanical oscillations. If the maximal output signal
from the IPMC sensor exceeded a certain value, the
voltage on the IPMC actuator decreased.

A typical kind of dependence of the amplitude of os-
cillations of the actuating IPMC transducer with a
feedback system on the basis of the IPMC sensor on
time is presented in fig. 16.

As a result a feedback system was obtained, which
could raise the voltage supplied to the IPMC actuator,
depending on the amplitude of oscillations, in the course
of its drying up. The given system can control the am-
plitude of oscillations of the actuator of 0.1 mm and over.

Conclusion

Samples of the IPMC structures were obtained and
the characteristics of their operation were studied as
IPMC actuators and IPMC sensors. The period of a
continuous operation of the IPMC sensors is longer
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than that of the IPMC actuators. Since, due to the lig-
uid evaporation, the amplitude of oscillations of the
IPMC actuator decreased, a feedback system was de-
veloped with the use of an IPMC sensor.

Actuating IPMC transducers were developed with a
feedback system of two modifications. Stands for meas-
urements of their parameters were prepared. Software
for Arduino board was developed, allowing us to realize
a feedback in the actuator-sensor system and maintain
constant amplitude of oscillations of the IPMC actua-
tor in the course of its drying during its operation.

The resulting feedback system can support constant
amplitude of the IPMC actuator depending on the level
of its bending in process of its drying during 12 min in-
stead of 2 min. The given system can control deviations
of the actuator of not less than 0.1 mm.

The given feedback system can be used in the field
of microrobotics for development of the IPMC propul-
sion devices working on the air.

The research was done within the framework of RNF
grant (project No 16-19-00107).
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MHOOPMAUNOHHASA YA3BUMOCTDb 3Kb

Ilodpobro paccmampusaemcs npobaema UHPOPMAYUOHHOU 6e30nacHOCMU 21eKMPOHHOU KomnoHermHou 6a3vl (Kb). Boide-
AAOMCA OCHOBHbIE KpUmepuu, Ha Komopbsie 004CHbI 00pawams eHumManue paspabomyuxu u nompedumenu Kb oaa 3awumet no-

MEeRUUANbHO YA36UMbBIX IN1EMEHNMO06 CUCmembl.

Hpueedeﬂbl pesyabmamaol uccaedosanuii yﬂ36umocmed INEeMEHmMo6 namamu, CUCMEeMHbIX WUH, KaHaaa nepe@auu aaHHle, mo-
nojoeuu Kpucmanida, a maKice 6CMPOCHHbIX CUCMEM 3auumsl namamu. P(lCCMompeHbl MANOUHBA3UBHbBIE MemOodbl 8030elicmEus

HA 2/1eMeRmbl namamu.

Karoueevie caoea: snemenm hamamu, 06pamﬂoe npoekmupoeanue, 30H008bLI aHanus, duaesHocmuka no NOOOYHbIM KAHAAAM
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CoBpeMeHHbIE METOAbl 00pabOTKM, Iepemayud M
XpaHeHUsT MH(OPMAIIMKY He BCEraa CIIOCOOHBI MPEI0T-
BpaTUTh YIPO3bl, CBSI3aHHBIE C BO3MOXHOCTBIO HE-
CaHKIIMOHMPOBAHHOTI'O JOCTYIA 1 UCITOJIb30BaHUSI TaH-
HBIX, aIpeCOBAHHBIX WJIM NPUHAIICKAIINX I0Jb30-
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Puc. 1. [TorenumuanbHo YA3BUMbBIC J3JIEMEHTbI MP[l(pOl(OHTpOJUlepl-lOﬁ CHCTEMBI

Fig. 1. Potentially vulnerable elements of the microcontroller systems

BaresisiM. [loaTomy obecrnieueHre MH(POPMALIMOHHOM
6e30ITaCHOCTH SIBJIIETCS OTHUM M3 KITFOUEBBIX HAIIPaB-
JIeHu B cpepe MHHOPMALIMOHHBIX TEXHOJIOIUA.

B cBoto ouepens, Korma pedb 3aXomuUT 00 WHMOp-
MAallMOHHOI 0€30MacHOCTHU 3JIEKTPOHHOI KOMITOHEH-
THOM 0a3bl (B paMKaX JAaHHOM CTaTbW ITOHSTHUS DJIEK-
TpOHHas KoMnoHeHTHasi 6aza (DKDb), nHTerpagbHas
cxema (MC), mosynpoBOAHUKOBBIE YCTPOMCTBA U 13-
JeTNs MUKPOSJIEKTPOHUKI — TOXIECTBEHHEI), CIEIy-
€T YYMTBIBATh TakKe PsI CIEOYIOIIMX OCOOEHHOCTEM,
npucyiux kak camoit OKb, Tak u mpoueccy ee uc-
TTOJTb30BAHUS:

e HaJIMYME aTlapaTHON U MTPOTPAMMHOM COCTaBJISAIO-
LLKX;

e Iiepelaya NAaHHBIX APYTMM KOMIIOHEHTaM JJIEKT-
POHHOW CUCTEMBI;

e pacrpocTpaHeHue KoHTpadakTHoil DKb;

e ucnosb3oBaHue "noBepeHHoi" DKb, npenmnonara-
IOLIei OTCYTCTBUE "HENOKYMEHTUPOBAHHBIX" arlma-
paTHBIX W TIPOTPAMMHEIX MOIyJIell Ha KpHCTajle
WHTETPAJIbHOM CXEMBbI.

Hcxons u3 atoro urgopmayuonnas b6e3o0nacHocmy
anexkmponrol komnonenmuou 6azvt (Ub OKb) nmoapa-
3yMeBaeT 3aujuiyeHHoCmy, C OMTHON CTOPOHBI, OOBEKTOB
WHTEJUIEKTYaTbHOW COOCTBEHHOCTHU MONOAO2UU U CO-
0epicumoeo InemMeHmo8 Namamy MHTETPAIbHBIX CXeM, U
TaKXe KaHaia nepeoauu 0aHHuIX OM HeCaAHKUUOHUPOBAH-
Hoeo docmyna, a ¢ APYroit CTOpOHLI, nompebumeneii IKb
OM UCNOAB30BAHUS HEAUYECHIUOHHBIX INEKMPOHHBIX U30e-
AU N HAAUYUS 8 HUX HEeOOKYMEeHMUPOBAHHbIX MOOYAell.

Bonpoc b BKb akryaneH mpisi:

e pazpabomuuxos Kb 15 3a1IUTHI €€ anrmapaTHON 1
MPOrpaMMHOI COCTaBJISIIOIIMX OT HApYyILIEHUS IIpaB
WHTEJJICKTYaIbHON COOCTBEHHOCTH,

e pazpabomuuKo8 31eKmMpoHHbIX Ycmpolicmeé (nompe-
oumesneti DKb) nist odecrieueHs BO3MOXKHOCTU UC-
TTOJTb30BaHUS JTUIICH3MOHHBIX U "MOBEPEHHBIX" W3-
JeJUA MUKPOJNIEKTPOHUKM M 3alllUThl Mporpam-

MHOIO OO€cCIeyeHUs YCTPOMCTBAa OT HapylLIeHUS
MpaB UHTEJJIEKTyaJIbHO COOCTBEHHOCTH;

o nompebumeneli 31eKMPOHHBIX YCMPOUCME IS 3alli-
Thl TaHHBIX OT HECAHKLIMOHUPOBAHHOTO AOCTYIIA.
Ilenbro gaHHOI pabOTHI SIBJISIETCS CUCTEMHBIN aHa-

JIU3 TTPoOJIEMHBIX BOIIPOCOB MHGMOPMALIMOHHOI 06e30-

nacHoctu DKb ¢ TOukM 3peHus ySI3BUMOCTH.
HaubGosee nepenoBbIMU U3NEIUSIMU MUKPOIJIEKT-

POHMKM, B KOTOPBIX TTPUMEHSIOT MIOYTH BCE TEXHOJIO-

TUYEeCKHEe HOBUHKU, SIBJISTIOTCSI MUKPOKOHTPOJUIEPHBIE

cucteMbl. Ha puc. 1 mpeacTtaBieHbl OCHOBHbIE 3Jie-

MEHTHI TTOTOOHOM CUCTeMBI M OTMEUYEHBI €€ ITOTEHIIU-

aJIbHO YSI3BUMBIC Y3JIbl.

Hanee Oonee mompoOHO paccMOTpUM HaumboJjee

ySI3BUMBbIE 2JIEMEHTHI MUKPOKOHTPOJIJIEPHBIX CUCTEM U

METOJIbl BO3/IECTBUSI HA HUX.

Ya3BUMOCTD 2JIEMEHTOB NAMATH

BoABIIMHCTBO COBPEMEHHBIX MUKPOKOHTPOJLIEP-
HBIX CHUCTEM COJIEpXXaT TPU BHUIA MaMSITHU:

e TaMsTh nporpamMm (Program memory);
e onepatuBHag naMiath (RAM wiu O3Y);
o TamsaTh JaHHBIX (EEPROM).

B HexoTopbIX cucTemax MamsTb NporpaMM MMeEeT
JOIOJHUTEIBHYIO 3arpy30uHyto oomactsb (Boot).

JOCTyII K TaHHBIM, 3aITUCAHHBIM B STYCHKI TTAMSITH,
KOTOpBIE PeaIM30BaHBI 1O TEXHOJIOTHUHM C TIJIaBAIOIIUM
3atBopoM (EEPROM, FLASH), MoXHO MOAy4yuTh C
TTOMOIIIBIO aTOMHO-CHJIOBOTO M 3JIEKTPOHHO-30HIOBO-
TO METOIOB KOHTPOJISI 3JEKTPUYECKOro IMOTeHIIMaa
MOBEPXHOCTH TBEPIOTo TeJa.

OCHOBOI1 TIEPBOro MeToaa SIBJISIETCS BO3MOXHOCTh
perucTpaiy MeXaHM4eCcKoro OTKJIMKa 30H/1a Mo/ BO3-
JIEACTBUEM 3JIEKTPOCTATUYECKOM CUJIbI, 3aBUCSILEH OT
JIOKAJbHOM pa3HUIlbl MOTEHIIMAAa MEXAY 30HIAOM U
TMOBEPXHOCTBIO, TUIOTHOCTH ITOBEPXHOCTHBIX 3apsIIOB
u emkoctu (puc. 2) [1].
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Puc. 2. Mcnoab30BaHue aTOMHO-CHJIOBOTO METOAA [LIS ONpeeIeHuMs
COCTOSIHUS STYEAKH NaMATH: ¢ — MOPQOJIOTUST MACCHBA TTAMSITH; b —
perucTpalus 3apsiia IaBaioLiero 3aTBopa

Fig. 2. Use of the atomic-force method for definition of the state of a cell
memory: a — morphology of the memory array, b — registration of the
charge of the floating gate
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Puc. 3. Cxema padoTbl pacTpoBOro 3JieKTPOHHOT0 MHUKPOCKONA
Fig. 3. The scheme of a scanning electronic microscope

HM3mepenue TMoTeHIMAIa MOBEPXHOCTU C WCIIOJb-
30BaHUEM 3JIEKTPOHHO-30HIOBBIX METOJIOB OCHOBAaHO
Ha M3MEHEHUH TOKa BTOPUYHBIX 3JIEKTPOHOB B CHC-
TeMe MUILIEHb — KOJIJICKTOP PaCTPOBOTO 3JIEKTPOHHO-
O MUKPOCKOTIA, OOYCIIOBJIEHHOTO M3MEHEHUEM pa3-
HOCTU TOTEHLMAIOB MEXIy HUMU

(puc. 3). fmm -

O]

B oOb1ryHOM pexxume pabOoTHI IO- :
JIydeHHUe BPEMEHHBIX XapaKTePUCTUK :
3JIEKTPUUYECKOTO MOTeHIIMaaa BO3- |
MOXHO TpHM 4YacToTaxX MepeKIrye- :
Huit, He npeBbiuapmmux 10 MI'n, B :

|
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|

]

CUJIy UHEPIIMOHHOCTU CUCTEMBI pe-
THUCTpAallUM W MAajioTO OTHOUICHUS
CHUTHAJI/IIIYM.

Jjis1 BBICOKOYACTOTHBIX U3Mepe-

HUI TIpUMeEHseTCsl CTpobOCKOoMUYec- e il
Puc. 4. DaeKTPOHHO-30HIOBbI TeCTEp HA 0a3e PaCTPOBOro IJIEKTPOHHOr0 MHKPOCKOMA C
CTPOOOCKONMYECKHM PERUMOM: ¢ — CTPOOOCKOITMYECKUI PEKUM; b — BHEILHMI BUJI 3JIEK-
TPOHHO-30H0OBOTO TecTepa

Fig. 4. Electron-probe tester on the basis of a scanning electronic microscope with a stroboscopic
mode: a — stroboscopic mode; b — appearance of the electron-probe tester

KU pexXuM, MO3BOJISIIOIUUIA TTPOBO-
JIUTh U3MEPEHUSI B HAHOCEKYHIHOM 1
MMKOCEKYHIHOM JMaIia3oHax 3a CYeT
MOBTOPEHUSI UBMEPEHUM C yCpeaHe-
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HUeM IoJyvYaeMbIX 3HayeHuil. IlpuHIMNO cTpobocKo-
MUYECKUX UBMEPEHUI OCHOBAH Ha MpepbIBAaHUM 2JIeK-
TPOHHOTO ITyYKa B 3aJlaHHBIC MOMEHTHI BPEMEHHU, UTO
MO3BOJISIET CY3UTh IMOJOCY IPOIYCKAHUs CUCTEMbl U
YBEJUUUTH OTHOLIEHUE curHai/myM (puc. 4) [2].

ITamMsTh 3arpy304HOIt 001aCTH YaCTO peaan3yeTcs
C MOMOIIIbIO MAacCOYHOM TexHojoruu. Jasi gocTtymna K
JaHHBIM HEOOXOIUMO MOCIOMHOE yaaleHe KOMMYTa-
LIMOHHO-U30JIUPYIOIIUX CJIOEB C IMOCEeIyIOIIMM pac-
Mo3HaBaHWEM 00pa30B, COOTBETCTBYIOIINX KOITMPOB-
Ke outoB uHdopmauuu. Ha puc. 5 kogupoBaHue ocy-
LIECTBJAEHO HaJUYUEM MEXCIOUHOIO COEAMHEHUs
Mexay 10-m u 11-M ciaosimu Metannusanuu |3].

AJbTEepHAaTUBHBIM CIIOCOOOM TMOJIYYEHUS TOCTyIa
K JaHHBIM MAaCOYHOM TaMSITH SIBJISIETCS MCITOJIb30-
BaHUe MH(ppaKpacHOro MUKpockorna. B atom nuamna-
30HEe KPEeMHMI Ipo3payeH U COOTBETCTBEHHO €CTh
BO3MOXHOCTb TMPOAHAJIU3UPOBATh TOIMOJOI0O-CXeMO-
TeXHUYECKME OCOOEHHOCTU KpHUCTajaa ¢ oOpaTHOM
CTOPOHBI.

Ha puc. 6 npuBeneHa TOMOJIOrUsI KPUCTAJLIA, CHSI-
Tasl ¢ TOMOIIBIO ONITUYECKOTO U MH(PPAKPACHOTO MUK-
POCKOIIOB.

Cocrognue syeek O3Y MOXHO OIpenenuTh IIyTeM
BO3IEUCTBUS C(HOKYCHPOBAHHOIO JIA3€PHOIO U3Jyye-
HUS Ha TOIIOJIoruio MaccuBa namsTtu (puc. 7). Cyiue-
CTBYET 3aMETHOE OTJIMYME B 3HAYEHMSIX (DOTOOTKIIMKA
OTKPBITOrO U 3aKPbITOro MHBEPTOPOB siueek O3V [4].

LleaocTHOCTb JaHHBIX 00ECHEYNBAETCS UCTIOJIB30-
BaHMEM pa3IMYHbIX MEXaHW3MOB: IIUPPOBaHUE, Xe-
IIMpOBaHUE, MEKTPOHHAS UG poBast MOAMUCH U T. 1.
B MUKpPOKOHTPOJIIEPHBIX CUCTeMax OOBIYHO MCMOJb-
3y10T 00Jiee IIPOCThie MEXaHU3MBI, TAKME KaK OUT YeT-
HOCTH WJIM NaMsTh ¢ Koppekuueit ommbok (ECC).

IIpu ncoNp30BaHUY TIEPBOTO MEXaHW3Ma KaxKIbIe
CceMb OUT MH(pOpPMaLUU TOMOJHSIOTCS OUTOM, Mpe-
Ha3HaYe€HHbBIM JJIs1 IPOBEPKU 0011lel YeTHOCTY ABOMY -
Horo yucaa. Bropoit MexaHU3M, TOMHUMO MHIUKAIIUU
0 HapyUIEHUU LEJOCTHOCTU JaHHBIX, MOXET KOppeK-
TUPOBATh OIINOOYHBIC 3HAYCHUST CIMHUIHOIO OUTa B
OJHOM MAallMHHOM CJIOBE.




Ya3BuMOCTh TONOJIOTHH
kpucramia UC

Tomonornyeckuii aHaJIM3 KpUC-
TaUIOB C TIOMOIIBIO TEXHOJIOTHH
"00paTHOTO MPOEKTUPOBAHUS" TIPU-
MEHSIOT JUISI OIpeneieHUusl TOITO-
JIOTO-CXEMOTEXHUYECKMX W KOHCT-
PYKTUBHO-TEXHOJIOTUYECKUX OCOOEH-
Hocteii UC. B pesynbrare aHanusa
MOXHO YCTaHOBUTb (BYHKIIMOHAJIb-
HO€ Ha3HAYeHWE CXEMbI, €€ apXu-
TEKTYpY U aJITOPUTM paboOThI, a TaK-
K€ OTPENeTNTh XMMUIECKUI COCTaB,
TEeOMETPUIO U BJIEKTpOoduU3nUecKure
rmapaMeTpbl obiacteil Kpucramia
MC, BOCCTaHOBUTb CXEMOTEXHM-
YECKHE PelIeHNS OTIETbHBIX DYHK-
LIMOHAJIBHBIX DJJIEMEHTOB M 0JIO-
KOB, OIpeNeIuTh WX CTaTUYECKUE
U IWHAMUYECKHE XapaKTepUCTUKU

(puc. 8) [5].
YA3BUMOCTb CUCTEMHO# HIMHBI

IMoaxioueHre K BHYTPEHHUM
MaructpaissM Ha kpuctamie UC c
ITOMOIIIBIO 3JIEKTPUIECKUX 30HIOB
MO3BOJISIET MOJIYYUTh AOCTYIT K UH-
(GopMaITMOHHBEIM M aIpeCHBIM HaH-
HBIM, a TakXXe IMPOoaHaJIU3UPOBATh
MEXaHW3Mbl UX KOAMPOBAHUS U IIUD-
poBaHusa. I 3TOTO C IIOMOIIbIO
TOIOJIOTUYECKOro aHajJIu3a HeobXo-
IUMO WACHTU(PULIMPOBAThL WHTEPE-
Cylolllue KOMMYTallMOHHbIC JIMHUU
Ha KpHUCTaJlIe, OMPENeINTh Y4acTOK
CXeMBbl M CJION MeTajau3aluu, Tae
C HUMH BO3MOXHO OCYIIECTBUTH
KOHTaKTupoBaHue. Ianee ¢ momo-
1IbIO0 OCTPOC(HOKYCUPOBAHHOTO MOH-
HOTO TIyYKa IPOBOIUTCS TpPaBJIEHUE
"OoKHA" B OU3JEKTPUUYECKOM CJioe U
MOHHO-CTUMYJIMPOBAHHOE OCaXIe-
HUE MPOBOJSILEro Marepuana Ui
(dopMuUpoBaHMNST KOHTAKTA K IITMHE U
TJIOIIAAKM JISI 30HIOBOTO aHajau3a
(puc. 9).

Ya3BumocTh cucTEM
3AaIUATHhI MAMATH

O6X0I BCTPOEHHBIX Ha KPUCTaJI-

jne MC cucteM 3al0UThI MAMSTH O3BOJISIET MOJIYYUTh
JMOCTYII K aHaJIu3y JaHHBIX. DTO peaqusyeTrcsl Ha Oc-
HOBAaHUU JAHHBIX TOIOJOIMYECKOrO aHAIM3a C IIOMO-
IIbI0 TIPELIM3UOHHON MoaupKKau (GparMeHTOB TO-
IOJIOTMH WJIM COCTOSIHMSL STYCEK MAaMSITH, OTBEUAOLINX

3a 3allUTHBIE QyHKLIMH [6, 7].
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Puc. 5. AHaau3 MacoyHoO# maMaTH: @ — TIONEPeYHOEe CeUeHUe KpucTaia;, b — GJIOK Ma-
COYHOW MaMSTU

Fig. 5. Analysis of the mask memory: a — cross section of a crystal; b — block of the mask memory
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Puc. 6. Tonojoruss MAaCO4HOM MAMATH: ¢ — ONTUYECKUIX MUKPOCKOI (BUI CBEPXY); b — UH-
dpakpacHbIf MUKPOCKOM (BHUI C3aIH)

Fig. 6. Topology of the mask memory: a — optical microscope (top view); b — infrared microscope
(bottom view)
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Puc. 7. Anaim3 O3Y ¢ noMompio JIa3epHOro M3JIy4eHHsi: ¢ — TOIOJIOTHS SIUCHKU MaMsTH
KMOIT O3Y; b — nonepeuHoe ceueHre 00yIaeMOil CTPYKTYpPbI

Fig. 7. Analysis of RAM by means of a laser radiation: a — topology of a cell memory CMOS
M; b — cross-section of an irradiated structure

Yassumocts UC no nmo0oYHBIM KaHAIAM

Paznuyalor maccuBHOE M aKTMBHOE BO3IEWCTBUS
no noOouyHbIM KaHaiam. OnpeneseHUe MacCUBHOTO
BO3IEICTBUSI, HEe TPeOYIOIIETo MPSIMOTo B3aUMOJEHCT-
Busi ¢ Kb, MoxHO chopmynupoBaTh Kak COBOKYII-
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[Tonyuyenue u U nentudukanms
aHaJIU3 TOIOJIOTUH

2JI€MEHTOB CXEMBI U
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elements and links
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NIEKTPUUECKON MonenupoBanue

CXEMBI Simulating

Electrical circuit

restoration

Puc. 8. AiropuT™ BOCCTAHOBJIEHMSI CXEMOTEXHUYECKHX penienmii Ha Kpucrauie UC

Fig. 8. Algorithm of restoration of the circuit solutions on IC crystal

Puc. 9. KonrakTupoBanue K CHCTEMHO# IIMHE MMUKPOKOHTPOJLIEpa:
a — TUTOLIAJIKY JIJTSI KOHTAKTUPOBAHMSI K IIUHAM NaHHBIX; b — yc-
TaHOBKA 30HIOB

Fig. 9. Connecting to the system bus of the microcontroller: a — Pads
for connecting to the data buses; b — installation of probes

SII3Y
EPROM

MUKpPOKOHTpOJLIEP
Microcontroller

Puc. 10. MUKPOKOHTPOJLIEDP C MOAYJIEM HEPrOHE3aBHCHMOIi AMSTH
Fig. 10. Microcontroller with non-volatile memory module
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HOCTb METOJIOB U TEXHOJIOTUI U3BJIeUeHUS MHPOpMa-
LIMY U3 DKCIIEPUMEHTATBLHO M3MEPSIEMBIX XapaKTepuC-
TUK paboTalollieil UHTerpaibHOi MUKpOcxeMbl. K HUM

OTHOCATCSI BpeMs BBITIOJTHEHUs OIepaluii, dHEPro-

noTpedieHue, 3JIeKTPOMarHUTHOE U3JTyYeHue, TeMIle-

paTypa KopIllyca W TeIUIOBOe€ U3JIydYeHMe, aKyCTUYec-

KM€ IIyMbl M1 MeXxaHuueckue KojiebaHus. [IpuBenem

MpUMepbl MACCUBHOTO BO3EUCTBUSI.

o Anaausz snepeonompebaenus. Bo Bpems obOpaileHUsI
K I13Y npu yTeHUU JIOrM4ecKOoi eIMHMIIBI sSYeiika
naMsaTy MoTpedssieT O0JbIIMI TOK, YeM Mpu uTe-
HUU JIOTUYECKOTO HYyJISl. AHaJMU3UPYsSd OCLMILIO-
rpaMMy 3HepromnoTpebaeHusi BO BpeMsl oOpalleHust
MUKPOKOHTPOJIJIEPHOW CUCTEMBI K 3JIEMEHTaM Ia-
MSITH, MOXHO clieJaTh BBIBOJ O COAEPXXUMOM 0J10-
KOB MaMSITU WM JIOTUYECKHUX OIepalUsiX, COBEp-
1IaeMBbIX B JAHHBI MOMEHT [8§].

o Anaauz epemenu omxauka. VIsMepeHue BpeMeHU
MeXly BBOJOM JAaHHBIX U MOJyYeHHEM OTBeTa M03-
BOJISIET cienaThb BBIBOJABI 00 ajJroputMe padoOThI
MMKPOKOHTPOJIJIEPHON CUCTEMBI.

AKTUBHOE BO3IEHCTBME OPUEHTMPOBAHO Ha BHE-
IIHUE JIMTHUM KOMMYTAIIMU UCCIIEAYeMOro YCTPONCTRA.
Huxe mpuBeneHsl mpuMephl aKTUBHOTO BO3ICHCTBUS.
o Cboii makmogoeo cueHana, KOTOPBI HUCIIOJIb3YyeTCS

JIJIS. HAapylleHUs padoThl BHYTPEHHE! MpOorpamMMbl.

B 4yacTHOCTM, MOXHO HCKYCCTBEHHO YBEJIUYMUTh

WIM YMEHBIIWUTb YUCJIO LMKJIOB BBIMOJHEHUS TON

WJIX UHOM OIlepalivu, YTO MOXET IPUBECTU K COOI0

MporpaMMBbI B LI€JIOM WIM OTAEJbHON ee 4acTu.

o Cb60il HanpsjceHUus NUMAHUS MOXET TIEPEMECTUTD
MOPOroBbI YPOBEHb TPaH3UCTOPOB. B pesysbrare
HEKOTOpbIE TPUITEPHl OYAYT CUMTHIBATH BXOMXHOM
CUTHaJ B pa3jiMuHOe BpeMsi. DTO OObIYHO JOCTUTa-




POHBI, HEOOXOAMMOCTh BBEIEHUS

Puc. 11. OcHoBHble THIIBI 3aLIMTHI 3JieMeHTOB Kpuctauia UC
Fig. 11. Basic types of protection for the elements of IC crystal

eTCsl YBeJIMUEHUEM WJIM MOHUXKEHUEM Harpsike-
HUs MUTAaHUSI Ha KOPOTKUI MPOMEXKYTOK BpeMEHU
(06b1YHO OT oHOTO 10 10 LUMKIIOB).

VYsa3suMocTh KaHasia nepesavyn JaHHbIX

HMHTerpaibHble MUKPOCXEMBI B COCTaBE 3JIEKT-
POHHOTO YCTPOWMCTBA MeEXIy CcO000il O0OMEHMBAIOTCS
OrPOMHbBIM KOJMYECTBOM IaHHBIX MOCPEACTBOM pas-
JIMYHBIX KaHaiaoB. OXHUM U3 YaCTHBIX IIPUMEpPOB Ta-
KOI0 B3aMMOJECHCTBUS SIBJISIIOTCST "CUCTEMbl B KOPITY-
ce", KOTophle TIPeACTaBIISIIOT COO0 KOMOUHALIMIO pa3-
JIMYHBIX 3JIEKTPOHHBIX KOMITOHEHTOB, BBITTOJTHSIOIINX
pasHble (yHKUMHU, B ogHOM Moayie. Ha puc. 10
MpeacTaBiIeHa "cucTeMa B KopImyce", COCTOSIIast u3
MUKPOKOHTPOJIJIepa, COCANHEHHOTO C BHEITHUM MO-
IyJeM DHEProHe3aBUCUMOM IaMSTH IOCPEICTBOM
12C—1/1HTep(beI71ca.

[Tpuyem ecii MUKPOKOHTPOJLJIEP UMEET 3alLMTY OT
HECaHKIIMOHWPOBAHHOTO JIOCTYTIA, TO MOMY/Ib BHEIITHEH
MMaMSITH TaKoil GYHKIIMEH He o0TagaeT U JaHHbBIE, Xpa-
HSIIHMECS B HEM, MOTYT OBITh IIPOYMTAHBI C TIOMOIIBIO
JII0OOTO CTaHAAPTHOTO MporpamMmaropa.

Bosnbiiioe yKnciio ysI3BUMBIX 3JIEMEHTOB Ha KpUCTaJI-
e MC, a Takke MeTOIOB BO3ACKCTBYSI Ha HUX TpeOyeT
oT pazpaborunkoB DKb pemeHus nHorma B3anMouc-
KJTIOYAIOIIMX 337a4: C OMHOM CTOPOHBI, 3TO MOBBILLIEHHE
OBICTPONEICTBYSI, YMEHBIIICHNE 2HEPTOIOTPEOICHMS
1 rabapuTHBIX pa3MepOB YCTPOMCTBA, a C APYroil cTo-

| |
Saiura 3auuTa TONnoIOrHH 3aiuuTa JaHHEIX JauuTa nobouHbIX
! ! ONOJTHUTEIBHBIX 3allIMTHBIX MeXa-
i | mocryna x II3Y KpHCTaina Data protection KAaHA10B | A m
[ Protection of Crystal topology Side channel [ HU3MOB, INPUBOIAIINX K COKpallc-
||| access to ROM protection TiIndposause protection : HUIO ITOJIE3HOM IUIOIIAanA KpUCTa-
! Eai Encryption ! Jla 1 o0beMa MaMsITU, YCIO0XKHEHUIO
I - I .
| 2 Bur P“{’{{t ﬁ:““e o Wiym | IIPOTOKOJIOB B3aNMOJIENCTBUSA MEX-
—»| OIOKHPOBKH N :
! b g . Tepecranosxa Noise| 1 ny cTpYKTYpHBIMM GJIOKaMH, a Tak-
[ Protection bit Chip AHHRIX [
I destraction —> Data Jlon onepauuu I K€ yOJOPOXKaHMUIO U3rOTOBJICHMUA I10-
| 5 | o
| Tlapons transposition Add. operations | 1 JIyITPOBOJAHUKOBOTO YCTPOMCTBA.
: Password Hon. crou u : Ha puc. 11 mnpeacraBieHbl oOC-
bl
| CIPYEDYD Pasnenenue Jlon. crabuneusie || HOBHBIE METOIBI 3aLUUTHI, YCIOBHO
[ Ko Add. layers and NaMATH P — [
| R A e ool Iy L | pasziefieHHbIe 0 3allUILaeMbIM 3Jie-
\ Code o £ 4 Add.stable |1 \renTam.
‘ elements ‘
! Mertxu !
| Oxsopasosas o—— T— | 3akimoyenue
| [P TEPEMBINKA | M ynesrudpmkaropet | |, OoTP |
| Fuse s | Hecmotpst Ha BHeApeHWE pa3ind-
| Identification tags Protected OTP |
| | HBIX 3allIUTHBIX MEXaHU3MOB B U3JIe-
| Orcyrcrene Crupanue | JIUSE MUKPOSJIEKTPOHUKU, pa3paboT-
| yuximn »| manHBIX | YMKaM 3JIEKTPOHHBIX YCTPOMCTB He-
: — N‘”"*:; Data erase : 00X0IMMO C 0CO0OI THIATEJbHOC-
o reading
: fimetion Tom ramme : TbIO MOAXOIUTH K BbIOOpPY DKbB 1
| N | MpU HEOOXOAUMOCTHU TIPOBOIUTH €€
Additional data
! ! TeCTUPOBAaHUE Ha TIpeAMET YSI3BU-

MOCTU K BO3AEHCTBUSM, KOTOpbIE
MOTYT 00€CTeYnTh TOCTYI K aHaJId-
3y TaHHBIX.
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Introduction

Information security (GOST P 50922 Standard) is a
state of security of information, which ensures its con-
fidentiality, integrity and accessibility.

The methods for information processing, transfer
and storage cannot prevent the threats connected with
possible unauthorized access and use of the data ad-
dressed or belonging to the users. Therefore, provision
of information security is one of the key directions in
the sphere of information technologies.

When we talk about information security of the elec-
tronic components (within the framework of given ar-
ticle the concepts of the electronic components, integrat-
ed circuits (IC), semi-conductor devices and microelec-
tronic products are identical) it is necessary to consider
also a number of the features inherent to both electronic
components itself, and to the process of its use:

e Availability of the hardware and software parts;

e Data transmission to the other components of the
electronic system,;

e Spreading of counterfeit electronic components;

e Use of the "entrusted" electronic components, en-
visaging absence of "the undocumented" hardware
and software modules on a crystal of the integrated
circuit.

Proceeding from the above, the information security of
the electronic components, on one hand, implies protec-
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tion of the objects of the intellectual property of the to-
pology and content of the memory elements of the in-
tegrated circuits, and also of the channel for the data
transmission from an unauthorized access, and on the
other hand, the users of electronic components get pro-
tection from the unlicensed electronic products and
presence of the undocumented modules in them.

The question of the information security of the elec-
tronic components is topical for:

o The developers of the electronic components for pro-
tection of its hardware and software parts against in-
fringement of the intellectual property rights;

o The developers of the electronic devices (consumers of
the electronic components) for protection of the li-
censed and "entrusted" products of microelectron-
ics, and of the software of the devices against in-
fringement of the intellectual property rights;

o Consumers of the electronic devices for protection of
data against an unauthorized access.

The aim of the given work is a system analysis of the
problems of the information security of the electronic
components from the point of view of its vulnerability.

The most advanced products of microelectronics,
which employ almost all the technological novelties,
are the microcontroller systems. Fig. 1 presents the ba-
sic elements of such a system and points to its poten-
tially vulnerable nodes.




Below we will consider in more detail the most vul-
nerable elements of the microcontroller systems and the
methods which can influence them.

Vulnerability of the memory elements

Most of the modern microcontroller systems con-
tain three kinds of memories:
e Program memory (Flash);
. RAM,

e Data memory (EEPROM).

In certain systems the program memory has an ad-
ditional boot block.

Access to the data recorded in the memory cells,
which were realized by the technology with a floating
gate (EEPROM, FLASH), can be obtained by means of
the atomic-force and electron-probe methods of control
of the electric potential of the surface of a solid body.

The first method is based on a possibility of record-
ing of a mechanical response of a probe under the in-
fluence of the electrostatic force depending on the local
difference of the potential between the probe and the
surface, the density of the surface charges and capacity
(fig. 2) [1].

Measurement of the surface potential with the use of
the electron-probe methods is based on variation of the
current of the secondary electrons in the target — col-
lector system of the scanning electronic microscope
caused by a variation of the potential difference between
them (fig. 3).

In a regular operating mode reception of the time
characteristics of the electric potential is possible at the
switching frequencies not exceeding 10 MHz, due to in-
ertia of the recording system and small signal/noise ratio.

For the high-frequency measurements the strobo-
scopic mode is applied, allowing us to take measure-
ments in the nanosecond and picosecond ranges due to
repetition of the measurements with averaging of the re-
ceived values. The principle of the stroboscopic meas-
urements is based on interruption of an electronic beam
during the set moments of time, which makes it possible
to narrow the passband of the system and to increase
the signal/noise ratio (fig. 4) [2].

The memory of the boot block is often realized by
means of the mask technology. In order to provide a da-
ta access, it is necessary to ensure a level-by-level re-
moval of the switching-insulating layers with the subse-
quent recognition of the images corresponding to the
coding of the information bits. Fig. 5 presents coding car-
ried out due to presence of interlaminar connection be-
tween the 10th and the 11th layers of metallization [3].

An alternative way to get access to the data of the
mask memory is the use of an infrared microscope. With-
in this range the silicon is transparent and, accordingly,
this provides an opportunity to analyze the topological-
circuit features of a crystal from the reverse side.

Fig. 6 presents the topology of the crystal taken from
the optical and infrared microscopes.

The state of the RAM cells can be defined by the in-
fluence of the focused laser radiation on the topology of
the memory array (fig. 7). There is an appreciable dif-
ference in the values of the photoresponse of the open
and closed inverters of the RAM cells [4].

Integrity of the data is ensured by the use of various
mechanisms: enciphering, hashing, electronic digital
signature, etc. In the microcontroller systems usually
simpler mechanisms are used, such as the parity bit or
the error correction memory (ECC).

When the first mechanism is used, every seven bits
of information are supplemented by a bit intended for
checking of the total parity of the binary number. The
second mechanism, besides indication about an in-
fringement of the data integrity, can correct the erro-
neous values of an individual bit in one machine word.

Vulnerability of topology of IC crystal

A topological analysis of the crystals by means of
"reverse engineering” is applied for definition of the
topological-circuit and design-technological features of
IC. As a result of the analysis it is possible to establish
the functional purpose of a circuit, its architecture and
algorithm of operation, and also to define the chemical
composition, geometry and the electrophysical parame-
ters of areas of I1C crystal, to restore the circuit solutions
of separate functional elements and units, and to define
their static and dynamic characteristics (fig. 8) [5].

Vulnerability of the system bus

Connection to the internal buses on IC crystal by
means of electric probes allows us to get access to the
information and address data, and also to analyze the
mechanisms of their coding and enciphering.

For this purpose by means of the topological analysis
it is necessary to identify interesting switching lines on
a crystal, to define a site of the circuit and metallization
layer, where a contact with it is possible. Then, with by
means of a strongly focused ion beam an etching of a
"window" is done in the dielectric layer and the ion-
stimulated deposition of a conducting material is im-
plemented for formation of a contact to the bus and
platforms for the probe analysis (fig. 9).

Vulnerability of the memory protection systems

A bypass of the memory protection systems embed-
ded in IC crystal allows us to get access to the data anal-
ysis. This is realised on the basis of the data of a topo-
logical analysis by means of a precision modification of
the topology fragments or the state of the memory cells
responsible for the protective functions [6, 7].

Vulnerability of IC via the side channels

The influences via the side channels can be passive
or active. The passive influence, which does not require
a direct interaction with electronic components, can be
formulated as a set of methods and technologies for ex-
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traction of information from the experimentally meas-
ured characteristics of a working IC. Among them are
time for performance of operations, energy consump-
tion, electromagnetic radiation, temperature of the case
and thermal radiation, acoustic noises and mechanical
fluctuations. Below we present several examples of the
passive influences.

e Analysis of the energy consumption. When addressing
to ROM during reading of a logic "1", a memory cell
consumes more current, than during reading of a
logic "0". Analyzing an oscillogram of the energy
consumption during addressing of the microcontrol-
ler systems to the memory elements, it is possible to
draw a conclusion concerning the contents of the
memory units or the logical operations made at the
present moment [8].

o Analysis of the response time. Measurement of the
time between a data input and a response allows us
to draw conclusions about the operation algorithm
of a microcontroller system.

Active influence is focused on the external switching
lines of an investigated device. Below we present some
examples of the active influence.

o Failure of a clock signal, which is used for hindering
of operation of the internal program. In particular,
it is possible to artificially increase or reduce the
number of cycles of this or that operation, which can
lead to a failure of the whole program or of a certain
part of it.

o Failure of the supply voltage can shift the threshold
level of the transistors. As a result, some triggers will
read the input signal in different times. Usually this
is caused by an increase or fall of the supply voltage
for a short interval of time (usually from one up to
10 cycles).

Vulnerability of the data transmission channel

Within an electronic device the IC exchange a huge
quantity of data among themselves via various channels.
An example of such interaction is "systems in the case"
which are a combination of various electronic compo-
nents, carrying out different functions, in one module.
Fig. 10 presents the "system in case" consisting of the
microcontroller connected to the external module of
nonvolatile memory by means of 12C interface.

At that, if the microcontroller has protection against
an unauthorized access, the module of the external
memory does not possess such a function and the data
stored in it can be read by means of any standard pro-
grammer.

A big number of vulnerable elements on IC crystal
and also methods of influence on them demand from
developers of the electronic components a solution to
sometimes mutually exclusive problems: on one hand,
this is an increase of the speed, reduction of the energy
consumption and overall dimensions of the device, and
on the other hand, it is necessity to introduce additional
protective mechanisms leading to reduction of the use-
ful area of a crystal and memory volume, complication
of the protocols of interaction between the structural
units, and also to higher manufacturing costs of the
semiconductor devices.

Fig. 11 presents the basic protection methods, which
are conditionally divided by the protected elements.

Conclusion

Despite introduction of various protective mecha-
nisms in the products of microelectronics, the develop-
ers of the electronic devices should be very careful in se-
lection of the electronic components, and, if necessary,
test it for vulnerability to the influences, which can pro-
vide access to the data analysis.
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TUBKASL
TUBPUAHAS

— TTMBKAf o
TMBPUOHAS K
HAHO3HEPTETUKA

Pekynepauus sHeprum
U3 OKpY)KaloLien cpeapl

PaccMoTpeHbl COBPEMEHHOE COCTOSIHWE W MepCrieKTUBLI Pa3BUTUA BbICOKOTEXHO-
NIOMMYHOrO HanpaBneHus «Pekynepauus sHEPrM 13 OKPYKAIOLLEN Cpefbl», OPUeHTU-
POBaHHOrO Ha 3HeproobecrneyeHne MUHUATIOPHBLIX ABTOHOMHbIX PaAMO3SIEKTPOHHbIX,
MHPOPMALIMOHHBIX U BUOMEINLIMHCKUX CUCTEM.

MpefcTaBneHbl NepcrnekTUBHbIE Hay4YHO-UHXEHEPHbIE PelleHUs CBepPXMUHMUATIOP-
HbIX YCTPOWCTB A1 reHepaLmmn U XpaHeHUs 3IEKTPO3HEPrUK, BKtoYas rmbKkue conHey-
Hble 3/IEMEHTbI, NMbe30-, TPUBO- 1 TepMOreHepaTopbl, PeKynepaTopsl 3Heprun U3 paauo-
3dpupa (peKTeHHbI!), TUTUA-UOHHbIE aKKYMYNATOPbl M CYMepKOHAEHCaTopbl, 8 TaKke
rmMbpuiHble NHTErPUPOBaHHbIe 3HeproobecreymBaloLLMe YCTPOMUCTBA Ha UX OCHOBE.

Ocoboe BHUMaHWe yaeneHo MaTepuanoBefyeckoMy 6asmncy 1 TeXHONOrMYecKUM pe-
LUEHUAM TMBKMX, M1ACTUYHBIX U KOHPOPMHBIX KOHCTPYKLLMIA, obecrneynBaroLLmx npocTo-
TY MHTErpauun B pasiinyHble 06BEKTbI

N3naHve sBnseTca MynsTUAUCUMNIIMHAPHBIM M NpeaHasHayeHo Ais UHXe-

HEpOB, Hay4HbIX PaboOTHMKOB, NpenofaBaTesie, CTYAeHTOB U acnMpaHTOB,
CreLnanusnpyLLMXCs B 0b61acTi 3MeKTPOHUKK, (GOTOHMKK, MU-

KPO- U HaHO3HepreTUKM U bruoMeauumMHbl. OHO Takxe byaet

MHTEPECHO LUMPOKOMY KpYry CMeLmasnimcToB, OpUEHTK-

POBaHHbIX Ha CO3[aHWe W NPUMEHEeHWe CoBpe-

MEHHbIX MUHMWATIOPHbIX aBTOHOMHbIX CK-

CTeM 3HeproobecneyeHus.
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KoHdopMHasa HaHOCeHCOpUKaA
buonapamMeTpos

OB

npe,ﬂ,CTaBJ'IEHO coBpeMeHHOe COCTOAHWME W MEepPCrneKTUuBbI
pa3BUTUA BbICOKOTEXHOJIOTMYHBIX KOHCI)OpMHbIX MUKpPO- U HaAHOCEeH-
copos, npedHasHa4eHHbIX AJ19 MOHWUTOPWUHra 6VIOI'IapaM9TpOB U TaKTUJ/1bHOIo
MOHWUTOPWHIra B COCTaBe VIHTEﬂﬂEKTyaﬂbHOVI ogexabl. CACTEMHO U3/IOXEHbI coBpeMeH-
Hble pelleHnd MYJbTUCEHCOPHbIX I'IJ'IaTCI)OpM, KOTOpble MOXHO WUCMOJ1b30BaATb KaK UM-
nnaHTUpyemsble, anngepmalsibHble Ui HOCUMbIE 3JIEMEHTbI VIHTEﬂﬂEKTyaﬂbHOVI ooexnabl.
N3naHne npenHasHa4yeHo 4Jis LWMPOKOro Kpyra yuTaTesien, B TOM Y1cse UHXXeEHEPOB,
Hay4HbIX pa6OTHVIKOB 7 I'IpEI'IO,D,&B&TEJ'IEVI, cneunann3vpyroLmnxca B obnactu MUKPO- U
HaHO3/1EKTPOHUKN U HAHO- U MVIKpOCVICTEMHOVI TEXHUKMW.
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