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Boinoanen cucmemubliii ananu3 Ka04eguix npobrem 6 mexHoA0UU WUPOKO30HHO020 aamMa3onodobHoeo mamepuana Kapouda
Kkpemnus. [Ipedcmasaenvt pesysvmamol gvinosnenHvix ¢ Cankm-Ilemepoypeckom 20cyo0apcmeeHHoM AeKmpOmexHU4ecKom YHu-
eepcumeme KOHKYPEHMOCHOCOOHbIX pA3pabomoK 21eKMpPOHHOU KOMNOHEeHMHOU 6a3bl Ha Kapoude KpemHuUs: 0451 CUA0BOT UMNYAbC-

HoU U ceepxebtcoxonacmomnoﬁ INeKMPOHUKU.

Karoueevie caosa: Kap6u0 KpemMHUA, pocm, SNUMAKCUs, NAAHAPHAA MEeXH0102us, 31eKMPOHHAS KOMNOHEeHMHAs basza

BBenenune

B coBpemMeHHOIT MeXIyHapOAHO! KOHKYPEHTHOM
cpelle, OpUEHTUPOBAHHOM Ha pellleHue 3agay B 00-
JJACTH CO3JaHUS DJEKTPOHHOM KOMITOHEHTHOM 0a3bl
(BKDB), 1ocTaTOYHO PEeAKO MOXHO BCTPETUTh CChIIKU
Ha OTE€YECTBEHHbIE Pa3pabOTKU, KOPEHHBIM 0Opa3oM
U3MEHMBIIME PHIHOK MHHOBALIMOHHOM MPOMYKIIAU T10
KPUTUYECKMM HANpPAaBJIECHUSIM, OIPEAESIOIINM TeX-
HOJIOTMYECKYI0 HE3aBUCUMOCTb U 06€30MaCHOCTh rocy-
JlapcTBa.

Crenyet OTMETUTh, YTO pa3padboTka B JIeHuHrpan-
CKOM 3JIEKTPOTeXHMYeCKOM UHCTUTyTe B 1976—1980 TT.
METOJa BbIpalllMBaHUSI OOBEMHBIX MOHOKPHUCTAIJIOB
kapouna kpemuus (meron JIDTU) spnsercss mexmay-
HapoJHO MPU3HAHHBIM HAYYHO-TEXHOJIOTMUECKHM IPO-
DPBIBOM, OMpPENeJUBIINM MEPEXod K MPOMBILLIEHHOMN
TexHoyioruu u3rorosiieHus SKb Ha KapOume KpeMHUs
(SiC) BO BceMHMpHOU NpakTUKe. DTO OTHOCHUTCS, B
MEePBYIO OYEPE]b, K TEXHOJIOTUN U3TOTOBJIEHUS TIPU-
6opoB ontosyiekTpoHuku, CBY anekTpoHuky u, 6e3-
YCJIOBHO, CUJIOBOM BJIEKTPOHMKU, UTO OIpeesseTcs
9KCTpEeMaJIbHBIMU XapaKTepUCTUKAMU JAHHOTO IIMPO-
KO30HHOTO MOJIYITPOBOJHUKA MO TEIJIONPOBOIHOCTH,
KPUTUYECKON HAMPSXKEHHOCTU 2JIEKTPUUECKOTO TOJIS
U ApeiihoBOil CKOPOCTU HOCUTENIEH 3apsiga, yCTOMYM-
BOCTM K BO3[EMCTBUIO BBICOKMX TEMIIEPATYD, XMUMUYE-
CKM arpecCUBHBIX CPEl U paavallviu.

YuactHuku coBelianusa "Kapoun kpemHusi. MHTe-
rpalusi HaydYHoO-o0pa30BaTeJbHOTO M MPOMBIIIIEH-
Horo noTeHuana Poccun”, npeacrapnsioiiue 34 ore-
YeCTBEHHBIE OpPTaHW3aIM, TIPOIIEAINero B KOHIIE
okTs0ps 2014 r. Ha 6a3ze Cankr-IlerepOyprckoro ro-
CYIapCTBEHHOIO 3JIEKTPOTEXHUYECKOTO YHUBEPCUTE-
Ta, KOHCTaTUPOBAJIN:

e OTCYTCTBME B TCUCHUE IIUTEIHHOIO BPEMEHM CHC-
TEMHOTro MOoAXoja K pelleHUulo Bompoca hopmu-
poBaHMsI B Poccnu cOBpeMEHHOTO MPOMBIIIUICH-
HOTO TMPOU3BOACTBA MOJYINPOBOIHUKOBOIO Kap-
ouna kpemaus u DKb Ha ero ocHOBe IpU 3HAYM-
TeJbHBIX COBOKYITHBIX 9KOHOMMUYECKUX 3aTpaTax Ha
HccleloBaHUs U pa3paboTKU B JaHHOM 00J1aCTU CO
CTOPOHBI Pa3IWYHBIX BEAOMCTB U OpraHU3aLIMii;

e HeobxoauMocTb (popMupoBaHus B Poccuu kapou-
TOKPEMHHUEBOI MHIYCTPUU KaK OJHOTO U3 HaIpaB-
JIHUI1 B pelleHUM 3alauyd MMIIOPTO3aMellleHMs
OKb u obecneuyeHuss mapuTeTa B TEXHOJIOTUSIX,
OIPEACTISIONIX HAyYHO-TEXHOJOTMYECKOe TPEBOC-
XOJICTBO U 0€30IMacHOCTb TOCYIapCTBa.

B navane 2016 r. B JIDTU B pamKax orpemeeHUS
CTpaTerMyeckux HampaBJIeHUN pa3BUTHUS By3a IpHU
peanm3any IpOorpaMMEl TIO TIOBBIIIICHUIO KOHKYPEH-
TOCHOCOOHOCTH BeAyllMX YHUBEpcUTeTOB Poccuiickoit
®enepannu (TOI1-100) B KauecTBe OTHOTO M3 TPH-
OPUTETHBLIX HAIlpaBJIeHUI ObLIa oOIpeneicHa "YTie-
poaHasl 3JeKTpOHUKA".
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Bribop B KauecTBe MpeaMeTHO-IIPO(eCCUOHAIbHO-
ro HampaBieHUs "YTIepoaHOM SJIEKTPOHUKH OIpeie-
JISIETCST TeM, 4TO YIJIepody KakK IMUPOKO PacIipocTpa-
HEHHOMY B IPUPOAE XUMUUYECKOMY JIEMEHTY IIPUCYILL
aTOMHO-MOJIEKYJISIDHBI 3HEpreTMYeckuii KoHdop-
MM3M M, KaK CJIEeICTBHE, UMEET MECTO CTPYKTYpHO-
¢GyHKIIMOHATbHOE U (PU3UKO-XUMUYECKOE Pa3HOO00-
pasue yriaepoaocoaepXKaliux MaTepruaaoB, a TAaKKe UX
OpraHo-HeopraHuyeckasi KOHBEpreH1usl B paMKax Ouo-
TeXHOC(EpHIL.

OcHOBaHMEM K peaiM3alliy MPoeKTa 1o GopMHUpo-
BaHMIO Ha O6ase JIDTU MmexmucuuIimHapHOTO HeHTpa
MPEeBOCXOACTBA "YTJepoaHasl 3JIeKTpOHUKA", aJanTu-
POBaHHOTO K COBPEMEHHOM MeXAyHapOaAHO NMHHOBA-
LMOHHOM KOHKYPEHTHOM cpene, SBJISEeTCS MpU3HAH-
Hblil B Poccuu u 3a py6e:koM BBICOKUI YPOBEHb KOM-
MeTeHIN, B TOM YHUCJIe B 00JACTH MEXIMCIIUTLIM -
HapHBIX MCCIeI0BaHUI, JOCTUTHYTBI COTPYIHUKAMU
YHUBEpCUTETA TIPU MPOBEACHUN B TeUEHHUE psiaa JieT
paboT 10 CUHTE3Y, CTPYKTYPO- 1 (POpMOOOpa30BaHUIO
YIJEpOa0COAepXKAIIUX HEOPraHUUYECKUX MaTepuaioB
U KOMITO3ULIMIA OPraHU4YeCKOM MPUPOIBI.

Oco00 cieayeT OTMETUTb MapUTET WM ITPEBOCXOI-
CTBO, TOCTUTHYTOE PSIIOM HAyYHO-00pa30BaTeIbHBIX
KOJIJIEKTUBOB, (DYHKIIMOHUPYIOIIMX Ha 0a3e By3a IO
KPUTUYECKMM HaIpaBIEHUSIM Pa3BUTUS "YIJIepOAHbBIX"
MaTepMajoB U 3JEKTPOHHON KOMIIOHEHTHOI 0a3bl Ha
UX OCHOBE, BKJIIOUYasi MIPUOPUTETHBIC OTEYECTBEHHbIC
pa3paboTKU B 00JIACTSIX: TEXHOJIOTUM POCTa OObEMHBIX
MOHOKPHUCTAILJIOB Kapouaa kpeMHusi (meroxn JIDTH)
[1]; anuTaKcUaNbHBIX CTPYKTYp ajiMa3a ¢ paHee HeoC-
THXXUMBIMU DJIEKTpOGU3NIECKMMU TTapaMeTpamMu [2];
3D HaHOpa3MepHbIX TOMOJOTUYECKU YITOPSIOYEHHDBIX
KOMIO3ULIMI "KapOuI KpeMHUSI — HAHOCTPYKTYPUPO-
BaHHBINM ajMa3" ISl aBTOIMUCCUOHHOM 3JIEKTPOHUKHI
[3, 4]; 2D HaHOCI0EBBIX KOMITO3ULIMI 3KE€CTKOLIEITHBIX
MOJUUMUAOB IS MEXCIOMHONH M30JSUMU HAHOMO-
pucThIMU low-K au3aeKTpUMKaMy B HOBEMILMX WHTE-
IpajibHBIX MUKPOCXeMax ¢ HAHOPa3MEPHBIMU TOMOJIO-
rMYEeCKMMH HopMamu [5, 6].

B pamkax mocTaBiIeHHO# LeJIM TUIAHUPYEMBIE CeT-
MEHTBI 11€JIEBOTO PbIHKA HAYKOEMKOW WHHOBALIMOH-
HOIM HayYHO-00pa30BaTeJbHOU MPOAYKIMU ObLIM OIl-
peneseHbl Kak:

e KapOuMm KpeMHUS W KOMIIO3WIMU "KapOoum Kpem-
HUs — rpaden”, "KapOum KpeMHUsT — anmas";

e ajgMa3 U 3MUTAKCUATbHBIE KOMIIO3UIIMM Ha €ro Oc-
HOBE;

e 2D u 3D HaHOpa3MepHBIi yriaepon: rpadeH, Ha-
HOTPYOKU;

e IIOJIMMEDPHI X OMOIIOJIUMEPDI: CTPYKTYpO- U (hOPMO-
00pa3oBaHue, aJIUTUBHbIC MTeYaTHbIE U OMOHMYE-
CKH€ TEXHOJIOTHM.

OCHOBHBIM OXHIAaeMbIM pe3yJbTaTOM CHCTEMO-
o0pasylolllero xapaktepa, omnpeaesstomum 3bdex-
TUBHOCTb pealu3alivy ISl YHUBEPCUTETA TIPOEKTa —
MexaucuMInInHapHbIi LeHTP MpeBOCXOACTBA "YTiie-
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ponHast 3JeKTPOHUKA", ABJISIETCS peannu3alus MoJe-
JI UTHHOBAIIMOHHOTO Pa3BUTHUA ¢ (GOPMUPOBAHUEM Ha
0a3e By3a KOHKYPEHTOCITOCOOHBIX TEXHOJIOTUYECKUX
HUII MPEeBOCXOJCTBA B paMKax BbIllIEyKa3aHHOIO Ha-
MpaBJIeHMS C UX UHPPACTPYKTYPHBIM MPaKTUUECKUM
BOIUIONIEHUEM B BHEC TEXHOJOTMUYECKUX JUHUN U
MaplIpyTOB: ajgMa3, KapOua KpeMHUsI, TMOKasi revar-
Hasl 3J1eKTPOHMKA.

Peanuzaiius aMOUMLIMO3HBIX MTPOEKTOB U 3KCITPECC-
TpaHchopMalUsl 3HaHUI OT MccleaoBaTeIbcKON cTa-
IUU K TPOU3BOACTBEHHOU TpeOYIOT KOHUEHTpaluu
KOMMETEHIIUI, NUHPPACTPYKTYPHBIX PECYPCOB U IIPO-
(heccuoHanbHOM 31UTHI. BEIOOP B KauecTBe OMHOTO U3
HarpaBjJeHUH (HOPMUPOBAHUST KOHKYPEHTOCHOCO0-
HOM HALIMOHAJIbHOM MHHOBALIMOHHOM CPEIbI TEXHOJIO-
rMYECKOW HMIIM KapOUIOKPEMHUEBOU 3JEKTPOHUKU
ornpeneans HeoOXOAUMOCTb JETAIbHOIO CUCTEMHOTO
aHaJI13a COBPEMEHHBIX MPOOJIEM U TOCTUXKEHUN Kap-
OMIOKPEMHMEBOM UHIYCTPUHN B LIENSAX MTO3ULIMOHUPO-
BaHus JIDTH Ha pplHKe HAyKOEMKOI U peaabHO BOC-
TpeOOBaHHON MPOAYKIIMU.

Ileavio dannoll cmamvu s645€mMCA CUCHEMHbI AHA-
AU3 KAHOHeBbIX Npobaem U NpoepecCUBHbIX MeHOeHUUl 6
mexHoA02UU OAHHORO WUPOKO30HHO020 AAMA30N0000H020
n0aynpo8ooHuK08o2o mamepuara u IKb Ha eeo ocHoee.

YyuteiBast HEOOXOIUMOCTh (DOPMUPOBAHUS Y UUTA-
TEJIsl CUCTEMHBIX IIPEACTABICHUI O COCTOSIHUM paboT
B KapOWJIOKPEeMHUEBON WHAYCTPUU MaTepUasl CTaThu
M3j1araeTcs TPEeUMYIIeCTBEHHO B BHIE TaOIWIL WA
rparIecKux 0000IICHHBIX IIPEACTaBICHMIA, YTO JOJIK-
HO 00eCIIeYnBaTh HALIIAHOCTh M BOBMOXKHOCTD IpPaK-
TUYECKOTO MCIIOJIb30BAHUS PEe3yIbTaTOB aHAM3A.

HanbGonee 3HauMMble COBpEMEHHbIE TEHAECHLMU
WJLTIOCTPUPYIOTCS Ha MPUMeEpPE OTeUeCTBEHHBIX pa3pa-
00TOK, BbINoJHEHHBbIX B CITOI'DTY nmpuMeHUTEIbHO K
POCTOBBIM TIpoLieccaM U MepcnekTuBHOM DKb Tonbko
B TEUEHUE TTOCIETHUX HECKOJBKMX JIET.

bonee panHue pa3paboTKy TOCTAaTOYHO ITOJPOOHO
M3JIOXKEHBI B padorax [6—9].

Kapoun xkpemnus —
MaTepHall 3JeKTPOHHOM TEXHUKH

IIpoMbliiieHHasT UCTOpUsS KapOuaa KpeMHus Oe-
pet cBoe Hauajo ¢ koHua XIX Beka, korna B 1893 r.
E. AdecoHoM Oblna mNpeajoxeHa CyOJIMMallOHHAs
TEXHOJIOTUSI TOJy4YeHUs] adpa3WBHOIO Marepuajia 3a
CYET MCIapeHMsI IIHUXThl, B OCHOBE KOTOPOIA JiexKaJ yr-
Jlepon U KpeMHU# (paKTUUecKu KBapleBblil MECOK).
B mpomecce BBICOKOTEMITEpaTypHOTO CHMHTE3a (op-
MUPOBAJICS KapOMIOKPEMHUEBBIN CITEK, COmepKaIIIiA
MPEUMYLIECTBEHHO OMHApHOE XMMMYECKOEe COeIMHE-
HUE — KapOua KpeMHUS B BUIE CPOCTKOB KPUCTAJLIIOB.
JaHHbIiI aOpa3vBHBIM MaTepuall C BBICOKOI TBEpHO-
cThio o Moocy (9,2...9,3) noayyus Ha3BaHUE KapOo-
pyHa. HaapHei1nyo UCTOPUIO CTAHOBJIEHHUS KapOuaa




KpeMHMSI KaK MaTepuraja MoJyIpOBOIHUKOBOMN TEXHM -
KU oTpaxaeT Taou. 1.

BriepBbie pe3ysbTaThl MO BbIpallMBaHUIO OOBEMHBIX
MOHOKPUCTALJIOB — CIUTKOB SiC — OblIM NpeacTaniie-
Hbl COTpyAHMKAaMU JIECHUHIPAaACKOTO 3JEKTPOTEXHM -
yeckoro nHcTuTyTa HO. M. TanposeiM u B. @. LIBeT-
KOBbIM B 1976 r. Ha 1-ii EBpormeiickoii KoHpepeH-
LIMH T10 BbIpAIlMBAHUIO KPUCTAJIIIOB U3 ra30B0i (a3l
(IIropux, IIBeiinapus), a moJHOMAacIITaOHAasI ITyOJIM-
Kalus o HoBoMy MmeTtoay pocta SiC, mojay4uBUIETO
Ha3BaHWE B MMPOBOM MpaKTUKe (TI0 aHAJIOTHH C METO-
nom Jlenu) meron JIDTHU, mosisunack B 1978 1. [1] B BbI-
COKOPEUTUHTOBOM MeEXayHapogHoM kypHaie "Cristal
Growth". B ocHOBy MeTona ObljIa IMOJIOKEHA KJIacCH-
yecKas cXxeMa KOHAEeHCAIINY TepeChIIIeHHOTOo TTapa Ha
"MOHOKPHUCTAJIJI — 3aTpaBKy" KapOuga KpeMHUS.

B Tedenue psima et B paMKax TEXHOJIOTMHM paspa-
IIMBaHMST 0A30BOM 3aTpaBKU, IMOJYYEHHOM IMEepBOHA-
yajbHO TI0 MeTomy Jlenmw, ymamoch TepedTH K poCTy
00BEMHBIX MOHOKPHUCTALIMYECKUX CIMTKOB KapOuaa
KPEeMHUST TUAaMETPOM B HECKOJIBKO TIOMNMOB.

DBONIOINIO Pa3MepPOB BBIPAIIMBAEMBIX MOHOKPH-
CTAJUIOB KapOuga KpeMHUS, JOCTUTHYTYIO Oyarogapsi
pa3pabdotke MeToma JIDTU, omnpenenuBiiero misi MU-
POBOIT MPAKTUKKY BO3MOXHOCTH TTEPEX0/ia K MPOMBIIII-
JICHHOI TeXHOJIOTMY CO3AaHUs TPUOOPOB Ha KapOue
KPEeMHUST MHTETPaTbHO-TPYIIIIOBEIMA METOHAMU, WJI-
JIIoCTpupyeT puc. 1.

Topnoxka no meroxy JIOTU
“LETI” substrate

IMomnoxka mo
metony Jlenn

“Lely”
substrate

Puc. 1. Dpoonus npoueccos pocta MoHOKpucTaLimyeckoro SiC or
Mmerona Jleau kK merony JIDTU

Fig. 1. Evolution of SiC single crystal growth processes from Lely method
to LETI method

Dus3nKo-XUMHUYECKME U TEXHOJOTMYECKHE OCO-
6eHHocTu SiC Kak maTepuala 3JeKTPOHHON TeXHUKU
oTpaxaeT Tabu. 2. KoMIUleKCHbI aHanu3 0a30BBIX
MOJIyIPOBOJHUKOBBIX MaTepUaJIOB B OTHOIUIEHUM UX
CBOWCTB, onpenesomnx (PyHKIIMOHATbHOe Ha3Have-
HUE U JOCTUIraeMble MapaMeTphbl MPU CO3MAHUM DJIeK-
TPOHHOM KOMITOHEHTHOM 0a3bl, MJIJIIOCTPUPYET pUC. 2.

BrlinmosiHEHHOE paHXMpPOBaHUE YKa3blBaeT Ha CO-
CEACTBO KapOuma KpeMHUS ¢ TAKMMU TEePCIIeKTUBHBI-

Ta6auua 1
IIpomMbllLIeHHAS MCTOPHS CTAHOBJICHHS TEXHOJOTMH POCTA KapOuIa KpeMHUs
Table 1
The industrial history of formation of the silicon carbide growth technology
[oger Wctopuueckue hakTbl
Years Historical facts

MCTOYHUK

KPEeMHMSI MeToIoM cyonumanuu (Meton Jlenn)

method (Lely method)

(o merony Jlenn)

single crystals of silicon carbide (LETI method)

IIPUOCTAHOBJIICHO

1893 | Acheson E. G. U. S. Patent Ne 492767, Feb. 28, 1893 Meton AuecoHa — nojydeHue abpa3vBHOIO MaTepuaia
Acheson E. G. U. S. Patent Ne 492767, Feb. 28, 1893 Acheson method — getting an abrasive

1907 | ROUND H. S. "A NOTE on carborundum”, Electrotechnical Word 49, 308, 1907. DiekTpoiioMUHECLEHLIMsI KapOuaa KpeMHUsI
ROUND H. S. "A NOTE on carborundum”, Electrotechnical Word 49, 308, 1907. Electroluminescence of silicon carbide

1922 | Jloces O. "[detekrop-reHeparop, aerekrop-ycuautenas” Tu Ton 1922, 14, 374. TlepBblit MaTeHT Ha 2JEKTPOJIOMUHECUEHTHBIM

Losev O. "Detector-generator, detector-amplifier” Tee Tbn 1922, 14, 374 The first patent for an electroluminescent source
1955 | Lely (Germany). Ber. Deut. Ceram. Gesellsh., 1955, 32,229. BeipaiuBaHue MOHOKPHUCTAUIOB MOJTYPOBOAHMUKOBOTO Kapouna

Lely (Germany). Ber. Deut. Ceram. Gesellsh., 1955, 32, 229. Growing of semiconductor silicon carbide single crystals by the sublimation

1964 | TTomonbCKUiT XUMUKO-METALTypruyeckuil 3apoa. IlepBoe MpOMBILILUIEHHOE MPOM3BoACTBO MOHOKpucTawioB SiC B CCCP

Podolsk Chemical-Metallurgical Plant. The first industrial production of SiC single crystals in the USSR (Lely method)

1976 | Taupos FO. M. u LIgetkoB B. ®. IlepBas Esporeiickast KoHdepeHius Mo pocty kpuctamios. Lopux, 1976, c. 188. Meton BbI-
palMBaHusl 0OBEMHBIX MOHOKPUCTAJIOB Kapouaa KpemHust (meton JIDTH)
Tairov Y. M. and Tsvetkov V. F. First European conference on crystal growth. Zurich, 1976, p. 188. The method of growing of bulk

1982 | INononbckuit XMMUKO-MeTatyprudeckuit 3aBoa. Metoa JIOTU BHeapeH B MpOMbILUIEHHOCTb. B nanbHelillieM Mpou3BOACTBO

Podolsk Chemical-Metallurgical Plant. LETI method implemented in the industry. In the future, the production was suspended

1987 | CesepHast Kaponuna, CIIIA. Co3nana ¢upma "Cree Research Inc.”
North Carolina, USA. The company "Cree Research Inc.” was created

1991 | ®upma "Cree Research Inc." Hauana komMepuyecKoe IIPOMU3BOICTBO 00beMHBIX MOHOKpHUcTaLIoB SiC (1o merony JIDTU)
Company "Cree Research Inc." begins commercial production of SiC bulk single crystals (LETI method)
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Tabauia 2

DuU3HKO-TeXHOIOrHIeckne ocodeHHocTd SiC Kak MaTepuaja 3JeKTPOHHO!H TeXHHKH

Table 2

Physical and technological properties of SiC as a material of electronic equipment

BaszoBbie Kputepuu
Basic criteria

ONTUKO-TEXHOJOTMYECKNE OCOOEHHOCTHU
Physical-technological features

J1OCTYITHOCTh 1 9KOJIOTMYHOCTh
VICXOIHBIX KOMITOHEHTOB
Accessibility and sustainability of
components

YCTOIMUMBOCTD K BHICOKUM
TeMIepaTypamMm U XMMHUYECKU
aKTHBHBIM cpeaam
Resistance to temperature and
chemically-active medias

DuU3NKO-XMMUYECKUE U
CTPYKTYpHbIE OCOOGCHHOCTH
OMHAPHOTO COEAMHEHUS
Physical-chemical and structural
characteristics of the binary
compound

J1OCTYITHOCTD JIETUPOBaHUSI

¥ CJIOKHOCTH TTOJTyYeHUS
MaTepuana ¢ COOCTBEHHOM
3JICKTPONPOBOTHOCTHIO
Availability of doping and difficulty
to obtain a material with its own
electrical conductivity

CTpyKTYpHO-OpHEHTAIIMOHHASI
CEJIEKTUBHOCTD MIPOIIECCOB
poCTa, JerMpOBaHUsl, OKUCICHUS

+ HeorpaHMue€HHOCTb UCTOUHUKOB ChIPbsI

- TunoBble MPOLIECCHI TIepepabOTKU U OUKUCTKU ChIPbSI

- Huskasi sHepreTryeckast U 3KoJIornuyeckasi Harpy3ka Ha ouochepy

+ Unlimited sources of raw materials

+ Typical processes for processing and purification of raw materials

+ Low energy and environmental affection on the biosphere

+ DddexTuBHasa auccoumnauus (cyonmumarus) npu 7 > 2000 °C 1 MOHMXKEHHBIX AaBICHMSIX

* OTcyTCcTBHE MIABIEHUS NTPU HOPMAILHbIX Aapienusx (7, > 3000 °C npu P = 35 atm)

+ D dexTUBHOE XUMUYECKOe TpaBieHue B paciuiaBe eaoueii ipu 7' = 400 °C u xjtopocoaepxKalimx
razax npu 7 > 1000 °C

- Effective dissociation (sublimation) at T > 2000 °C and reduced pressures

* Lack of fusion at normal pressures (T,,,;, > 3000 °C at P = 35 atm)

+ Effective chemical etching in alkaline melt at T = 400 °C and in chlorine-containing gases at T > 1000 °C
* MHoroo6pasue CTpyKTYpHbIX MOAMGbUKAIIMI MPU €AMHCTBE OCHOBHOTO COCTaBa — OJHOOCHBIi MO~
JuMou3M (TIOJTUTUITU3ZM)

- Hectexuomerpust (SiC) mpu BeIpallliBaHUU W SHEPTETUYECKUX BO3NEHCTBUSIX

+ Hanmmune co6etBennbix okenna (Si0,) n macku (C)

« A variety of structural modifications at the unity of the basic structure — an uniaxial polymorphism
(polytypism)

* Nonstoichiometry (SiC) at growing and energy impacts

* Presence of native oxide (SiO,) and the mask (C)

* D hEeKTUBHBINA TOHOP — a30T, aKLENTOPHI: aTIOMUHUIA 1 OOp

- LLIMpoKMit IMarna3oH YpoBHei JiernpoBaHusi noHopamu 1 akuentopamu ot 10 1o 102! em™
+ JIerKOCTb BXOXIIEHUsI HEKOHTPOJUPYEMBIX Ipumeceit (¢poH > 105 em™

* Huzkue koaduumeHTsl q1uddy3nn oCHOBHBIX TpUMeceit (10_13—10_14 CM2/C)

« Effective donor — nitrogen, acceptors: aluminum, boron

+ Wide range of doping levels by donors and acceptors from 107 10 1°1 em™3

+ Ease of entry of the uncontrolled impurities (background > 105 em™ )

- Low diffusion coefficients of the main impurities ( 1075310714 cm2/s)

- [lonmuruHast U30MpaTETLHOCTh

+ Bddext nmoasgpHocTu rpanu (0001) (kpemHMeBasI, yrjaepoaHas)

+ Hanmuuue M30CTpyKTYpHBIX M303JIEKTPOHHBIX AHAJIOTOB JUISI TETEPOINMUTAKCUM U CUHTE3a TBEPAbIX

3

Structural and orientation
selectivity of growth, doping and
oxidation processes

pactBopoB (AIN, GaN)
+ Polytypic selectivity

- Effect of the polarity of the edge (0001) (silicon, carbon)
+ Isoelectronic isostructural analogues for heteroepitaxy and synthesis of solid solutions (AIN, GaN)

MM MaTepuallaMy, KaK HUTPUABI TAIJIAS U ATFOMUHUS
u, 0e3yciaoBHO, aiMas. OnpeaesoliuMi C TOYKHU
3peHUs TOCTUXEHUS 3KCTPEMAIbHBIX PEXXUMOB U YC-
JIOBUIA 3KCILIyaTalluU SIBJISIIOTCS: IIMPUHA 3aIpeleH-
HOI 30HBI, TeMneparypa Jlebast, TeIIonpOBOIHOCTb,
KpUTHUYECKas HAMPSIKEHHOCTh JIEKTPUUECKOTO MO,
CKOPOCTh HacChIIIeHUS Apelidpa HOCUTEIIEH.
BaxHelumMyu KpuTepusiMu 0000ILIEHHOTO Kayve-
CTBa MaTepuajla B OTHOILIEHMU PEXUMOB pabdOThI
OKb Ha nX OCHOBE SIBISIIOTCSI M3BECTHHIE KPUTEPUU:
"Johnson", "Kejes", "Baliga", yuutsiBamoimne (hakTh-
YeCKU JOIMYCTUMYIO TEIUIOBYIO WU 3JEKTPUUYECKYIO
Harpy3Ky, 9TOo HamuboJjiee 4acTO OTpaxkaeTcsl B IIPO-
U3BEJACHUU "KOMMYyTUpyeMasl (reHepupyemasi) MOL-
HOCTb X yacTtoTa", "pabouee HalpsKeHUE X ILIOT-
HOCTh TOKA" WJIM B BUJE "MOCTMKMMOI CKOPOCTH Ha-
pacTaHMsI HANIPpsKeHUST" B UMITYJIbCHBIX cUCTeMax. Bee
BBILIIEYKa3aHHbIC 0a30BbIe XapaKTePUCTUKU MaTepHa-
Jla BXOMSIT B JaHHbIE KPUTEPUU OLEHKU AOCTUKUMBIX
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XapaKTepUCTUK Yy MIPUOOPOB CUJIOBOI, BBICOKOYACTOT-
HOM, UMITYJIbCHOM 3JIEKTPOHUKHMU.

Crotikocth SiC K pa3anyHBIM BUJIAM BO3ICHCTBUIA
4acTo 000011IaeTCsl B IMTEpaType B BUIE TeMIIepaTyphl
Hebas, koropast paKTMYECKN MOXET OBITh JIeTaTU3U-
pOBaHa I10 PSIIYy OCHOBHEIX 9KCTPEeMaJIbHBIX BO3IEHCT-
ByloluX (akTopos (Tadi. 3).

KmoueBsie npo6aembl Texnosornn SiC

XapakTepHas ctoiikocTh SiC K BHEIITHUM BO31Ieii-
CTBUSIM OITPENeNIsIeT W CIOKHOCTH B TEXHOJIOTUM CHUH-
Te3a, 00paboOTKM UM MOAUGUIIMPOBAHUS TaHHOTO Ma-
Tepuaa.

CoBpeMeHHbIe KJIloueBble MpoOJieMbl MPU MPO-
MBIIIJIECHHOM OCBOEHUM 3JIEKTPOHHON KOMIIOHEHT-
Ho#i 0a3bl Ha ocHOBe SiC CUCTEMHO YIOpPsIOYEHBI B
pamkax Taon. 4.

Ocoboe BHMMaHHE 3aClIyXUBalOT IO-IIPEXHEMY
pPOCTOBBIE TPOOJIEMBbI, CBSI3aHHBIE C MOJYYEHUEM KaK
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Fig. 2. Adjustment of the base semiconductor materials by its basic physical properties

CWIbHO JIETUPOBAHHBIX MOHOKPUCTAJIOB MOMIOXEK
JUISI CUJIOBOM 371eKTPOHUKM Ha SiC, Tak U BHICOKOOM-
HBIX MOJIOXKEK, SIBJISIOIIMUXCS 0a30BbIMU cyOCTpaTaMu
111 mpuoopoB CBY 251eKTpOHUKM Ha OCHOBE TeTepo-
cTpyKTypHBIX Kommo3uuuit GaN/AIN/SiC.

Hu3Kk00OMHOCTh MOMIOXKU JOCTUTAETCS JerMpoBa-
HUEM pPACTyIIMX MOHOKPHUCTAJJIOB B IPOLIECCE POCTa
azotoM. OmHAKO TIpU OMpeaeSeHHbIX YPOBHSIX KOH-
LIEHTpaLKU UMEeT MeCTO Ae(heKToo0pa3oBaHUE, YXY/I-
1arolee CTPYKTYPHbIE XapaKTepUCTUKM MaTepuaia.
DTO OTpMIIATENIPHO CKAa3bIBACTCsS Ha KadeCTBE SITH-
TakcUaNbHBIX cjloeB SiC, 4TO HEeAOMYCTUMO TIPU CO3-
JaHWUW TIpUOOPOB CUJILHOTOYHOI BBICOKOBOJBTHOM
BJIEKTPOHUKMU.

HauGonee yacto mcnonb3yeMoe AOMOJHUTEIBHOE
JIETUPOBAHME PACTYILIETO MOHOKPUCTAIJIA KOMITEHCH-
pylolIei MpUMechio IJisi obecrneyeHUs] BBICOKOOMHO-
CTU MOIJIOXEK (p > 108 Om - CM), IpeaHa3HAYeHHBIX
anst CBY anekTpoHMKU, He obecrneunBaeT Tpelye-
MBIX XapaKTEpUCTUK CyOCTpara IMpU dKCITyaTallui B
skcTpemanabHbix CBY pexumax. Bto 3acTtaBiseT 00-
pallaTbCsd K BBICOKOUMCTBIM HEJIeTMPOBAaHHBIM IO~
JIOXXKaM, KOTOpble (PaKTUYECKHU SBISIOTCS SKCKITIO-
3MBHBIMHU HE TOJIbKO IO LICHOBBIM IapamMeTpaM, HO U

IO IOCTYITHOCTH, OCOOEHHO IS

OTEYeCTBEHHOTO MOTPeOUTEIs.
Xapakrepusys pa3putue B JIDTU

pabor 1o pocty KpuctamioB SiC

cJiemyeT BBIICITUTD:

e cosgaHue coBMectHo ¢ OOO
"CekTop" HOBOM MOJHOCTBIO OTE-
YECTBEHHON YCTAHOBKU ITO BBI-
palllMBaHUI0 MOHOKPUCTAIIOB
SiC (puc. 3) ¢ BO3MOXHOCTbIO
MOJIyueHUs CIAUTKOB (puc. 4)
nuamerpoM 10 67 (150 mm);

e TMpOBeJcHME KOMILIeKCa uccie-
JTOBaHMI II0 pOCTy KapOmuaa
KPEMHHUS Ha TOIJIOXKaX C He-
TPaTUIIMOHHBIMU KPUCTAJLTOTPa-
¢uyeckumu opueHTanysMu [10];

e M3yuyeHHE TIPOIIECCOB OOpaTu-
MOTO POCTOBOTO TTOJMTUITM3MA
B cucreme SiC—AIN B pamkax
OPENCTABJIEHUN O MATPUYHOU
peTUIMKAIIMU PEIKUX IMOJUTUTIOB
(puc. 5).

AHann3 1 OCBOCHUE ITPOIIECCOB
SMUTAKCUAJIBHOIO pocTa Kapouaa
KPEeMHUSI, OCYIIECTBIISIEMbIE COTPYI-
Hukamu CII6I'DTY ¢ ncnonn3ona-
HUeM 3apyOexHOi 3KCIepuMeH-
TaJIbHOM 0a3bl, a ¢ KoHua 2015 . —
B paMKaxX ITOCTaAaHOBKHM JTaHHOTO
mpoiiecca B COCTaBe TEXHOJIOTH-
YeCKOTO MapIIpyTa W3TOTOBJICHMUS

Tabauua 3

Croiikoctb SiC K 3KCTpeMaJbHbIM BHEHIHUM BO3J€iCTBUAM

Table 3

SiC resistance to extreme external influences

Bun croiikoct

Kind of resistance

XapaKTepUCTUKU
Features

TemoBast
Thermal

JlyueBast
Radiation

PanunanmoHHas
Radiative

Xummyeckast
Chemical

MexaHuueckast

Mechanical

0O06061IeHHAs
Generalized

DHeprus cyoamManuu
(aromuzaruu) > 150 Kkaix/Mosb
Sublimation thermal energy
(atomization) > 150 kcal/mol
YCTONUMBOCTD K ONTUYECKOMY

Boszeitcrauio > 10* BT/CM2
Resistance to optical affection > 10¢ W/cm2
Dy103HC HEUTPOHOB > 1013 HeI7ITp0HOB/CM2

Neutron fluence > 108 neutrons/cm2
TpaButenu: XJ0p, BOAOPOI, XJIOPUCTHI
Bopopon (7 > 900 °C); pacruiaBsl 1ienoyeit
(KOH, NaOH; T > 400 °C)
Etchants: chlorine, hydrogen, chloride hydrogen,
(T > 900 °C); alkali melts (KOH, NaOH;
T > 400 °C)

Tsepaocts mo Moocy 9,2...9,3;
monyab FOnra 400 I'Tla
Hardness by Mohs: 9.2...9.3;
Young’s modulus: 400 GPa
Temmnepatypa de6as 1200...1430 K
nonutun 3C-6H)

Debye temperature: 1200...1430 K
(polytype 3C-6H)
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MpruOOPOB CUJIOBOM BBICOKOBOJILTHOI 3JIEKTPOHMKHU,
peanu3yeMoro Ha 06a3e 3JeKTPOTEXHUUYECKOTO YHUBEP-
CUTETAa, MO3BOJIUJIU OMNpPEACIUTh Haubosiee KpUTHUYE-
CKME€ MOMEHTHI YMPABJICHUS IIPOLECCAMU TOMOIMM-
TaKCUU UCXOI W3 CIEAYIOIIMX 0a30BBbIX KPUTEPHUEB:
YHUCTOTA U YPOBEHb JIETUPOBAHUS MaTepuana; CTpyK-
TYPHOE COBEPILIEHCTBO U CKOPOCTh POCTa 3MUTAKCU-

aJlbHBIX CJIOEB; MOP(QOJOrus IOBepXHOCTU. JlaHHEIE
00001IEHHbIE MPEACTaBICHUS] WUTIOCTPUPYET CXema
Ha puc. 6.
VrpaBieHue MpoueccoM JITUPOBAHUSI MPU 3TOM
OCYIIECTBIISIETCS] TPEMsI OCHOBHBIMU CITOCOOAMU:
e BBIOOPOM JIETHMPYIOLIEro MpeKypcopa (k-TUM NO-
Hopbl: a3oT, Ny, NHj3, dochop, PH5; p-tum ak-

Tabmuua 4

KiroueBbie npoosieMbl TexXHOIOrHH npuoopoB Ha SiC

Table 4

Key issues of SiC devices technology

bazoBble KOHCTPYK-

TUBHO-TEXHOJIOTHYE-
CKUE DJIEMEHThI
Basic design and

technological elements

OCoOEHHOCTU 1 TTPOOJIeMbI
Features and issues

TpuHUMOMATbHBIE OrpaHUYEHUSI
Principal limitations

Kpucranib-
MOAJIOXKHU
Crystal substrates

OnUTaKCuaabHbIe

CTPYKTYPbI
Epitaxial structures

JlerupoBaHue
Alloying

OxucieHue
Oxidation

Tpasnenue
Etching

Merannu3zanus,
KOHTAKThI
Metallization, contacts

W3onsuums, 3ammra
Isolation, protection

- BricokoTeMmiepaTypHbIe MPOLECChl pOCTa

+ lIocTuKeHHE TPeOYyeMBbIX 2JIeKTPOPU3NIECKUX ITapaMeTPOB

- CoxpaHeHue 21eKTpOU3MIECKUX CBOMCTB MPHU 3KCTPEMATIbHBIX
BO3ACUCTBHUSIX

+ High-temperature processes of growth

* Achieving the required electro-physical parameters

* Saving the electrical properties under extreme conditions

- KayecTBO mpeasnuTakcuaabHbION MOATOTOBKHU

- BeIcOKOTEMIIEPATYPHOCTH IIPOLIECCOB

+ UHTerpanusi mpoueccoB pocTa sic U JIeTMpOBaHUs

* Quality of pre-epitaxial preparation

+ High temperature processes

- Integration of SiC growth and doping processes

- BeicokoTemmneparypHOCTh AU PY3Uu U €€ MPOIOJIKUTEIBHOCTD

+ OrpaHMYEeHHOCTh 3(PGHEKTUBHBIX MPUMeCeil MPYU UMITIaHTAlluKi

- BeicokoTeMIIEpaTypHOCTh IIPOLIECCOB OTKUTA IOC/IE UMILIAH-
TalluKl

* High temperature of diffusion and its duration

« Limitation of effective impurities during implantation

« High temperature of annealing processes after implantation

- I'pannia pasgena "sic — oxkcun Si”

« Interface "SiC — Si oxide"

+ BbIcoKOTEMITEpaTypHOCTh XXKUIKOCTHOTO TPABICHUS
- [IponomxuteabHbie mporecchl "cyxoro” 3D TpaBneHust
* High temperature of liquid etching

+ Prolonged processes of "dry” 3D etching

* Boicokue I0oTHOCTU TOKa

- JlJokanbHOE 2HEProBhIACICHHUE

* Boicokue Temmepatypbl

- OU3UKO-XMMUYecKasi M dJIEKTpUIecKasl Aerpanaiusi
« High current density

+ Local energy release

- High temperatures

* Physical-chemical and electrical degradation

* Beicokue HampsokeHuUst

- Bricokue TemrepaTypsl

+ OU3MKO-XMMHUYeCcKasi M 3JIEKTPUYECcKasl Aerpanaiusi
« High voltages

* High temperatures

* Physical-chemical and electrical degradation

+ Pazmepsl nomnoxexk

+ CTOUMOCTb MOIOKEK

+ HuzkoomHocth

* BbICOKOOMHOCTB

+ Dimensions of substrates

+ Cost of substrates

+ Low-resistance

« High-resistance

+ CTOMMOCTb SIMUTAKCUATBHBIX CTPYKTYD;
+ DNIMTaKCHaIbHbIE CTPYKTYPBI OOJIBIION TOJI-
LMHBI

+ Cost of epitaxial structures

« Epitaxial structures of large thickness

+ KauecTBO 1 HOMEHKJIaTypa JIeTMPOBaHUsI JJIsT
CUJIOBBIX TTPUOOPOB;

+ Crienuaau3upoBaHHOE 000PYIOBaHUE ISt
oTXKUTa

* Quality and range of doping for power devices
- Specialized equipment for annealing

* BoicoKast TUIOTHOCTh COCTOSTHUI

* Hu3kast mogBMXXHOCTb HOCUTENIEN B KaHaje
* High density of states

+ Low carrier mobility in a channel

+ CJIOXHOCTh peau3aiiui CTPYKTYp ¢ OOJIb-
IIUM acCMeKTHBIM OTHOILICHUEM

+ Complexity of implementation of structures with
large aspect ratio

+ DKCTpeMalibHble PEXHUMBbI U YCJIOBUSI DKC-
TJIyaTtauuu

+ Extreme modes and operating conditions

+ DKcTpeMalbHbIe PeXUMBI U YCIOBUSI 9KC-
rJIyatauuu
+ Extreme modes and operating conditions

KopmycupoBaHue + BbicoKMe TUIOTHOCTH TOKA W HAIpPSIKeHUs - DiekTprUyeckasi MPOYHOCTh
Encapsulation * Beicokue TeMnepaTypbl + TerioBoe COMPOTUBJICHHUE
* High current densities and voltages + XuMuyeckasl CTOKOCTb
+ High temperatures * Dielectric strength
+ Thermal resistance
+ Chemical resistance
MonenupoBaHue * Monenu npubopoB MpU 3KCTPeMaTbHbIX pexXUMax pabOThI - baza maHHBIX peasbHbIX 3/1eKTpodusnye-
Modeling (YPOBHU WHXEKIIMH, HAMPSIKEHHOCTH TOJIeH, TeMIlepaTypa) CKHMX MapaMeTpOB B HKCTPEMAJIbHBIX peskuMax
* Models of instruments under extreme operating conditions M YCIOBMSIX 9KCIUTyaTallliKk
(injection, fields tension, temperature levels) + Database of real electro-physical parameters in
extreme conditions and operating conditions
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Puc. 3. OreuecTBeHHAS YCTAHOBKA [UISI BHIPAIMBAHUS 00'b€MHBIX MO-
HOKPHUCTAJUIOB Kapouna Kpemuus. CoBMecTHas pa3pa0oTKa M pea-
smzamus 000 "Cekrop” u JIDTU. Tliomans MomoxkKu — 10 J6"
(150 Mm); nedextHOCTD: mucokammi < 103 cm?, mopsr < 1 em™2;
nomutunusm — 6H, 4H, 3C; BBICOKOOMHOCTHL — > 108 OMm - cMm;
HU3KOOMHOCTb — < 1075 OM * cM

Fig. 3. Domestic system for growing of bulk single crystals of silicon
carbide. Joint development of "Sector” LTD and LETI: substrate square —

up to 26" (150 mm); defects: dislocation < 17 cm2, pores < 1 cmz,'
polytypism — 6H, 4H, 3C; high-resistance > 10° 2-cm; low-
resistance < 107> Q2+ cm

Puc. 4. CauTok Kapouaa KpeMHHs, BbIPALIEHHDbI HA HOBOIi OTeYe-
CTBEHHO# yCTaHOBKe CyOmMamuonHoro pocra SiC: nuametp 82 mwm;
BeicoTa 18 Mm; monmutun 4H; opuenrtanus — (0001)

Fig. 4. An ingot of silicon carbide, grown on the Russian installation of
SiC sublimation growth: diametr 82 mm; high 18 mm; polytip 4H;
orientation (0001)

LETTOPHL: ATIOMUHUNA U TAJUIAN, METAJJIOOPraHUKa
Al(CH3)3, Ga(CHj3)3) 1 uX KOHLIEHTpalueii, orpe-
JeJISIEMOM CKOPOCTRIO MOTOKA Ta3a;

e cootHoueHuem Si/C (n-tun), C/Si (p-tum);

e Kpucrautorpadudeckoir opueHtamumeir (0001) Si
uim (0001) C (pacTBOpUMOCTb MpUMeceit, Harpu-
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Puc. 5. O6paTnmblii pocToBoii mosutnnusm. [loxyyenne peakux mo-
satunoB AIN B cucteme SiC — AIN: ¢ — UK ®Dypbe-crieKTpocKomnust
(1 — nomwnoxka SiC; 2 — snurakcuanbHbii cinoii AIN); b — amek-
TpoHHOrpadus noauTunos AIN

Fig. 5. Reversible growth polytypism. Obtaining of rare AIN polytypes in
SiC—AIN system: a — IR Fourier transform spectroscopy (1 — SiC
substrate; 2 — AIN epitaxial layer); b — electron diffraction of AIN
polytypes

Temnepamypa

e bazoevle
npexypcopbl

e Opuenmayusn
ROONOMCKU

o Coomnowenue
C/Si

2. baszogvie
npexypcoput
1. Jlezupyrowgue 3. Coomnowenue

npexypcopul JlernpoBanune Si/H,

Temnepamypa, 0agnenue, c C/Si, 2az-noc

Puc. 6. @axTops! ynpasjieHus: B TEXHOJIOIHH dMUTAKCHAIBHOTO POCTa
SiC u3 ra3oBoii ¢a3nbl

Fig. 6. Control factors in epitaxial growth of SiC from the gas phase
technology

Mep, aTIOMUHUS Ha Si rpaHU MPEBOCXOAMUT Ha TMO-

PSIIOK pacTBOPUMOCTD MpumMeceit Ha C rpaHu).

Haubonee BocTpeOOBaAaHHONM TEXHOJOTMYECKOM
onepauuei mpm cozmanuu npuoopos Ha SiC 1o a6-
COJIIOTHO JOMUHUPYIOUIEH SMUTAKCUATBHOU TEXHO-
JIOTUM SIBJISIETCS CMEHA TUIIA JIETUPYIOLeil mpuMecu
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B POCTOBOM peakTope 6e3 ero "pasrepMeTuszaunun’ He-
MOCPEACTBEHHO B MPOLIECCE SMUTAKCUATBHOIO POCTA.
Mmerowmmiica y JIDTU coBpeMeHHBIN 3MUTAKCHATb-
HBI peakTop MO3BOJISIET peaiu3oBaTh JAHHBIA TMPO-
1ecc, BKIIoYast aBTOMaTUIECKYIO 3arpy3Ky MOMIOXKEK.

KonkypeHTOCIIOCOOHBIE Pa3padOTKH IKCTPEMAJIbHOIM
BDKB na SiC, sbinogHennsie B JIJOTU

HeobGxonuMocTtbio ¢hopmupoBanust B Poccum kap-
OMIOKPEMHUEBOW WHAYCTPUM KaK OIHOIO U3 IpU-
OPUTETHBIX HAMPAaBJAECHWW MPU PEILIEHUU 3aaady UM-
MOPTO3aMelleHUST 3JIEKTPOHHON KOMIIOHEHTHOM 0a3bl
U obecrieueHUs MapuTeTa B TEXHOJIOTUSIX, ONPEaesIIo-
IIMX HAyYHO-TEXHOJOIMYECKYI0 KOHKYPEHTOCITOCO0-
HOCTb U 0€30MaCHOCTb rOCYIapCTBa, HE BHI3BIBAET CO-
MHEHU.

DKB cu1060ii umnyavCHoll 6bICOKOBOALMHOIU 3AeK-
mponuxu. B coBpeMeHHOI 3apyOeKHOI MOayNpoBOI-
HUKOBOY MHIYCTPUX KapOUI KPEMHMS IIPOYHO 3aHSLI
HUIIY MaTepHaja CHJIOBOM BBHICOKOBOJIETHOM 3JI€K-
TPOHUKHU. B OTedyecTBEHHOI TMpakTHMKe Takxke AeKJia-
pUpyeTcs MOSIBIeHNEe KapOMTOKPEMHHEBBIX CUITOBBIX
MOJyJIeil, OMHAKO 10 CHX IOp 6a30BBIe JIEKTPOHHbBIE
KOMITOHEHTHI SIBJISIIOTCSl 3aMMCTBOBAHHBIMU U3-3a PYy-
6eXa, M TMOATOMY JaHHBIE KOHCTPYKTUBHO-TEXHOJIO-
rMYecKue pelleHus] HeJib3sl MPU3HATh MMIIOpTO3aMe-
LIAIOLIUMU.

ITpMeHUTENHHO K CO3MAHUIO PealbHOM COOCTBEH-
Holl kapOumokpemHueBoii DKbB crnemyer oTMeTUTh
OKP, peanmsyemyio mo 3akazy MuHIpomTopra P®d,
"Pa3paboTka 1 ocBOeHUE MPOU3BOACTBA JIMHUU KOM-
MYTHUPYIOIIUX 3JIEMEHTOB C HAHOCEKYHIHBIMU U MUKO-
CEKYHIHBIMU BpeMeHaMU TTePEKITIOYeHUS M pabOuYnMU
HanpstkeHussMu 30...3000 B (uudp "Anmapat 10")".
Ba3oBast KOHCTPYKTOPCKO-TEXHOJOTHMYECKasl pa3pa-
0oTKa ObL1a BbIMOJIHEeHa B LIeHTpe MUKPOTEXHOJOIUU
u quarHoctuku CIT6IDTY (JIDTU), a ocHOBHBIM pe-
3yJbTaTOM PalOTHI SBJSIETCS opraHusanus B Poccuu
Ha 6aze OAO "CsernaHa" cepuitHOrO BBIITyCKa IPH-
OOpOB CUJIOBOIMA BBICOKOBOJIBTHOM 3JIEKTPOHMKHM Ha
Kapouae KpeMHMUSI.

HpeticdoBble AMOABI C PE3KUM BOCCTAHOBJIEHUEM
(A4PB, DSRD — drift step recovery diodes), npen-
JIOXXeHHBIE TPyNmnoil coBeTCKMX ydyeHbIX DPTU um.
A. @. Modde [1] u peann3oBaHHEIE BIIEPBEIC HA KpeM-
HUU, OO HACTOSIIETO BPEMEHM SIBISAIOTCS Haubosee
OBICTPBIMU TTOJYIIPOBOAHUKOBBIMU KiIO4aMu. Bpewmsi
MIePEKITIOYCHUS OTIPENEIIeTCs TIPOIIECCaMM, TIPOMCXO-
ISIIMMU B 6aze nuoja, rae ¢hopMUpyeTcs 3J1eKTPOH-
HO-IBIPOYHAS TUTa3Ma, M JAaHHBIN TIPOIECC B TIEPBYIO
ouepeqb 3aBUCUT OT TOJIIMHBLI 0a3bl U HACHILLIEHHON
CKOpOCTH apeiipa OCHOBHBIX HOcUTellel 3apsaa. s
peaau3aluy BBHICOKOBOJBTHOTO CHJIBHOTOYHOTO MM-
ITyJIBCHOTO peXrMa TTepeKITIovaTesist BaXKHBI TAKKe Ta-
KHe TMapaMeTpbl MaTepuaia, Kak MpoOWBHAs Harpsi-
JKEHHOCTb 3JIEKTPUUYECKOTO MOJIsI, YPOBEHb JIETHpOBa-
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HUS U pacripenejieHre mpumeceii B 6a3e, BpeMs XKU3HU
HepaBHOBECHbIX HOcUTeNe 3apsiaa B 6aze nuoaa. Ilo-
cJemHee CBSI3aHO C TeM, YTO TPU KOPOTKOM MMITYJIbC-
HO1 IBYCTOPOHHEMN MHXKEKIIMU B 6a3y HOCUTENIU HE yC-
neBaji Obl PEKOMOMHUPOBATH 1O MOMEHTA MX BbIBE-
JIeHUsT U3 0a3bl MPU MEePEKITIOYCHUN.

I[lo xowmIiekCcy BbIIIEYyKa3aHHBIX ITapaMeTPOB,
BKJIIOYas JOMOJHUTEIbHO IIIMPUHY 3allpellieHHON 30-
HbI U, 0€3YCIIOBHO, TEIJIONPOBOAHOCTD, OINpEeaAesio-
LIy TEIUIOBblE IMPEUMYIIECTBA Marepuaga U, Kak
ClIeJICTBUE, TOBBILIEHUE TAKTOBBIA YaCTOTHI CJIEHO-
BaHUSI MMIYJbCOB, KapOua KpeMHMsI 0ojiee yeM Ha
MOPSIIOK MPEBOCXOAUT KPEMHUM U YCTYIAeT TOJIbKO
ajaMmasy.

OOpaszusr JAPB, co3maHHbIe 1O 3NUTaKCUATIBHOMN
TE€XHOJIOTUH rtJr—p—pJr (puc. 7), pealn3oBaHHBIE C IBY-
M$l BUJAMU 3allUTHI OT Mpo0os (TpaHILIEHHOIO U Me-
3aCTPYKTYPHOI'O TUIIOB) UMEIOT paboune HalpsKeHUs

p" (>2:10" sm™)

p (5-10ls sm's)

n" (>2-10" sm™)

4H-SiC p=0,012-0,025 Q2-sm

Puc. 7. CyOHaHOCEKYH/IHbIEe BbICOKOBOJIbTHBIE IHOJbI HA OCHOBE
4H-SiC: a — ceyeHUe 3MUTAKCUATBHOM CTPYKTYPhI; b — BHEIIHUIA
BU[ UMIa; ¢ — TeHepalyrs CyOHaHOCEKYHIHBIX UMITYJIbCOB

Fig. 7. Sub-nanosecond high voltage diodes on the basis of 4H-SiC:
a — cross-section of the epitaxial structure; b — exterior of the chip;
¢ — generation of sub-nanosecond pulses




1o 2 kB u cyOHaHOCEKYHIHbIE BpeMeHa IepeKoue-
Hust (600...900 11c) Tpr CKOPOCTH HApaCTaHUS UMITYJTb-
ca HanpspxeHus dU/dt = 3...5 B/mc. [Ipssmoe maneHue
HaNPsIKEHUST Ha JUOJHOMN CTPYKTYpe He IMpeBBIIIANI0
3 B, a oOpaTHBII TOK TIpH TIIOIIAmNA yuma 4 Mm?2 Ha-
XOJIUTCSI Ha YPOBHE 1073A. VBenuueHue pabouux Ha-
npsekeHuit 6onee 10 kB mocturamoch popMupoBaHM-
€M BBICOKOBOJIBTHOM COOpPKH, MPU 3TOM COXPaHSIUCH
CyOHaHOCEKYHIHbIE BpeMeHa MepeKII0YeHUsT MPUO0-
pa [12].

DKB cua060ii mpan3ucmophoii 34eKMpOHUKU HaA
SiC. Llenbio naHHOTO TIOApasaesa sIBIsIeTcs MpeacTaB-
JIeHUe clenyolleil 3HaYUTeIbHOM "Bexu'" B KapOumo-
kpemumeBoi ucropuu CII6I'DTY u pasButnm oredecT-
BEHHOM TEXHOJIOTWM TIOJYIIPOBOJHMKOBOTO Kapomma
KpPEeMHUSI — CO3[JaHMU T10JEBOIr0 TPAaH3UCTOpPA C U30-
JupoBaHHbIM 3aTBopoM (MOSFET) Ha kapbune KpeM-
HUS KaK 0a30BOro ycuiMTeabHoro anemeHTa OKb mis
SKCTPEMATbHBIX PEXMMOB M YCIOBUI SKCIUTyaTallNN.

B xpaTtkocpouHoit mepcrnekTuBe cuioBbie MJITI-
TPaH3UCTOPbl Ha KapOuiae KpemHMs1 noautuna 4H
CITOCOOHEBI 3aHATH CBOIO HUIILY TTPU CO3TAaHNM CYIOBBIX
9JIEKTPOHHBIX CUCTEM, YTO B MEPBYIO OYepeab JOCTU-
raeTcsl COYETaHUEM BBICOKMX PabOUYMX HaIpsSLKEHUI
Ipo00s1, HU3KOIO COMPOTUBIEHMSI aKTUBHOM 00JIaCTH,
BBICOKOW TMJOTHOCTM KOMMYTUPYEMOH MOIIHOCTU U
HU3KHX MOTEPhb MPU TePEeKITIOYSHNH, TOCTATOYHO BbI-
COKUX paboueil 4yaCTOTbl M TeMIIepaTypHbIX YCJIOBUI
9KCILTyaTalyu.

CedeHre CIPOEKTUPOBAHHOTO M PeaTM30BAHHOTO
BeptukajabHoro MJIIT-TpaH3ucropa mn3obOpaxkeHO Ha
puc. 8, a. AKTUBHOU YacTblO MPUOOpa SIBJSIETCS HU3-
KOJIETUPOBAHHBIN # -CJI0il co chOopMUPOBAHHBIMU B
HeM p-0071acThio, a Takxke n'- u p'-obnactamu. OG-
J1aCTh p' BBIIONHSIET POJIb KOHTAKTA K p-00JACTH U
bopmupyeTCs 1Tl BBIpaBHUBAHUS IIOTEHITAIA MEXKITY
P -06/1aCTbIO M MCTOKOM UTSI HETpaIn3alliy Tapa-
3UTHOTIO K-p-H-TPaH3UCTOpa. B OTKPBITOM COCTOSIHMMU,
KOTIa Ha 3aTBOP MPUJIOXKEHO TTOJIOXUTEIbHOE HaIpsI-
JKEHUE OTHOCUTEJbHO MCTOKAa, TOK MpPOTEKaeT yepe3
KOHTAaKT K MCTOKY, 1" -06J1acTh, KaHAJI TPAaH3HCTOPA,
J-FET-o06nacTh, orpaHU4EHHYIO ABYMSI p-H-TIepexoia-
MM, HI3KOJIETUPOBAHHYIO APeiihOByIO 00J1aCTh, BEICO-
KOJIETUPOBAHHYIO MOUIOXKKY M KOHTAKT K CTOKY.

Syeiika TpaH3UCTOpPA UMEET reKcaroHaabHyo hop-
My (puc. 8, b) ¢ nnuHoi KaHana 1 Mmxkm u J-FET-006-
JIaCThIO IIMPUHON 3 MKM, a IIMpUHA 00JIaCTU Iepe-
KPBITHSI 3aTBOpPA M A -00GJIACTH MCTOKA COCTABIISLIA
1 mxm. TpaH3uctop ObU1 copMUpPOBAH M3 MacCUBa
reKcaroHaJIbHBIX sSTYeeK W "TUTaBaroIIMX " KOJell 1o Tie-
puMeTpy npudopa, odecreurBaroIIUX IJIaBHbI Tpa-
JNUEHT HAMpPSKEHHOCTU TOJIs1 Ha nepudepuu, 4yTo Mo-
3BOJISIET N30€XaTh IMMOBEPXHOCTHOTO IIPO0OSI.

KiroueBoii mpo06ieMoii Ipyu co3AaHUU OBICTPOICH -
ctBytouiero cuioBoro MJIIT-Tpansucropa Ha 4H kap-
Oume KpeMHUsI C HU3KMM COIMPOTHMBIIEHHWEM KaHala
SIBJISIIOTCST DJIEKTPUUYECKUE CBOMCTBA IMOJA3aTBOPHOTO

Mopnoka

J-FET 06nactb:
3pm._

iDP 3:arsop
7

Puc. 8. Cunosbie MII-Tpansucropsi Ha 4H-SiC: ¢ — ceueHue
TpaH3UCTOpa; b — TeKCaroHalbHasl siuelika TPAH3UCTOPHOM CTPYK-
TYpBI; ¢ — BHELIHUA BUI TPAH3UCTOPA

Fig. 8. Power MIS-transistors on 4H-SiC: a — cross section of transistor;
b — hexagonal cell of transistor structure; ¢ — exterior of the transistor
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IU3JIEKTpUKa U rpanubl pasaena 4H-SiC/SiO,, yxya-

LIamlue pabouyre xapakTepucTuku npubdopa [13].
CunoBoit MII-TpaH3ucTop Ha KapOuie Kpem-

Hus (puc. 8, ¢) ObLI cO3AaH HA HU3KOJIETHPOBAHHOM

SMUTAKCUAJIBHOM CJIO€ TOJIIWHOMN
11 MKM ¢ KOHLIEHTpalKei a30Ta 0KO-
no 7-100 CM_3, BBIpAllIECHHOM Ha
KOMMEpPYECKON  BBICOKOJIETMPOBaH-
Hoit ueTwipexatoiiMoBoit SiC (0001)
TTO/UTOXKE M-TUTIA C YIJIOM pa3opu-
eHTauuu 4°. P-o6nacTh IyOMHOI
I MKM C NpSIMOYTOJIbHBIM TTpOGUIeM
pacrpeaeneHus IpUMecH ¢ KOHIIEH-
Tpauuei amoMuHusa 1+ 1018 cm3
ObL1a cchopMUpPOBaHA METOAOM MOH-
HOM WMIUTaHTaUUU. AHAJIOTMYHBIM
0o0pa3oM OBLIM MMIUIAHTUPOBAHEI
n"- u pt-obnactu ray6uHol 220 U
300 M ¢ KoHUEHTpanuei gochopa
v amomunnst 6+ 101 u 11020 em 3
COOTBETCTBEHHO.

ITonzaTBopHLI IM3IEKTPUK DOp-
MUPOBAJICS TIyTeM HaHECCHMS IBY-
CJIOMHOI CUCTEMBI — 5 HM HUTpUAA
KpEeMHUS1/45 HM TUOKCHUIA KPEMHMUSI
METOIOM IIJIa3MOXMMWYECKOTO Ta-
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Kossytrpyemutii tok, A
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Puc. 9. Basosbie xapakrepuctuku MJIII-Tpan3ucro-
poB Ha 4H-SiC B unrepBaje Temmeparyp ot 25 no
275 °C: a — XapaKTepUCTHKHM TiepeJadyn TOKa; b — BbI-
XOJIHasl XapaKTePUCTUKA; ¢ — IEMOHCTPALIKsI BBICOKMX
pabourx HanpsLKeHUI NPy MepeKIIoYeHun

Fig. 9. Basic characteristics of MIS transistors on 4H-SiC
in the temperature range from 25 to 275 °C: a — current
transmission characteristic; b — output characteristic; ¢ —
demonstration of high operating voltages at switching

3o¢asznoro ocaxaeHus (PECVD) c¢ mocnepyoium
OKMCJIEHUEM B aTMocdepe Cyxoro KMcaopoaa mpu TeM-
nepatype 1150 °C B TeueHue 1 4. JlerupoBaHHbI# (hoc-
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Puc. 10. ConocraBuTre/bHbIA aHAJIM3 XapaKTePUCTHK KapounokpemuueBoro M/III-Tpan3u-
CTOpa ¢ KPEMHHEBBIMA M KapOMIOKPEMHHEBBHIMA AHAJIOTAMH

Fig. 10. Comparison of the characteristics of SiC MIS transistor with silicon and silicon carbide
analogues
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0661 chOpMUPOBAH METOIOM XMMMUYECKOTO ra3oasHo-
ro ocaxaeHus npu noHwxkeHHoM aasieHuu (LPCVD).

AHanu3 0a30BbIX XapaKTEePUCTUK CO3JaHHBIX
TPaH3UCTOPHEIX CTPYKTYp (puUC. 9) moka3sai, 4To Ha-
npsi>keHue BKIIIOYeHUsI TpaH3ucTopa cocraniseT 1,8 B
(V4= 2 B, I;3= 10 MKA), a CONPOTUBJIEHUE TPAH3U-
CTOpa BO BKJIIOYCHHOM COCTOSIHUM Ryg oc(om) ObLIO BbI-
YUCJIEHO M3 HAKJIOHA BBIXOTHBIX XapaKTEPUCTUK TIPH
Vgs = 20 B 1 cocraBmiio 29 MmOm - cMm? Mpu KOMHaTHOI
teMreparype. I[1T0THOCTE KOMMYTHPYEMOTO TOKa TP
KOMHATHO# TemIiepartype TipeBbicuia 120 A/CM2 npu
NPOOMBHOM HarpskeHuu V= 5 B.

ITpoOGuBHOE HampsikeHue TpaH3UCTOpa TPU KOM-
HaTHOH Temmepatype coctaBuio 900 B. YBenuueHue
MPOOWBHOTO HAMNPSIKEHUST TPaH3MCTOpPAa BO3MOXKHO
3a CUET YBeJIMYEHUS YHMCNa '"TUIaBalolIux’ KoJell JJIs
CO3JIaHUs1 TIJIAaBHOTO TpaueHTa MOoTeHIMala Ha Mepu-
depun TprbOpa W COOTBETCTBYIOILIETO YBEIMUYCHMS
TOJIILMHBI U YMEHBIIECHUSI KOHLICHTPALMX PUMECH B
npeiidoBoii obacTu. Pe3ymbTaThl COOCTaBUTEILHOIO
aHajiM3a CO3JaHHOro KapoumokpeMHueBoro MJIII-
TpaH3UCTOpPa ¢ KPEMHUEBBIMU aHAJIOTAMU TI0 OCHOB-
HBIM XapaKTepUCTUKaM MpencTaBieHbl Ha puc. 10.
Bonee mogpobHas nHdpopmaumsa o cozganHom MJITT-
TpaH3ucrope Ha SiC mpeacraBieHa B CTaThe, OMYOIM-
KOBaHHOI B TaHHOM XYypHase.

CremyeT OTMETUTH, YTO B HACTOSIIIEE BpEeMS CO3-
JanHbie cunoBble M/ITT-Tpan3ucropsl Ha SiC uMeloT
ropasno 0ojiee HU3KOE CONMPOTUBJICHUE BO BKIIOYEH-
HOM COCTOSIHMU, YeM KpEeMHUEBBbIE aHaJOTH, OIHAKO
CYILIECTBYET psifi MpobJieM, CYyIIEeCTBEHHO OTpaHUYU-
BaIOIIMX JaJbHEeHIee YMEHbBIIIEHNE UX COTPOTUBIIE-
HUsI, a UMEHHO — HM3Kasl MOIBMKHOCTb HOCUTEJIEH
3apsiia, TIPEeUMYIIECTBEHHO 00YCTIOBICHHAS BBICOKOM
TUIOTHOCTBIO TTOBEPXHOCTHBIX COCTOSIHMI Ha I'paHUIIe
pasaena 4H-SiC/SiO,. Huskas noaBuxHOCTb HOCHUTE-
JIeli 3apsina B KaHajle TPaH3UCTOpa TakKe MPUBOIMUT K
CYILIECTBEHHOMY OrpaHMYEHUIO ero paboyero auana-
30Ha YacToT.

IKb aemosmuccuonHoii 6b.cOKOHACMOMHOU 31eK-
mponuxu. CoBpeMeHHbI 3Tan pa3putus DKb xapak-
TEPU3YETCST BO3POXKICHNUEM BaKyyMHOI MUKpO- 1 Ha-
HO2JIEKTPOHUKM B LIEJSIX JOCTUXKEHUST CBEPXBBICOKUX
yactoT I'Tuy —TT'nm nmana3zoHa, obecriedeHUs BBICO-
KOI'0 YPOBHS "TIPOM3BEACHUSI TEHEPUPYEMOI MOIIIHO-
CTM Ha YacToTy" B JaMIax MWIJIMMETPOBOIO M CyO-
MWLIMMETPOBOIO JMAIa30HOB YacTOT, PEIICHUIO 3a1ay
KOMMYTAIIMA M TeHEepallun B CBEPXKOPOTKOMMITYJTHC-
HOM 3JIEKTPOHUKE U PEeHTI€HOBCKOI TexHuke. [{Js1 Ba-
KYYMHOH aBTO3MMCCUOHHOM 3JIEKTPOHUKM TaKXKe Xa-
pakTepHa pamdalMoOHHAs W TeMIepaTypHasi CTOMKOCTb.

BaxHeiimM 371eMEeHTOM BaKyyMHOTO IpuOopa
SIBJISIETCSI UICTOUHMK 3JICKTPOHOB. D(P(PEeKTUBHBIC Ka-
TOIBI C TIOJIEBOM AMUCCHUEH JO HACTOSIIETO BpeMEeHU
SIBJISIIOTCSI TIPEAMETOM MHTEHCUBHBIX UCCIEIOBAHUIA.
Kapbun xpemMHUSI MOXET OBITh OTHECEH K IepCIIeK-
TUBHBIM MaTepuajiaM aBTOOMMCCHUOHHOMN 2JIEKTPOHU-

KM U, B TIEPBYIO O4Yepeb, Oaromapsl SKCTpeMalbHbIM
3HAYEHUSIM KPUTUUECKOI HATPSDKEHHOCTU TOJIS Jia-
BUHHOIO Npo00sI, TEMJIOMNPOBOJHOCTH U MeXxaHude-
CKO# TPpOYHOCTH. JIOMOTHUTETbHBIMUA JOCTOMHCTBA-
mu SiC ciiemyeT cYuTaTh €ro yCTOMYMBOCTD K XMMUYE-
CKVM W paJgvalliOHHBIM BO3IEHCTBHUSIM.

Puc. 11. KaponaokpemuneBbie aBTOIMHCCOHHBIE OCTpHUsA, copmu-
POBaHHBIE PA3IMYHBIMA TEXHOJOTHYECKHMMH NMPHEMAMH: @ — TEXHO-
JIOTUsI OCTPOC(HOKYCMPOBAHHOTO MOHHOTO My4YKa; b — peakTUBHOE
MOHHO-TIJIA3MEHHOE TPaBJeHUE C METANIMYECKUM KaTaJln3aToOpOM;
¢ — JBYXCTaIuiiHasI IByXypOBHEBAsI TEXHOJIOTUSI MAaTPUIL HA OCHOBE
peaKTUBHOTO MOHHO-TJIA3MEHHOTO TPaB/eHUsl; d — TEXHOJIOTUSI Ie-
TEPOCTPYKTYPHBIX MATPHUIIL "KapOua KpeMHUSI — HAHOKPUCTAJUTMYE-
ckuit anmas"”

Fig. 11. Silicon carbide field emission tips formed by different
technological methods: a — technology of sharply focused ion beam; b —
plasma-reactive ion etching with a metal catalyst; ¢ — two-stage two-
level technology of matrices based on reactive ion plasma etching; d —
heterostructure matrix technology 'silicon carbide — nanocrystalline
diamond"
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JlaHHBIE OOCTOSITEILCTBA TTO3BO- |
JIWJIM MPOTHO3UPOBATh CO3laHUE Ha !
OCHOBe KapOmma KpeMHHUS MHUKpPO- :
KAaToOB C TOJIEBOM AMUCCUEN, COUE- !
TAOIINX BBICOKYIO TIOTHOCTH TOKa :
SMUCCHUU, CTAOMIBHOCTD SMUCCUOH- :
HBIX XapaKTepUCTHK U TIpHUeMIIeMbIe |
HEBBICOKME 3HAYEHMS HAITPSIKEHHO- :
CTU DJIEKTPUUYECKOTO MOJIsi Hayasa |
SMUCCUMN. : W3 KMAKOA thaskl

B pamkax npoBeneHHOro KOM- !

IUleKca UCCIeNOBaHMIA U pa3paboToK

ObUIM MPEIJIOKEHBI U peaqr30BaHbI :

YeTBIPE TEXHOJOTUYECKUX MapIIpy- |

Ta CO3JaHUS aBTO3IMMCCHMOHHBIX :

CTPYKTYp Ha KapOume KpeMHUSI: |

e (dopMHUpPOBaHNE aBTOIMUCCUOH- !
HBIX OCTpUIl MeTOIOM ocTpocdo-
KYCHPOBAaHHOTO MOHHOTO IyJKa
(puc. 11, a);

e (dopMUpOBaHUE TOIOJOTMYECKH
YIOPSIAOYEHHBIX MACCHMBOB aBTO3MMCCHMOHHBIX
OCTPpHUIT METOAOM PEaKTUBHOTO MOHHO-TLTa3MEH-
HOTO TPABJICHUS C METAIMYECKUM KaTaanu3aTopoM
(puc. 11, b);

e (GOpMUPOBAHNE TOMOJOTUIECKH YITOPSIOUYCHHBIX
JIBYXYPOBHEBBIX aBTOIMUCCUOHHBIX MUKPOpPa3Mep-
HBIX MaTPUII TTbEACCTAIOB C HAHOPa3MEePHBIMU OCT-
PUSAMMU 1O IBYXCTAAUMHON TEXHOJOTUHU, COUETAIO-
e mpouecchl (GoroauTorpadpuu, peakKTUBHOTO
MOHHO-TIAa3MEHHOTO TpaBJIEHUsST U MUKPOMACKU-
poBaHUs KatanuzatopoM (puc. 11, c);

e (OpPMHUPOBAHUE TETEPOCTPYKTYPHBIX TBYXCTATUIHBIX
MaTpul] aBTOIMUCTEPOB Ha OCHOBE KapOuaa Kpem-
HUS U HaHOKpHUCTaJUIMUecKoro aiamasa (puc. 11, d).
OcHOBOI1 BceX aBTOIMUCCUOHHBIX CTPYKTYP SIBJISI-

JIUCh MOHOKpHUCTA/LIbI rmomioxku 6H-SiC n-tuna c

yaenabHbIM corpotuBiaeHueM 0,05 OM * cm.

00600111as1 COBOKYITHOCTb MOJYYEHHbBIX PE3yJIbTaTOB,
noapoOHO M3JI0XKEHHBIX B paborax [1—14], ciemyer
OTMETHUTD, UTO B HACTOSIINIA MOMEHT MOXHO KOHCTA-
TUPOBaTh YCTOMYMBYIO peajin3auuio Ha 6a3e SiC Muk-
POKATOAOB C IOJIEBOI SMUCCUEN CO CleayoIIUMU Oa-
30BBIMU TTapaMeTpaMU;

e HampspkeHue Havana smuccuu 10...15 B/MKM;

e TIUIOTHOCTb TOKa 3Muccuu ao 10 A/CM2;

e TIJIOTHOCTh ABTOOMUCCHUOHHBIX OCTPHUIL 5 * 108 em™2;

e YCTOMYMBOCTH pabOThl B BaKyyMe OT 107 no
1072 mm pT. CT.

Ocoboe BHUMaHHE 3acClyXHBalOT pPe3yJabTaThl
(dopMUpOBaHUS TeTEPOCTPYKTYPHBIX KATOAOB "Kapous
KpeMHUsT — anmas” [16], KoTopble moKa3aau Ipu poc-
Te HAIIPsSLKeHUs Hadyajla SMUCCHUM TTOBBIIIEHNUE ee CTa-
OunbHOCTU BO BpeMeHU. Kpome Toro, maHHast rete-
POKOMITIO3UIIMS, coueTamllasi MaTepraibl CO 3HAUYU-
TEJbHBIM DPA3IUYMEM IIMPUHBI 3aMpeIleHHONW 30HBI,
MOXeT pacCMaTpMBaThCsl Kak 0a3oBasi CTPYKTypa s
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Puc. 12. IlporpeccuBnbie TenaeHuuu B TexHosnoruu SiC
Fig. 12. Progressive trends in SiC technology

TBEPIOTEIbHBIX aBTOIMUCCUOHHBIX IPUOOPOB, HE
WCIOJIb3YIOLIMX BaKyyM, CO3JAIOLIMI OMpeneaeHHbIC
CJIOXKHOCTH TP KOPIYCUPOBAHUM.

3akimouenue

B pamkax pa3BUTUsS HAyIHBIX HMCCIEIOBAHUN WU
MPOTOTUITMPOBAHUSI OOPa31l0OB HOBOW KOHKYPEHTO-
CIIOCOOHOM KapOMAOKPEMHMEBOI 3JIeMEHTHOI 0a3bl
B 2016 T. IIaHMpyeTCs 3aBEepIIUTh CO3MaHKe Ha 0ase
CIIoI'DTY "IDTU" monHO TEXHOIOTUIeCKOM TUHUT
M3TOTOBJIEHUS CIECIYIOIIMX BUIOB ITPUOOPOB:

e CHUJIOBas dJeKTpoHUKa (auoanl ¢ baprepom IloTT-
KM, UMITYJIbCHBI€ BBICOKOBOIbTHRIE [IJIPB nromsr n
MAII-TpaH3UCTOPHI);

e BbBICOKOYACTOTHAS 2JIEKTPOHUKA (BaKyyMHbIN A1O/
C IIOJIEBOM 3MUCCHEN; BaKyyMHBII THUOMHBINA 000-
CTpUTEJb, aBBTOBMUCCUOHHBIN OrpaHUYUTENb DJIEK-
TPOMArHUTHOTO U3Ty4YeHUsI, POTONPOBOASIIE aH-
teHHbl TI-mMana3oHa, TIa3MeHHBIE aHTEHHHI,

e OIITORJIEKTPOHUKA (HATYUKU KeCTKOoro YD usny-
YyeHUsT JJIs1 OKCTpeMaJibHbIX YCJOBMIA 3KCILTyaTa-
LIMM) — CM. CTaThlO0 B JTAHHOM BBIITyCKe XypHaa;

e MMKPOCUCTEMHAsl TeXHUKA (MOIIHbIE BbICOKOYAC-
TOTHbIE MUKPOMEXaHUYECKUE KITIOUM).
Co3maBaeMasi TexHoJIOTMYecKasl JHMHUS JOJIKHA

00€eCIeuynTh 3aMKHYTBIM LIMKJI OT POCTa KPUCTAJJIOB U

CO3IaHUs AMUTAKCUATBHBIX CTPYKTYP 10 (popMUpoBa-

HUS B paMKax IUTAaHApHON WHTETpallbHO-TPYIITOBOM

TEXHOJIOTUH TUIACTMH C KPUCTA/UIAaMU — YHUITAMMU.
KoHiieHTpauust 3HaHU#, MHOPACTPYKTYPHBIX pe-

CypCcOB ¥ TTpOoGheCCUOHATBLHOM 3JIMTHI VTS pean3aun

paHee yKa3aHHBIX aMOMIIMO3HBIX MPOEKTOB, HaIpaB-

JICHHbIX Ha (OopMUpPOBaHHWE KOHKYPEHTOCIIOCOOHOM

HallMOHAJbHOM WHHOBAaLlMOHHOW cpeabl B 00JIaCTU

KapOUAOKPEMHUEBOW 3JEKTPOHUKY MO3BOJISIET MPO-

THO3UPOBATh BO3MOXHOCTb Pa3BUTHS JAHHBIX BOCTPE-




OoBaHHBIX HampaBieHuli ¢ peanusanueid B CIIOIDTY
KOHLIETIIUU "S9KOHOMUKU 3HAHUIA".

YuuThiBasi akTyaJqbHOCTh paHEE YKa3aHHOM Mpo-
onematuku v umewuiicas B CII6I'DTY Boicokuii
YPOBEHb KOMIIETEHLIMIA IO KOMIUIEKCY HAIlpaBJIeHUMN
KapOUIOKPEMHUEBOM 3JIEKTPOHUKHU, TMpeAroaraeTcs
JMATbHEHIIIEE PAa3BUTHUE CUCTEMBI CETCBOU HAIMOHAJIb-
HOM ¥ MEXAYHApPOJHON KOOTNEPALMHU AJISl PEIIEHUS 3a-
nay ¢opmupoBaHusi B Poccun kapOuaokpeMHUeBOM
WHAYCTPUU U €€ MpodecCUOHATbHO OPUEHTUPOBAH-
HOTO KaJpOBOTO 0obecIieueHus.

OO01Me mTporpecCuBHbIE TEHAEHIIMU B TEXHOJIOTUU
KapOuga KpeMHMsI KaK 0a30BOro Marepuana dJeK-
TPOHHON KOMITOHEHTHOM 0asbl JJIsI 3KCTpeMaJIbHBIX
PEXMMOB M YCJIOBUI 3KCILTyaTallMM OTpaxaeTr puc. 12.
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Technologies of Superiority. Silicon Carbide.

Scientific-technological Status of LETI

System analysis of the key problems in the technology of the wide-band diamond-like material of the silicon carbide was done.
The results of the competitive research of the electronic component base implemented by the St. Petersburg State Electrotechnical
University on the silicon carbide for the power pulse and microwave electronics were presented.

Keywords: silicon carbide, growth, epitaxy, planar technology, electronic component base

Introduction

In the international competitive environment fo-
cused on creation of an electronic component base
(ECB), is difficult to find a reference to Russian devel-
opments that have changed the market of innovative
products for critical areas, defining the technological
independence and safety of the state.

Development of the Leningrad Electrotechnical
Institute of growing of the bulk single crystals of sili-
con carbide (LETI method, 1976—1980) is an inter-
nationally recognized scientific and technological
breakthrough that determined the transition to manu-
facturing technology of ECB on silicon carbide (SiC).
This applies primarily to production of optoelectronic
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devices, microwave electronics and, of course, power
electronics, which is determined by the extreme char-
acteristics of the wide-gap semiconductor by thermal
conductivity, critical electric field strength and drift
velocity of the charge carriers, resistance to high tem-
peratures, chemically aggressive environments and ra-
diation.

Participants of the workshop "Silicon Carbide. The
integration of scientific, educational and industrial po-
tential of Russia", represented 34 domestic organiza-
tions and held in late October 2014 in the St. Petersburg
State Electrotechnical University, stated:
¢ the lack of a systematic approach to the issue of for-

mation of industrial production of semiconductor

silicon carbide in Russia and the ECB on its base
with significant aggregate economic costs of re-
search and development in this area by the various
agencies and organizations;

¢ the need to form the silicon carbide industry in Rus-
sia as one of the directions in solving of import sub-
stitution of ECB and to ensure the balance in the
technologies, determining the technological superi-
ority and safety of the state.

At the beginning of 2016, LETI within the defini-
tion of the strategic directions of development of the
university in implementation of program to improve
the competitiveness of Russia’s leading universities
(top 100) as one of the priority areas identified "carbon
electronics”.

Its selection as a subject-professional direction is de-
termined by the fact that carbon, as widely popular el-
ement in the nature, possess the atomic and molecular
energy conformism. As a consequence, there is a func-
tional-structural and physicochemical variety of car-
bonaceous materials, as well as their organic-inorganic
convergence within biotechno-sphere.

The high level of competence of LETI recognized in
Russia and abroad, including interdisciplinary research
achieved at work on synthesis, structuring and shaping
of carbon-containing inorganic materials and compo-
sitions of organic nature became the basis for imple-
mentation of the project on formation on the basis of
LETI of the excellence center "Carbon Electronics”,
adapted to international innovation environment.

Of particular note is parity or superiority achieved by
scientific and educational teams that operate on the ba-
sis of the university on the critical areas of "carbon" ma-
terials and electronic components based on them, in-
cluding priority Russian developments in the fields:
technology of growth of the single bulk crystals of sil-
icon carbide (LETI method) [1]; epitaxial structures
of diamond with previously unattainable parameters
[2]; 3D-nanoscale topologically ordered compositions
"silicon carbide — nanostructured diamond" for field
emission electronics [3, 4]; 2D nanolayer compositions
of rigid-chain polyimides for interlayer insulation by
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nanoporous low-k dielectrics in modern integrated cir-
cuits with nanoscale topological rules [5, 6].

As part of this goal, the planned target market seg-
ments of high technology innovative research and ed-
ucational products have been identified as:

e silicon carbide, "silicon carbide — graphene" and

"silicon carbide — diamond" compositions;

e diamond and epitaxial compositions on its base;

e 2D and 3D nanoscale carbon: graphene, nanotubes;

e polymers and biopolymers: structuring and forming,
additive printing and bionic technologies.

The expected result of backbone character deter-
mining effectiveness of the project Interdisciplinary
Center of Excellence "Carbon Electronics” is a model
of innovative development with formation on the basis
of the university of competitive technological areas of
excellence in the framework of the above-mentioned
areas with their infrastructure implementation in the
form of technological lines and routes: diamond, silicon
carbide, flexible printed electronics.

The implementation of ambitious projects and rapid
transformation of knowledge from research to produc-
tion requires the concentration of competencies, infra-
structure resources and professional elite. Selection
technological area of the SiC electronics as one of the
areas of formation of the competitive national innova-
tion environment identified the need for detailed sys-
tem analysis of the issues and achievements of the SiC
industry for the purpose of positioning of LETI on mar-
kets of high technologies and products in demand.

The aim of the article is a system analysis of key is-
sues and progressive trends in technology of wide-band
diamond-like semiconductor materials and the ECB on
its basis.

Taking into account the need to give a reader system
representations about the work in silicon carbide in-
dustry, the article sets out the material primarily in the
form of tables or graphic generalized distributions,
which should provide the visibility and the possibility of
practical use of the results of analysis.

The most significant trends are illustrated by the
example of domestic developments made in LETI
with respect to the growth processes and future ECB
in recent years. Earlier developments are given in de-
tails in [6—9].

Silicon carbide — a material
for electronic engineering

Industrial history of SiC originates from the end of
the XIX century, when in 1893 E. Acheson offered sub-
limation technology for producing of an abrasive ma-
terial by evaporation of the charge stock, which was
based on carbon and silicon (in fact, silica sand). The
silicon carbide sinter was formed at high-temperature
synthesis mainly containing a binary chemical com-




pound — silicon carbide in the form of aggregates of
crystals. This abrasive material having a high Mohs
hardness (9.2...9.3) was called carborundum. The sub-
sequent history of its formation, as the material of the
semiconductor technology, reflects the table 1.

For the first time, the results of growing of bulk
single crystals — SiC ingots were represented by em-
ployees of the Leningrad Electrotechnical Institute
Y. M. Tairov and V. F. Tsvetkov in 1976 at the 15! Eu-
ropean Conference on crystal growth from the gas
phase (Zurich, Switzerland); and the full-scale publi-
cation about SiC growth method "LETI method",
known in the world by analogy with the "Lely method",
appeared in 1978 [1] in the top-rated journal "Cristal
Growth". The method is based on the classic scheme of
condensation of supersaturated vapor on the "single
crystal primer".

As part of the technology of growing of the base
primers, originally obtained by the "Lely method", it
was managed to go to the growth of the bulk single crys-
tal ingots of silicon carbide with a diameter of several
inches.

Fig. 1 illustrates the evolution of the size of grown
silicon carbide single crystals, achieved through the de-
velopment of "LETI method", defined for the world
practice the opportunity to move to the industrial tech-
nology of silicon carbide devices by integrally-group
methods.

Table 2 reflects the physical-chemical and techno-
logical features of SiC. Fig. 2 illustrates the compre-
hensive analysis of the basic semiconductor materials
with respect to their properties, defining a functionality
and the achieved parameters in creation of the elec-
tronic component base.

Made ranking indicates the neighborhood of silicon
carbide with promising materials (gallium and alumi-
num nitrides, and, of course, diamond). The main of
them in terms of achievement of extreme conditions
and environments are: band-gap energy, Debye tem-
perature, thermal conductivity, critical electric field in-
tensity, saturation velocity of the carriers’ drift.

The most important criteria for quality of the ma-
terial with regard to modes of operation of ECB based
on them are well-known criteria: "Johnson", "Kejes",
"Baliga", taking into account the actual allowable ther-
mal or electrical load, which is often reflected in: in
the product "switched (generated) power X frequency”,
"operating voltage X current density" or as "slew attain-
able speed"” in the pulse systems. All the basic charac-
teristics of the material included in the criteria for eval-
uating the performance achievable at the instruments of
power, high-frequency, pulse electronics.

SiC resistance to various influences are often sum-
marized in the form of the Debye temperature, which
actually can be detailed by a number of key influencing
extreme factors (table 3).

Key issues in SiC technology

SiC’s distinctive resistance to external influences al-
so determines the difficulty in technology of synthesis,
processing and modification of the material.

Key issues in the industrial development of electron-
ic components base on SiC are systematically arranged
in table 4.

Particular attention should be given to growth issues
associated with obtaining of a heavily doped single crys-
tals of substrates for power electronics on SiC, and
high-resistivity substrates being base substrates for mi-
crowave electronic devices based on heterostructure
compositions GaN/AIN/SiC.

With respect to providing of low-resistance of a sub-
strate, which is achieved by doping with nitrogen during
growth of the growing single crystals. However, under
certain concentration levels, defect formation occurs,
impairing the structural characteristics of the material.
This adversely affects on the quality of SiC epitaxial
layers, which is unacceptable in creation of the high-
voltage high-current electronics devices.

The most frequently used additional doping of the
growing single crystal by compensating dopant to pro-
vide high-resistance of a substrate (p > 1085Q- cm) for
microwave electronics does not provide the required
characteristics of the substrate under extreme microwave
modes. It makes to refer to the undoped high purity sub-
strates, which are actually exclusive on price and availa-
bility parameters, especially for Russian consumers.

Describing the work of LETI on SiC crystal growth,
it should be highlighted:

e creation jointly with "Sector" LTD of completely
domestic plant for growing of SiC single crystals
(fig. 3) with the ability to produce ingots (fig. 4) with
the diameter of up to 6" (150 mm);

o complex of research works on the growth of silicon
carbide on the substrates with non-traditional crys-
tallographic orientations [10];

o study of reversible growth polytypism in SiC-AIN
system within the concept of matrix replication of
rare polytypes (fig. 5).

The analysis and development of the epitaxial
growth of silicon carbide in the Saint Petersburg Elec-
trotechnical University implemented using foreign ex-
perimental base, and from the end of 2015 as part of the
process setting as part of the technical route for man-
ufacture of high-voltage power electronics devices, im-
plemented on the basis of the University, allowed to de-
termine the critical moments of homoepitaxy manage-
ment based on the basic criteria: cleanliness and level
of doping of a material; structural quality and speed of
growth of epitaxial layers; surface morphology. Gener-
alized representations are illustrates in fig. 6.
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Management of doping is carried out in three main
ways:

e choice of the dopant precursor (donors of n-type:
nitrogen, N,, NHj3, phosphorus, PH3; acceptors of
p-type: aluminum, gallium, organometallic AI(CH3)5,
Ga(CHj3)3) and their concentrations determined by
the gas flow rate;

e ratio Si/C (n-type), C/Si (p-type);

e crystallographic orientation (0001) Si and (0001) C
(solubility of impurities, for example, aluminum on
Si face exceeds it by an order).

The most popular operation in creating of devices
on SiC by an absolutely dominant epitaxial technology
is the change in the type of the dopant in the growth re-
actor without its "decompression” directly in the proc-
ess of epitaxial growth. Epitaxial reactor available in
LETI allows to organize this process, including auto-
matic loading of substrates.

Competitive developments of ECB on SiC
for the extreme conditions carried out in LETI

The need to form silicon carbide industry in Russia
as one of the priorities in solving the issue of import
substitution of electronic components and in ensuring
of the balance in technologies, determining the scien-
tific and technological competitiveness and safety of the
state is also practically assured.

ECB of the pulse high-voltage power electronics. In
foreign semiconductor industry, the silicon carbide is
firmly occupied the place of material for high-power
electronics. Soviet Union also declared the emergence
of silicon carbide power modules, but the basic elec-
tronic components are taken from abroad, therefore,
the constructive and technological solutions cannot be
considered as import substitution.

With regard to creation the own ECB on SiC, we
should mention the R & D, realized by the request of
the Ministry of Industry and Trade of the Russian
Federation "Development and mastering the produc-
tion of switching line elements with nanosecond and
picosecond switching times and operating voltages of
30...3000 V (code "Unit 10")". Basic design and tech-
nological development was performed in Center for mi-
crotechnology and diagnosis of the Saint Petersburg
Electrotechnical University (LETT), and the main re-
sult of work became organization in Russia of the serial
production of power high-voltage electronic devices of
silicon carbide on the basis of "Svetlana" OJSC.

The drift step recovery diodes (DSRD) proposed by
the Ioffe Physical-Technical Institute of the Russian
Academy of Sciences [1] and implemented in silicon
are the fastest semiconductor switches. The switching
time is determined by the processes occurring in the di-
ode base, where the electron-hole plasma is formed,
and the process is primarily dependent on the thickness
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of the base and the saturated main carrier drift rate.
Such material’s parameters as electric-field intensity,
doping level and distribution of impurities in the base,
lifetime of nonequilibrium charge carriers in the diode
base are also important to realize a high-voltage high-
current pulse switching mode. The latter is caused by
the fact that the carriers were unable to recombine until
their removal from the base at switching at a short pulse
double injection into a base.

According to the complex of parameters, including
an additional band gap and, of course, the thermal con-
ductivity, which determines the thermal advantages of
the material and, consequently, increases the frequency
of the pulse repetition cycle, the silicon carbide is more
than by an order superiors the silicon and comes short
of only to diamond.

DSRD samples created by epitaxial technology
nJr-p-pJr (fig. 7) with two kinds of protection against
breakdown (trench- and mesastructure-types) have
working voltage up to 2 kV and subnanosecond switch-
ing times (600...900 ps) at the rate of rise of the voltage
pulse dU/dt = (3...5) V/ps. The forward voltage drop
across the diode structure does not exceed 3 V, and the
reverse current is on the level of 1078 A with the chip
area of 4 mm?2. The increase in operating voltages over
10 kV was achieved by formation of the high-voltage
assembly, maintaining the subnanosecond switching
times [12].

ECB of the power transistor electronics on SiC. The
purpose of sub-section is to present a significant "mile-
stone" in the history of silicon carbide in the Saint Pe-
tersburg Electrotechnical University and the develop-
ment of the Russian semiconductor silicon carbide
technology — creation of a field-effect transistor with
insulated gate on the silicon carbide as the base of the
amplifying element for ECB for extreme conditions and
environments.

In the short term, the power MIS transistors on a
silicon carbide of 4H polytype are able to occupy a
niche in creating the power electronic systems, which
is achieved by a combination of high operating break-
down voltages, low active area resistance, high-density
of switching power and low switching losses, relatively
high operating frequencies and temperature operation
conditions.

The cross-section of the designed and implement
vertical MIS transistor is shown in fig. 8, a. The active
part is a low-alloyed n -layer p-region formed therein
and n'- and p+—regions. P region accomplishes a part
of a contact to p-region and is formed to equalize the
potential between p*-region and the source to neutral-
ize the parasitic n-p-n-transistor. In the open state,
when a positive voltage relative to the source is applied
on the gate, the current flows: through a contact to the
source, n+—region, transistor channel, J-FET region,




bounded by two p-n-junctions, low-alloyed drift region,
high-alloyed substrate and a contact to the drain.

The transistor’s cell has a hexagonal shape (fig. 8, b)
with the channel length of 1 um and J-FET-region of
the width of 3 um; the gate’s overlap region width and
n"-region of a source was 1 pm. The transistor was
formed from an array of hexagonal cells and the "float-
ing" rings on the perimeter of the device to ensure a
smooth gradient of the field strength at the periphery,
avoiding the surface breakdown.

A key issue in creating of a high-speed power
MIS-FET on 4H silicon carbide with low channel re-
sistance are the electrical properties of the gate dielec-
tric and the interface 4H-SiC/SiO,, adversely affect the
performance of the device [13].

Power MIS transistor on silicon carbide (fig. 8, ¢)
created on low-alloyed epitaxial layer with the thick-
ness of 11 um with a nitrogen concentration of about
7 x 101 cm_3, grown on a commercial highly-alloyed
four inch SiC (0001) substrate of n-type with a mis ori-
entation angle of 4°. P-region with the depth of 1 um
with a rectangular distribution profile of a dopant of
aluminum with the concentration of 1 x 10'8 cm™3 is
formed by ion implantation. The n- and p+—regions
with the depth of 220 and 300 nm were similarly im-
planted with a concentration of phosphorus and alumi-
num of 6 x 10! and 1 x 102 cm_3, respectively.

Gate dielectric was formed by applying of a two-layer
system of 5 nm of silicon nitride/45 nm of silicon dioxide
by plasma-chemical vapor-phase deposition (PECVD)
followed by oxidation in dry oxygen at 1150 °C for 1 h.
The polysilicon gate doped with phosphorous with the
thickness of 450 nm was formed by chemical vapor dep-
osition at reduced pressure (LPCVD).

Analysis of the basic characteristics of the transis-
tor’s structures (fig. 9) showed that the transistor’s
switching voltage is 1.8 V (V;, = 2V, 1;, = 10 uA) and
the resistance in opened state Ry g,0c(on) IS calculated
from the slope of the output characteristics at Vos = 20V
and it was 29 mQ - cm? at room temperature. The den-
sity of switching current at room temperature exceeded
120 A/cm? at a breakdown voltage of Vi=35V.

The breakdown voltage of the transistor at room
temperature was 900 V. The increase in the breakdown
voltage of the transistor is possible by increasing of a
number of the "floating" rings to create a smooth gra-
dient of the potential on the periphery of the device and
a corresponding increase in thickness and reduce the
impurity concentration in the drift region. The results
of comparison of the created silicon carbide MIS-tran-
sistor with counterparts on the main characteristics are
shown in fig. 10. More detailed information about cre-
ated MIS-transistor on SiC is provided in an article
published before in this journal.

It should be noted that created power MIS-transis-
tors on SiC have a much lower resistance in opened

state than silicon counterparts, but there are several is-
sues, which considerably restrict the further reduction
of resistance, namely — low mobility of charge carriers,
mainly due to the high density of the surface states at
the interface of 4H-SiC/SiO,. Low mobility of charge
carriers in the transistor channel also leads to a sub-
stantial restriction of its working frequency range.

ECB for field emission high-frequency electronics.
The stage of development of ECB is characterized by
the revival of vacuum micro- and nanoelectronics in
order to achieve ultra-high frequencies of GHz-THz
range and to ensure a high level of "production of the
generated power by the frequency" in the lamps of mil-
limeter and submillimeter band, solution of switching
tasks and generation in very short-pulse electronics and
X-ray technique. The radiation and temperature resist-
ance are also characteristic for vacuum field emission
electronics.

The source of electrons is the most important ele-
ment of a vacuum device. Effective field emission cath-
odes is the subject of research. Silicon carbide can be
attributed to the advanced materials for field emission
electronics due to the extreme values of the critical field
strength ma epy avalanche breakdown, thermal con-
ductivity and mechanical strength. Additional advan-
tages of SiC should be considered as its resistance to
chemical and radiation affection.

These circumstances made it possible to predict the
creation of the field emission microcathodes on the ba-
sis of silicon carbide, combining high emission current
density, stability of characteristics and acceptable low
values of starting electric field emission.

Four process route to create structures on silicon
carbide within the range of research and development
were proposed and implemented:

o forming of field emission tops by finely focused ion
beam (fig. 11, a);

o formation of topologically ordered arrays of field
emission tips by reactive ion plasma etching with a
metal catalyst (fig. 11, b);

o formation of topologically ordered two-level field-
emission micro-matrixes of pedestals with nanoscale
tips on the two-step technology that combines the
processes of photolithography, reactive ion-plasma
etching and micro-masking by a catalyst (fig. 11, ¢);

o formation of heterostructure two-stage matrixes of
autoemitters based on silicon carbide and nanocrys-
talline diamond (fig. 11, d).

The basis of all field emission structures were mono-
crystals of 6H-SiC substrate of n-type with a resistivity
of 0,05 Q- cm.

Summarizing the results detailed in [1—14], it
should be noted that it is possible to ascertain the sus-
tainability of SiC-based field emission microcathodes
with the following basic parameters:

e ecmission starting voltage 10... 15 V/um;
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e emission current density 10 A/cmz;
e density of field emission tips 5 X 108 cm_z;
o stability of work the vacuum from 10°t0 1072 mm

Hg.

Special attention deserve the results of formation of
heterostructure cathodes "silicon carbide — diamond"
[16], which showed at the beginning of the emission
voltage increase growth of its stability over time. In ad-
dition, the given heterostructure, combining materials
with a significant difference in the band gap, can be re-
garded as the basic structure for solid state field emis-
sion devices that do not use a vacuum that creates some
difficulties during encapsulation.

Conclusion

As part of the research and prototyping of new com-
petitive models of the SiC element base, it is planned
in 2016 to complete the creation on the basis of LETI
of a complete production line for manufacturing of the
following products:

e power electronics (Schottky barrier diodes, pulse
high-voltage DSRD diodes and MIS transistors);

¢ high-frequency electronics (vacuum diode with a
field emission; vacuum diode sharpener, field emis-
sion limiter of electromagnetic radiation, photocon-
ductive antennas of THz range, plasma antennas;

e optoelectronics (hard UV radiation sensors for ex-
treme conditions) — see an article in this issue of the
journal;

e microsystem technology (powerful high-frequency
micro-mechanical switches).

The being created production line should provide a
closed cycle starting from crystal growth and creation of
epitaxial structures to forming the plates with crystals-
chips within the planar group-integrated technology.

The concentration of knowledge, infrastructure re-
sources and professional elite to implementation of the
ambitious projects aimed on creation of competitive
national innovation environment in the field of silicon
carbide electronics allows to predict the possibility to
develop the sought-after areas with implementation in
the Saint Petersburg Electrotechnical University of the
concept of "knowledge economy".

Taking into account the urgency of the issues and
availability of high level of competence in the Saint Pe-
tersburg Electrotechnical University in a number of ar-
eas of SiC electronics, the further development of the
network system of national and international coopera-
tion for solution of issues of formation of silicon carbide
industry in Russia and its professionally-oriented staff
assistance are expected.

Common progressive trends in silicon carbide tech-
nology as the base material for electronic component
base for extreme conditions and environments is re-
flected in fig. 12.
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MemaniuecKux Komno3umos. llposedensv uzmepeHuss oAbM-AMNEPHBIX, YACHOMHBIX U CUAOBLIX XAPAKMEPUCMUK NOAYHEHHbIX
aKmwoamopog. IKcnepumeHmanbHo onpedeneHsl OCHOBHble napamempsi Mukpoakmroamopa pasmepom 40/2, 5/0,2 mm: nompeo-
asemas mowHocms 10...40 mBm, ynpasasiowue Hanpsxcenus 1...4 B, 6bicmpodeticmeue 0,05 ¢, 6pems pabomst Ha 6030yxe 10 muH,
a 6 gode b6oavule § 4, MaKcumanbHoe nepemeuienue 4 cm, maxkcumanvroe ycuaue 4 mH. Bpems HenpepvleHoi pabombl akmoamopoas,
nPORUMAanHbIX 600HbIMU 2AeKkmposumamu (10 mur), modicro yeeauuums Ha nopsadok, s3amenus 600y Ha cmecy IMCO u H,0 (1:1).

Karouegvie cro6a: muxkpomexanuueckue aKkmoamopsl, UOHHbIe NOAUMeEp-Memaniuieckue Komnosumsl, Nafion, uonHo-oomen-
Has MemMOpaHa, MUKpoMexaHu4ecKull npeoopasosamens, mexanuveckue u anekmpoguiuieckue xapakmepucmuxu, UITMK

BBenenune

HMoHHBIE TONMMMep-MeTALINIeCKNE KOMITO3UTHI
MPEICTaBISAIOT COO0OM CHMHTETUYECKUE KOMIO3UTHBIC
HaHOMAaTepHUaJIbl, KOTOPBIE COCTOSAT M3 MOHHO-OOMEH-
HOTO IoJIMMepa, MOBEPXHOCTb KOTOPOTO IMOKPhITA C
00enx CTOPOH MPOBOIAIINM MeTayioM. [lpuitoxeHne
BJIEKTPUUECKOTO TIOJISI BBI3BIBAET MEXaHUUYECKHE JIe-
dopmanum akTioaTopa. M, HAa060poT, MeXxaHWIEeCKIEe
nedopMalin MaTepuaia BBI3BIBAIOT 3JIEKTPUUECKUI
curHaj. Takum o6pa3oM, MOHHO-OOMEHHbIE MOJIUME-
PBI MOTYT OBITH MCITOJT30BAHbI KaK B KA4eCTBE CEHCO-
pOB, TaK U aKTioaTtopos [1, 2].

TUNMUYHBIMM ~ MOHHO-OOMEHHBIMU  TOJIMMEpaMu
SIBJISTIOTCS TIep(PTOPUPOBAHHBIE AIKEHBI ¢ KOPOTKUMHU
OOKOBBIMM IIETISIMU, COAEPKAIIMMU MOHHbBIE TPYIIIILI
(kaK MpaBWJio, CyJIb(oHAT WM KapOoKcuiaT (SO;
i COO™) mist oOMeHa KATUOHOB WUJIM KATUOHBI aM-
MOHUS JUIsi oOOMeHa aHUOHOB). JJIMHHBINA MOJIUMED-
HBII CKeJIET ONpenessieT MX MEXaHWYECKYIo IIpod-
HocTb. KopoTkue GOKOBbIE 1IeNIU C MOHHBIMU TPYII-
MaMy B3aUMONCUCTBYIOT C BOOOW W MPOBOISIT COOT-
BeTCTBYIOLIME MOHBI. OTHUM U3 paclpoCTpaHEHHBIX
KOMMEPYECKN JOCTYITHBIX MOHHO-OOMEHHBIX MaTe-
pMaJIOB Ha OCHOBE MePPTOPUPOBAHHBIX AJIKEHOB SIB-
nsietcst MeMOpaHa Nation ot DuPont (puc. 1) [3].

—(CF,CF){CF,CFy),

|

|

1 O——CF,CF——0——CF,CF,SO0;
l

|

Puc. 1. Xumnyeckas ¢opmyia memopansl Nafion
Fig. 1. Chemical formula of Nafion membrane

HOJIy‘leHI/Ie AKTIOATOPOB HA OCHOBEC
HOHHBIX NMOJUMEP-METANIMICCKUX KOMIIO3UTOB

OCHOBHO¥ CTaauEi MOTYYEHUS aKTIOATOPOB SIBJISI -
€TCsl TIPOLIECC HAaHECEHUST METAJUIMYECKUX 3JIEKTPOIOB
Ha TOBEPXHOCTh MeMOpaHbl. MIOHHbIE MOJMMep-Me-
tasmnyeckue kommo3utel (MIIMK), kak mnpaBuio,
M3TOTaBIMBAIOT CITOCOOOM XMMWYECKOTO BOCCTAHOB-
JIEHUS U3-3a HU3KOM CTOMMOCTH U XOPOIllei MTPOYHO-
CTU MOBEPXHOCTU, TMOJYYEHHOM C MOMOIIBIO 3TOTO
Mertoza [4, 5].

B kauecTBe MCXOOHOTO BellleCTBa ISl TOJYyYEHUSI
TUIATUHOBBIX 3JIEKTPOAOB OblIa BbHIOpaHAa KOMILIEKC-
Hasg cosib XJopua TerpaaMmuHoriaTuHbl Pt(NH;3)4Cl,,
KOTOpasi XOpollo pacTBOPSIETCS B BOJE, YCTOMYMBA K
BO3/ICHCTBUIO CBETa, BO3[yXa U K HArpeBy U MpU 3TOM
JIETKO BOCCTaHABJIMBAETCSI TUMMUYHBIMU BOCCTaHOBU-
TEJISIMM.

ITpouiecc HaHeCceHUMs TUIATUHOBBIX JIEKTPOJOB CO-
CTOUT U3 CJICOYIOLINX CTaAWMA:

e TIPOILIECC BHEAPEHHUS YACTHUII IVIATUHBI B MEMOPaHY;

e POCT IUJIATUHOBBIX 3JIEKTPOJOB Ha IOBEPXHOCTU
MeMOpaHBbI.

Ha nepBoii cTaguy MOHHBIN ITOJIMMEpP CHavajla BbI-
MauuBaetcs B pactBope coiau Pt(NH5)4Cl,, uro6sl mo-
3BOJIUTh KATUOHAM, COJEPKalllUM TJIaTUHY, T1UhOyH-
JUPOBaTh B MEMOpaHy B pe3yibTaTe MIOHHO-OOMEHHBIX
MPOLIECCOB. 3aTeM MPOBOAUTCST OCAXKIEHUE MIATUHBI C
nomolbo 6opruapuna Hatpus (NaBHy) no cienyio-
LIEeH peaklnu:

4Pt[(NH3),]Cl, + NaBH, + 8NH,OH —
— 4Pt’ + 16NH; + NaBO, + 6H,0 + 8NH,CL. (1)
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Puc. 2. PacnpeneieHue 4acTuIl IVIATHHBI: @ — B IPUTTOBEPXHOCTHOM
cioe; b — Ha TMOBepXHOCTU MeMOpaHbI

Fig. 2. Distribution of platinum: a — in the near-surface layer; b — on
the membrane surface

ITpu aTOM BHYTpU MeMOpaHbI MOJy4aeTCsl CUIBHO
JUCIIEPrUPOBAHHBIA METAJUIMYECKUIA CIOM TOJIILMHOMN
1...20 mxM (puc. 2, a).

Ha Bropoit cramuu misi yBelIWMYEHUs TOJIIIUHBI
3JIEKTPOAOB MPOBOIAT OCAXKICHUE TJIATUHBI U3 PaCcTBO-
pa, coxmepxkaiiero cojb maaruHel Pt(NH3)4Cl,, a Tak-
ke ruapasud H,NNH, u runpokcunamua NH,OH B
KadecTBe BOCCTaHOBUTeNeH (puc. 2, b).

B 3aBuCHMMOCTM OT YCJIOBUIA MOJYYEHUS DJEKTPO-
JI0B MOP(OJIOTUSI OCAXKIESHHOro MeTasuia OyaeT 3Haun-
TEJbHO Pa3InyaThCsl.

1 onTUMU3AIIMKU TEXHOJOTMU HAHECEH WS TLIaTU-
HOBBIX 3JIEKTPOIOB BapbMpOBAJIOCh BpeMs IIpolecca
BOCCTAaHOBJIEHMSI TJIATUHBI TTO BTOPOit cTanuu oT 0 10
4 4. JIng psiga o0pa3loB HaHECEHME 10 BTOPOI CTaguu
MOBTOPSIJIACH JBAXKIbI.

B utore ObLIO MOJY4YEHO IIECTh Cepuil 0Opa3loB
aKTI0aTOPOB C TJIaTUHOBBIMU 3JIEKTPOIAMU, OCAXKICH -
HBIMU TI0 BTOPO# CTaauu mpolecca B TeueHue 1, 2, 3,
4 4, nBa pasa Mo 4 4 U HAaHECEHHBIMU TOJILKO 10 TIep-
BOW CTAIUU.

DKCMEepPUMEHTHI MO0 U3MEPEHUID MEeXaHUYECKUX U
3MIEKTPOPU3NIECKIX XapaKTEPUCTUK TTOTYICHHBIX aK-
TIOATOPOB IMOKA3aJIM, YTO HAWIYULIMMU IKCIUTyaTaly-
OHHBIMM XapaKTepUCTUKAMU 00JIaJaloT aKT0AaTOPbl C
IUIATUHOBBIMU 3JIEKTPOJAMM, OCaXKIEHHBIMU IO BTO-
pOii cTaguu Tpoliecca B TeueHue 4 4.

HUccnenosanne MEXaHHYECKHX H 3JEKTPOPH3HIECKHX
XaPAKTEPUCTHK AKTIOATOPOB

OIHUMU U3 BaXKHEHUIINUX 3MEKTPUUYECKUX XapaKTe-
PUCTHK aKTIoaTopa SBISIOTCS COINPOTHBICHUE SJIEK-
TPOAOB U CKBO3HOE IMOMNEPEYHOE CONMPOTUBICHUE aK-
TI0OaTopa. DTU MapaMeTphl U3MEPSTNCH ¢ TTOMOIIBIO
mynbrumeTpa (Agilent 34410A 6 1/2 Digit Multimeter)
IJIsT 00pas3IioB aKTI0AaTopa B CYXOM BHIIE, a TAaKXKe BHI-
MOYEHHBIX B JUCTWIMPOBAHHOI BOJE U PacTBOpE
cylbdara Meau.

CoIpoTUBIEHUE TUIATUHOBBIX 3JIEKTPOJIOB COCTA-
BuJio 12 OM 1t akTioaTopoB B cyXoM Buue, 50 Om
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IUUISI aKTI0ATOPOB, BBIMOYEHHBIX B JUCTUUTMPOBAHHOMN
Boze, u 40 OM — B pacTBOpe cyibdaTa MeIH.

Taxxe OBLIO M3MEPEHO CKBO3HOE IOIEpEeYyHOe
COMpPOTUBJIEHWE aKTHATOPOB, KOTOPOE COCTaBUJIO
1,6 MOwM B cyxoM Buze, 24 xOm B Boge u 19 xOMm B
pacTtBope cyibdara Meau, Mpy TOJIIIMHE aKTraTopa
npumepHo 200 MKM.

CrenyoluM 3TaroM UCCAeI0BaHUS ObLIO U3Mepe-
HUE AMHAMUYECKUX XapaKTepUCTUK akTioatopa. On-
HOI U3 BaXXHEUIINX XapaKTepUCTUK aKTaTopa SIBJIs-
eTcs aedopmanyst n3ruda, a Takke ynpasisiolee Ha-
MpsKeHUE.

Ilepen HauamoM paboThI MpeoOpa3oBaTeb BbIMa-
yuBanu B 0,1 M pactBope cyibdara Meau, YTOObI 3a-
MEHUTh TTPOTOHBI HAa WOHBI MEIH (Cu2+). B cBs3u ¢
TEM, YTO TIOJIUMEP COIACPXKMT 3aKPETICHHBIC TPYITIHI
3apsSIKEHHBIX SO;, Ha MOBEPXHOCTHU MOJIMMeEpa Tocse
BbIMauMBaHUsI 00pa3yeTcsl ABOWHON 3JI€KTPUYECKUI
cliol 1 B MeMOpaHe Ipeo0jagaloT IOJIOXUTEIbHbIE
WOHBI, TO3TOMY ABMXEHHE UOHOB B MeMOpaHe HOCUT
OIHOCTOPOHHUI XapakTep.

IMpuHuun pabotel akTioaTopa Ha ocHoBe MITMK
3aKJII0YaeTCs B MepepacnpenesieHud MOHOB B MOHO-
OOMEHHBIX MeMOpaHax Mpu NPUIOXKEHUU 3JIEKTpUUe-
CKOTO TTOJISI, BCJIEACTBUE YETO MPOMCXOAUT nedopma-
L1sE MeMOpaHEbL.

PaccmatpuBast monpoOHee Ipoliecc BHyTpY MeMOpa-
HBI, MOXXHO YBUIETH OOKOBYIO IeTTh (PMKCHPOBAHHBIX
aHHUOHOB (soﬁ‘), MOJIEKYJIBI BOAbI, TUAPATUPOBAH-
Hble Katnonbl Cu?’ (5H,0) (puc. 3).

JIBM>XKeHVEe MOHOB OHOTO 3Haka B MeMOpaHe Mo
JEeWCTBMEM BHEIIHEro 3JeKTPUUYECKOro IMoJisl MPUBO-
JUT K TOSIBJICHUIO 3JIEKTPOOCMOTUYECKOTO ITOTOKa
SKMIKOCTHM OT aHOJa K KaTody, BCICACTBUM YEro y Ofl-
HOTO M3 BJIEKTPOJOB BO3HUKAET M30LITOUHOE AaBJie-
HUS XKUAKOCTU. TakuM oOpa3oM, pa3HOCTh JaBIeHUN
Ha 3JIeKTpoAax MPUBOAUT K AedopMaliud akTioaTopa
(puc. 4).

B cepuu s3kcnepuMeHTOB Obli1a UCCe0BaHa 3aBU-
CUMOCTh IechopMaliMi aKTIoaTopa OT YMPaBJSIOLIETo
HarnpsikeHusi. bbl1o MmokazaHo, 4TO akTaTop Hauyu-

Puc. 3. DieKTpoocMOTHYECKHIi TOTOK BHYTPH MOHHOTO MOJMMepa
Fig. 3. Electroosmotic flow inside the ionic polymer
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Takum oOpa3zoMm, axkTOATOp HE
CMoco0eH OKa3blBaTh JIUTEIbHOE
IIOCTOSTHHOE YCWIIHE, TIO3TOMY OBLIO
pelIeHO MPOBEPUTh PabOTy aKTioa-
TOopa MOpu TMojavye TepeMeHHOIro
YIOPABISIONIEr0 HaMpsKeHUsT pas-
JIMYHON YaCTOTHI.

C moMmollbI0 TeHepaTopa CUTHa-
ma Aligent 33500B Series mopaior

TacTHIE MIATHHEL
FParticle of platinum

Puc. 4. CxemaTnynoe npeacrasienne padoroi UIIIMK Ha ocHoBe akTioaTopa

Fig. 4. Diagram of work of the actuator on the basis of IPMC

Puc. 5. IlocaenoparesbHbie ¢oTorpacum aktoaropa Ha ocHoBe UIIMK, koTtopbie moka-
3bIBAIOT 3HAYMTEJbHYIO Nedopmanuio n3ruda (10 1 cmM) npu npuioKeHun Hanpsokenus 2 B
Oopazen umeetr mmpuny 0,5 cm, nmuny 1,5 cm n Tommuny 0,2 mm, Ar = 0,5 ¢

Fig. 5. Successive photos of the actuator on the basis of IPMC, which demonstrate bending
deformation (up to 1 cm) at voltage of 2 V. The sample’s dimensions are: width — 0,5 cm,
length — 1,5 cm and thickness of 0,2 mm, At = 0,5 s

HaeT nedopMUpoBaThCS MpPU ToAaue HAIPSLKEHUS OT
500 mB. ITpu yBeavueHUM yNpaBisIOLIEro Harpsike-
HUS aKTioaTtop Ae¢opMUpyeTcs CuibHee (puc. 5).

Ha puc. 6 npencrapneH rpa@uk 3aBUCUMOCTH Je-
¢opmanium n3ruba OT MOoJAaBaEMOTr0 HAIIPSLKEHUS ISt
aKTaTopa pasMepoMm 2,5 MM X 24 MM X 175 MKM.

PaGounii mmara3oH ympaBISIOMINMX HaTIPSKEHUN
coctaBu oT 0,5 mo 5 B. IIpu Gonee BHICOKUX HaIpsi-
JKEHMSIX MOXKET HACTYIIUTh Mpo0oii akTroaTtopa. Takxke
ciemyeT m30eraThb 3aMBbIKAHMSI aKTIOATopa M3-3a CO-
MMPUKOCHOBEHMS TTPOTUBOITOJIOXHBIX 3JICKTPOIOB TIPH
CUJIbHOM JechopMaly aKTioaTopa.

JAuana3oH ynpasisolMX HAMPsLKeHU M 151 aKTroa-
TOPOB C D3JIEKTPONAMH, MOJYYCHHBIMU XMUMWYECKUM
BOCCTAHOBJICHVEM M3 pacTBOpa COJIM IUIATUHBI COCTa-
Bua 0,5...5 B u okasajicss mouTu Ha TOPSIAOK HILKE,
yeM ISl aKTI0ATOPOB C 3JIEKTPOAAMU, MOJIYYEHHBIMU
MarHeTpoHHbIM HanblieHueM — 10...30 B.

IIpu mogaye Ha aKTIOATOP MOCTOSHHOIO HAIps-
KeHUS OTpelesIeHHON BeJTMUYMHBI CHaYala TIPOUCXO-
T eTo AedopMalus B CTOPOHY KaTojia, a 3aTeM, ec-
JIV TIPUJIOKEHHOE HaIpsixkeHUe He U3MEHSITh, aKTIoa-
TOp HAaYMHAET IMMOCTETIEHHO Ae(POPMUPOBATHCS B TIPO-
TMBOIIOJIOKHYIO CTOPOHY 3a CYeT 0OpaTHOIO MOTOKa
M30BITKA XKUIKOCTH OT KaTroia K aHOIy, BO3HUKAIO-
LIIETO 3a CYET ACHCTBUS CUJI KAWJIJIIPHOTO IMOTHSTHS

(puc. 7).

MepeMeHHOEe HAIPSKeHUEe 4YacTo-
toil ot 0 go 50 I'u ¢ mpsIMOYroJb-
HOM (DOPMOI BEIXOAHOTO CUTHAJIA 1
) amruiutynoit ot 1 mo 3 B. Ilpu us-
MEHEHUM YaCTOTHI TIPOBOISIT 3aMe-
PBl OTKJIOHEHUSI MOABMXXHOM YacTU
aKTioaTopa C TOMOIIBIO HM3MEpH-
TEJbHOM JIMHEUKU.

IIpy mnomaue mnepeMEHHOro Ha-
MPSDKEHUS K aKTI0aTOPy OH HAYMHAET
M3rudaThbcs IMOOYEpPEeHO B pas3HbIe
cropoHbl. [1py yBenMueHNH 9aCTOTHI
yIpaBJISIOLIeT0 CUTHAJIA aMILIUTY1Aa
TmepeMellleHni aKTioaTopa cHavaia
YMEHBIIIAETCSA, TOTOM HaYMHAeT
YBEJIMUMBATHCS, TIOKA HE JTOCTUTHET
MaKCUMyMa MpU 4acToTe, KOTopas,
MO-BUAMMOMY, SIBJISIETCS YacTOTOM
MEXaHWYeCKOTO pe30HaHca aKTioa-
TOpa, a 3areM aMIUIMUTyda CHOBa
cHuxaetcst (puc. 8). Yem Gosblie
aMIUIMTYJA TI0JAaBaeMOro MePEMEHHOTO HaMPSLKeHUS,
TeM BBINIIE W 3HAUCHUS TepeMellleHN aKTioaTopa.

PesonaHcHast yacToTa akTioaropa HE 3aBUCUT OT
aAMIUIUTYIbI YIIPABISIONIEr0 HAMPSIKEHUs, HO CUJIBHO
3aBUCUT OT TEOMETPUUECKUX pPa3MEpOB aKTHATOpa.
YeM qmMHHeEe aKTI0aToOp, TEM HUXKe pe30HaHCHAas Jac-
toTta (Tadi. 1).

[ng ompeneneHusl MapaMeTpOB ABUXKEHUS MOH-
HBIX HOCHUTEJICH 3apsma BHYTPH aKTIOAToOpa, a TaKxKe
BO3MOXHBIX OKMCIIUTEIBHO-BOCCTAHOBUTEIbHBIX ITPO-
IIECCOB Ha IMOBEPXHOCTH 3JIEKTPOIOB IPH TIPUIOXKE-
HUM HaIpSKeHUs ObLIM M3MEPEHBI BOJIbT-aMIIEpHBIE
xapakTepuctuku (BAX) aktioaropa.
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Puc. 6. I'paduk 3aBucumoctu nedopmanum u3ruda ot noaaBaeMoro
HaNpPsDKeHUs

Fig. 6. Dependence of the bending deformation on the supplied voltage
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Puc. 7. I'padmk 3aBucumoct aedopmManyu aKTIOATOpa OT BPEMEHH
NPH NPHJIOKEHNH NMOCTOSIHHOTO HANPSIKEHUS

Fig. 7. Dependence of deformation of the actuator on time, when constant
voltage is applied
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Puc. 8. I'paduk 3aBucumocTu nedopmaiuu U3ruda aKTIOATOPA OT MO~
JIaBaeMoii YacTOThI MPH (GUKCHPOBAHHBIX BXOAHBIX HANPSIKEHHAX
Fig. 8. Dependence of the bending deformation of the actuator on the
supplied frequency at fixed input voltages

Puc. 9. BAX akTioaTopa na ociose UTIMK (ckopocTh cKanuposa-
uist 100 MB-c V)

Fig. 9. VAC of the actuator on IPMC basis (speed of scanning —
100mV s~

Ha puc. 9 npeacrapieHa TUNIMYHAS LTUKIMYECKas
BAX aktioatopa Ha ocHoBe MITMK. Crenyer orme-
TUTb, YTO peakluoHHas crocobHocts UIIMK yme-
pEeHHasl, MO3TOMY HET HUKAKUX MUKOB BOCCTAHOBJIE-
HUS 1M MOBTOPHOTO OKHUCJIeHUs B Tipenejax £ 3 B,
HUCKJIIOYas MOBEACHUE Pa3IoXKeHUs MPU HaNpPsSLKEHUN
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~ *1,5 B, rme HOMOJHUTENbHBII TOK IIOTpeOJIsIeTCsl,
MO-BUAMMOMY, B pe3yJibTaTe 3jeKTpoaun3a. B obuiem,
noseaeHue MITMK nokasbsiBaeT HanmpaBjieHUS TBUXKeE-
HUs MOHOB, BBI3BAHHOTO TMPUIOXEHHBIM BJIEKTpUYE-
CKMM HaNpsKeHUEM.

s uaMepeHust yCWIMi MUKpOaKTioaTopa B Aua-
Ma30He OT COTeH MUKPOHBIOTOHOB 110 JECSITKOB MUJI-
JIMTHBIOTOHOB MCITOJIb30BAJIMCh AHAIUTUYECKUE BECHI
(Ohaus Adventurer Pro AV264C). 7151 moay4eHHus CHA-
JIOBOM XapaKTEePUCTUKM MaKeT MHUKpOaKTIoaTopa 3a-
Kpervisiicss B BEPTUMKAJIbHOM TJIOCKOCTH C ITOMOIIBIO
Jepxxartesieid, COBMEILEHHBIX C 3JIeKTpOoAaMM, KOTO-
pble, B CBOIO Oouepe/ib, KPenuaruch Ha 1ITaTUB Ha He-
00xonuMoM ypoBHe. Jlajee K MUKPOAKTHATOpy Mpu-
KJIaIbIBAJIOCh YIIpaBJISIONIee HaMpsKeHWe, U KOHEIl
MUKpPOaKTI0OaTOpa OTKJIOHSIICS OT MepBOHAYaJIbLHOIO
MOJIOXKEHUS 1, TEM caMbIM, JaBUJI Ha Bechl (puc. 10).
HanpstxeHue yBeMunBaaoch A0 TeX Mop, MoKa OTKJI0-
HEeHUEe aKTioaTopa He KOMITEHCHPOBAJIOCh YIIOPOM B
MJIOCKOCTb BECOB. 3aTeM MO MOKa3aHMSIM BECOB, Ha
KOTOPBIN aKTI0aTOP AaBUJI, ONPEAESUIOCh CO3IaBaeMOe
rpu 3ToM ycunue. st odbpasiua 24 x2,5x0,2 MM 3Ha-
YyeHre MaKCUMAaJIbHOro ycuausi coctaBuio 4 mH.

OnHoil U3 0COOEHHOCTE aKTI0aTOPOB Ha OCHOBE
9JIEKTPOAKTUBHBIX KOMITO3UTOB SIBJSIETCS TO, 4YTO
OHM MOTYT (PYHKIIMOHMPOBATHh TOJLKO B IIPOITMTAH-
HOM DPacTBOPOM 3JIEKTPOJIMTA BUAE. DIEKTPOOCMOTU-
YeCKMIi MOTOK XUJIKOCTHA BHYTPU MEMOpPaHBI SIBJISIETCSI
WCTOYHUKOM TeHepalMyd CUJIbl B 3JIEKTPOAKTHBHBIX
nojumepax. TpalMIMOHHO B KauyeCTBE pacTBOPUTES
HCTOJIB3YIOT Bomy. OQHAaKO M3-3a TOTO, YTO IUIATUHO-
BbI€ 2JIEKTPOJbI, MOJyYeHHBbIE XMUMUYECKUM OCaXKIe-
HUEM, SIBJISTIOTCSI TIOPUCTBHIMU, B TIpoliecce (PyHKITNO-
HUPOBAHMSI aKTI0ATOPA BOJA U3 HUX MOXET UCTApSITh-
cd. Eme onHuM (pakTopoMm, YMEHbIIAOIIUM KOJU-
YeCTBO PacTBOPUTEJIA B aKTI0ATOpPE, SIBJISIETCS TO, UTO
Mnpu nojavye HanpskeHus Boiie 1,23 B MoxeT npowuc-
XOJIUTh 3JIEKTPOJu3 Boabl. [ToaToMy BpeMs (pyHKIIMO-
HUPOBaHUS aKTIOATOPa Ha BO3AyXe CUJIBHO 3aBUCUT OT
MOTEPU PACTBOPUTEJIS.

bruta npoBeneHa cepusi SKCEPUMEHTOB IO CpaB-
HEHUIO BpeMEHH pabOTHI aKTI0aTOpa Ha BO3MyXe U aK-
TI0OATOpa, OMYIIEHHOIO B BOIHBIE PACTBOPhI pPasjivy-
HOIl MOHHOU CHJIbI (TaOI. 2).

st uaMepeHusl MoTepyu pacTBOPUTENsT K o0pa3-
1y, mpeaBapuTebHO BeiIMoueHHOMY B 0,1 M pacTBope
cyabdara Meau, MPUKIAAbIBAeTCS MEepeMeHHOe Ha-
npsckeHue 2 B mpsiMoyrojibHOTo curHajia ¢ puKCrupo-
BaHHO# yactoToit 1 T'w.

Tab6numa 1
3aBHCHMOCTb PE30HAHCHOM YACTOTHI AKTIOATOPA OT JJIMHbBI
Table 1
Dependence of the resonant frequency of the actuator on its length
JmnHa akTioaTtopa, MM 13 28 24
Length of the actuator, mm
Pe3onaHcHas yacroTta, I'ix 55 36 25

Resonant frequency, Hz




Puc. 10. YcranoBka nis
H3MEPEeHns YCHINS, CO3-
JIAaBAEMOTr0 AKTIOATOPOM

Fig. 10. Installation for
measurement of the force
created by an actuator

Bpems HemnpepblBHOM pabOTHI akTioaTopa B BO3-
TYLITHOM cpejie B pe3yJibTaTe UCIIapeHUsT paCTBOPUTES
coctaBuio 10..15 MuH. OgHako, npu QYHKIIMOHUPO-
BaHMM aKTI0aTOpa B BOJHOM cpejie BpeMs paboThl OKa-
3aJI0Ch CYIIECTBEHHO OOJIbIIIE, UTO JAeIaeT aKTIaTOPhI
JAHHOTO THUIA TMEPCHEKTUBHBIMU IJISI M3TOTOBJICHUS
TTOABOIHBLIX POOOTU3MPOBAHHEIX CHUCTEM.

Huszkoe BpeMst pabothl akTioatopa B 0,1 M pactBope
cynbdara MeIH TTO-BUIUMOMY CBSI3aHO C BBIMBIBAHHUEM
MOHOB MEIY U3 aKTI0aTopa B MpoIiecce paboThI, BCIIE -
CTBUE Yero MpoBOAMMOCTb PacTBOpa BHYTPU aKTiOa-
TOpa CTAHOBUTCS MEHBIIIE, YeM TTPOBOINMOCTD CPEIHI.

IIpu pabote akTI0OaTOpa B BO3AYIIHON Cpele MOoJIM-
Mep HYXIaeTcs B TOCTOSHHON ruapatanmuu. YToObI
n30exXaTh MOTEPU BJIaru B IOJMMEpE, aKTI0aTOp MO-
KeT OBITh WHKAICYJIMPOBAH Pa3IMIHBIMM ITOJIUMEp-
HBIMHM MaTepuajiamMu (HalpuMep, OUBJIEeKTPUIeCKUMU
reasamu). dpyroit cnocod MpeaoTBpaTUTh UCHapeHUe
KUIKOCTU — TIPOIUTBIBAHUE aKTI0AaTOpa pacTBOPUTE-
JieM ¢ 0oJjiee BBICOKOU TeMmepaTypoil KUMEeHUs, 4yeM
BoJia, Hampumep, auMmetuiacyibdookcuaom (JAMCO)
WIN €ro CMEChI0O ¢ BOAOW. bbil ormpoOGoBaH BTOpOIii
CIrocoo.

st Toro 4ToObl U3MEPUTh MCIIAPEHUE PACTBOPU-
TeJisl B X0Je pabOThl aKTiaTopa, o0paslbl MpeaBapu-
TEJbHO MPONUTHIBAIN Pa3IMIHBIMU PACTBOPUTEIIS -
MM: JEMOHM3UPOBAHHON BOAOI, CMEChIO AUMETUI-
cynbdookcuaa (IMCO) u Boasl (1:1), nuMeTUICYNb-
¢ookcugom u 0,1 M BogHBIM PacTBOpPOM cyJibdara
MeIu B TeyeHue 24 4. 3aTeM K MpeaBapuUTEIbHO Bbl-
MOYEHHBIM 00pas3liaM aKTI0aTOPOB IMPUKJIAIbIBAIOCH
MepeMeHHOe HaIpsiKeHUe ¢ aMILIMTyaoi 2 B mpsmo-
YIOJIbHOTO CUTHAaJIa ¢ (MKCUpOBaHHOU yacToToi 1 I'm.
H3mepsiiack HavyandbHasl aMIUIMTYAa IepeMelleHui
aKTiaTopa v BpeMsl (byHKILIMOHUPOBAHMS 1 MacChl 00-
pasLoB 10 U Iocje ucnbiTaHuii (Tada. 3).

B xoxe skcrmepnMeHTOB OBUIO TMOKa3aHO, YTO IIPH
3aMeHe ayekTpoauTta Ha JIMCO akTioaTopbl MPakTu-
YeCKM He TepsIOT pacTBOPUTEID 3a CUET MCITApeHMSI,
HO TIOJIUMeEpPHI, BeIMoueHHBIe B JIMCO, cuibHO pas-
OyxaloT 1 TT03TOMY He MOTYT CTeHepHpOBaTh HEOOXO-
numyto cwty. Mcroias3oBaHrde B Ka4yecTBE pacTBOPH-
teass cmecu [IMCO u Bonbl (1:1) yBenuuuBaeT BpeMst

paboTHl aKkTIOATOpa MO CPAaBHEHMIO C BOXHBIMU pac-
TBOpPaMM, HO MPU 3TOM YMEHbIIAETCS aMILIATyAda KO-
JlebaHNit TIPM TOM K€ YIIPaBJISIONIEM HaMpPSKeHHMN.
IToaToMy mist pabOThI ¢ TAKMMU CHCTEMaMM TPEOYIOTCS
Oosiee BbICOKUE yIpaBiisitoliine HanpsokeHust (5...7 B).

Hob6aska B cmecu IMCO u Boasl 0,1 M cynbdarta
mean CuSO, NMPUBOAUT K YBEJUYEHUIO aAMIUIMTYIbI
TepeMellleHU aKkTioaTopa, HO CYLIECTBEHHO COKpa-
11aeT BpeMsl paboThI.

Takum 00pa3oM, MpoBeAEHBl M3MEPEHHUs BOJbT-
aMIIepPHbIX, YACTOTHBIX M CHUJIOBBIX XapaKTePUCTUK
aKTI0ATOPOB HAa OCHOBE MOHHBIX MOJUMEP-MEeTaLIU-
YeCKHUX KOMITO3UTOB C 3JIEKTPOJAMU, MOJYYEHHBIMU
XUMUYECKMM BOCCTAaHOBJICHMEM W3 pacTBOpa COJIM
MJIAaTUHBI. DKCHEPUMEHTAIBHO OIpeneeHHble OC-
HOBHBIEC MapaMeTphl IS MUKPOAKTIOaTOpa pa3sMepoM
40%2,5%0,2 MM nipeacTaBieHbl B Ta0J. 4.

Hnst oueHKM 3(p(HEKTUBHOCTU aKTIATOPOB ObLI
HCIOJb30BaH KOA(POULIMEHT 371eKTPOMEXaHUYECKOTO
npeobpa3oBaHMsl, paCCUMTaHHbBIU MO opmyie:

n= FmaxSmax (1)

4wr
rae F . — MakCMMallbHOE BbIpabaTbIBAEMOE yCUIIME
aKTIaTopa; S, — MAaKCUMMAaJbHOE IEPEMELIEHUE;

W — notpebasieMas MOLLIHOCTb; { — OBICTPOJEICTBHE.
H71s1 akTI0aTOPOB C 3JEKTPOJAMM, MOTYYEHHBIMU IO
TEXHOJIOTUY XMMUYECKOTO BOCCTAHOBIEHMsI, KO3 Pu-

Tabauua 2
Bpemsi HenpepbIBHO# PadOTHI AKTIOATOPA B PA3JIMYHBIX CPenax
Table 2
Time of continuous work of the actuator in various environments
Cpenma Bpemst paboTht
Environment Operating time
B Bo3myxe 10...15 min
In the air
B Bone >8 h
In water
0,1 M CuSO, 10...12 min
Tabnuua 3

ITapameTpbl paGoTHI AKTIOATOPOB,
NPONUTAHHBIX PA3JIMYHBIMH JJIEKTPOJIUTAMH

Table 3
Working parameters of the actuators impregnated
with various electrolytes
Bpems AmruiTyna
DNeKTPOIUT paboThl | TepeMelleHUit
Electrolytes Operating Amplitude
time of displacements
H,0 20 min 8 mm
AMCO 0 min 0 mm
DMSO
AMCO/H,0 1:1 180 min 3 mm
DMSO /H,0 1:1
P-p CuSO,4 0,1 M B H,O 15 min 12 mm
The solution of CuSO, 0.1 M in H,0
P-p CuSO,4 0,1 M B H,0/IMCO 1:1 60 min 5 mm
The solution of CuSO, 0.1 M in
H,0/DMSO 1:1
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Tabnuua 4
IMapamerpnl u xapakrepuctukn UIIMK akToatopa
Table 4
Parameters and characteristics of IPMC actuator
ITapameTtphl 3HavYeHUSI
Parameters Values

IMapamerpsr Tunopasmepos 1/1L/T, mm 40x2,5%0,2
Parameters of the dimension types, L/W/T, mm
TMorpebasiemast MouiHoCTh, W, MBT 1...4
Power consumption, W, mW
Ynpasnsiowue Hanpspkenusi, U, B 10...40
Control voltages, U, V
BricTponeiicTBue, ¢, ¢ 0,05
Operation speed, t, s
MakcumanbHOe nepemMellieHue, S, cM 4
Maximal displacement, S, cm
MakcumanbHoe ycunue, F, MH 4
Maximal force, F, mN
Muana3oH vacror, f, ' 0,1... 60
Frequency range, f, Hz
Tokwu, I, MA 0,05...0,12
Currents, I, mA
CornpoTuBiieHrE 3JIeKTponoB, Om 12
Resistance of the electrodes, Q
CxopocTb, MM/C 5...10
Speed, mm/s
Bpemst paboThl Ha BO3ayxe, MUH 10...20
Operating time in the air, min
Bpewmst paGoThbl B BoJe, MUH >480
Operating time in water, min

LIMEHT 3JIEKTPOMEXaHWYECKOTO MPeodpa3soBaHMSI CO-
crasun 1+1073,

3akmouenue

boutn pa3paboTaHbl M U3rOTOBJIEHBI DKCIIEPUMEH -
TaJlbHblE 00pa3libl MUKPOMEXaHUYECKUX aKTIOATOPOB
Ha ocHoBe UTTMK.

ITpoBemeHBI M3MEPEHUSI BOIbT-aMIIEPHBIX, YaCTOT-
HbIX U CHUJIOBBIX XapaKTEePUCTUK, IKCIIEPUMEHTAIbHO
orpeneeHbl OCHOBHbBIEC TTapaMeTphl MUKPOAKTIOaTOpa
pasmepom 40/2, 5/0,2 mMm: moTpebiisieMasi MOLIHOCTh
10...40 mBT, ynipaBnsitouie HanpsixkeHus 1...4 B, Obl-
crpoaericteue 0,05 ¢, Bpemsi paboThl B Bo3myxe 10 MUuH,
B Bojzie OoJIbllIe 8 U, MaKCUMaJIbHOE TiepeMellieHne 4 CM,
MakcumaiabHoe ycunaue 4 MH.

HeBbicokoe Bpemsi HeINpepbIBHON pabOThl ak-
TIOATOPOB, MPOMUTAHHBIX BOAHBIMU 2JIEKTPOJIUTAMU
(10 MyH), MOXHO YBEJIMYUTh Ha ITOPSIIOK, 3aMEHUB
oy Ha cmeck IMCO u H,O (1:1).

Db deKTUBHOCTL pabOTHI aKTI0OaTOpa ONpeaeIsIeT-
Csl ero MakCHMMaJbHO OOJIBIIMM CO3IaBacMbIM IIepe-
MellleHUEM MPU MUHMMAaJIbHO HU3KOM YIIPaBIISIIOLIEM
HaNpsDKEHUU, TIPU MUHUMAJIBHBIX TA0ApUTHBIX pa3Me-
pax ycTpoicTBa, a Takxke KO3(POUIHUEHTOM 3JEKTPO-
MEXaHWYECKOTO TpeoOpa3oBaHUsl, KOTOPBII COCTABIII
1-1073.

MukpomexaHMuecKhe aKTHaTOpbl Ha OCHOBE
MIIMK sBisiioTcsl OMTHUMU U3 HarboJiee MepCIIeKTHB-
HBIX MHTEJIJIEKTYaJIbHBIX MaTepUaaoB, MIOTOMY UTO OHU
HMMEIOT MAJIEHBKYIO MAacCy M MOTYT CO3[1aBaTh OOJIbIINE
JecdopMaluu u3rnda npu HU3KOM yIpaBJIsioleM Ha-
npsekeHur. OHU JIydllle BCero padboTaioT B YCIOBUSIX
TOBBILIEHHON BJIAXKHOCTH OKpYXaroleit cpeabl U MO-
I'YT OBITH BHITIOJIHEHB! B BHI€ ABTOHOMHBIX, MHKATICY-
JIMPOBAaHHBIX aKTIOATOPOB ISl pabOThl B CYXOll cpeje,
YTO MOXET ObITh aKTyaJlbHO C TOYKHU 3PEHMS] UCITOJb-
30BaHUSl B MUKPOPOOOTOTEXHMYECKHUX CHUCTEMax U
pa3IMYHbBIX 00JacTell MEAULIMHBDI.

Hccaedosanue svinoaneno 3a cuem epanma Poccuii-
cK020 Hay4Hozo gonda (npoexm No 16-19-00107).
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Actuators Based on the lonic Polymer-Metal Composites

Experimental samples of the micromechanical actuators based on the ionic polymer-metal composites were designed and man-
ufactured. Current-voltage, frequency and power characteristics of the actuators were investigated. The main parameters of the
microactuators with the size of 40/2, 5/0,2 mm were measured: input power — 10—40 mW, control voltage — 1—4 V, maximal
displacement — 4 cm, maximal force — 4 mN, operating time in the air — 10 min, and in the water — over 8 h. The continuous
operation of the actuators impregnated with an aqueous electrolyte (10 min) can be increased tenfold by replacing water with a mix-

ture of DMSO and H,0 (1:1).

Keywords: micromechanical actuators, ionic polymer-metal composites, Nafion, ion exchange membrane, micromechanical
transducer, mechanical and electrical characteristics, IPMC, actuation
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Introduction

Ion polymer-metal composites are synthetic com-
posite nanomaterials from the ion-exchange polymer,
the surface of which is covered with a conducting metal
on both sides. Application of the electric field causes
mechanical deformations of the actuator. And, and vice
versa, the mechanical deformations of the material
cause an electric signal. Thus, the ion-exchange poly-
mers can be used as sensors and actuators [1, 2].

Typical polymers are perfluorochemical ethylenes
with short lateral chains containing ionic groups (as a
rule, sulfonate or carboxylate (S 03_ or COO") for an
exchange of the cations or cations of ammonium for
exchange of anions). A long polymeric skeleton deter-
mines mechanical durability. Short lateral chains with
the ionic groups interact with water and conduct the
corresponding ions. One of the commercially available
ion-exchange materials on the basis of perfluorochem-
ical ethylenes is Nafion membrane from DuPont

(fig. 1) [3].

Obtaining of actuatoros on the basis
of ionic polymer-metal composites

The basic stage of obtaining actuators is deposition
of the metal electrodes on the membrane surface. The
ionic polymer-metal composites (IPMC), as a rule, are
made by chemical reduction because of the low cost
and good durability of the surface received by means of
this method [4, 5].

Complex salt of chloride tetraaminoplatinum
Pt(NH3),ClI, was chosen as the initial substance for ob-
taining of the platinum electrodes. Well soluble in wa-
ter, it is also resistant to the influence of light, air and
heating and is reduced easily.

Deposition of the platinum electrodes consists of the
following stages:
¢ introduction of the platinum particles into a mem-

brane;

o growth of the platinum electrodes on the membrane
surface.

At the first stage the ionic polymer is soaked in a so-
lution of Pt (NHj3),Cl, salt in order to allow the plat-
inum containing cations diffuse into the membrane
with the help of the ion-exchange processes. Then
deposition of platinum is done with the help of sodium
borane (NaBH,) in accordance with the following re-
action:

4Pt[(NH3)4]C12 + NaBH4 + 8NH4OH -
— 4Pt" + 16NH; + NaBO, + 6H,0 + 8NH,CL. (1)

At that, inside the membrane, a strongly dispersed
metal layer is formed with thickness of 1...20 um from
the membrane border (fig. 2, a).

At the second stage in order to increase the thickness
of the electrodes, sedimentation of platinum is done from
the solution containing platinum salt Pt(NH5),Cl,, and

also hydrazine H,NNH, and hydroxylamine NH,OH
as reducers (fig. 2, b). Depending on the conditions for
obtaining of the electrodes, the morphology of the de-
posited metal differs considerably.

At the second stage for optimization of the deposi-
tion of the platinum electrodes the time of reduction of
platinum varied from 0 up to 4 h. For a number of sam-
ples the deposition at the second stage was repeated
twice. As a result six series of samples of actuators were
received with the platinum electrodes deposited at the
second stage within 1, 2, 3, 4 h, and two times during
4 h each only at the first stage.

Experiments for measurement of the mechanical
and electrophysical characteristics of the actuators dem-
onstrated, that the actuators with the platinum elec-
trodes deposited at the second stage during 4 h, had the
best operational characteristics.

Research of the mechanical and electrophysical
characteristics of the actuators

One of the major electric characteristics of an actu-
ator is resistance of the electrodes and a through lateral
resistance of the actuator. These parameters were meas-
ured by means of a multimeter (Agilent 34410A 6 1/2
Digit Multimeter) for the samples of the actuator in a
dry condition, and also for the ones, soaked in the dis-
tilled water and solution of copper sulphate.

Resistance of the platinum electrodes is 12 Q for the
actuators in a dry condition, 50 Q for the actuators
soaked in the distilled water and 40 Q — in a solution
of copper sulphate.

Also the through lateral resistance of the actuators
was measured, which was 1,6 MQ in a dry condition,
24 kQ in water and 19 kQ in a solution of copper sul-
phate, for the actuator with thickness of about 200 um.

The next stage of the research was measurement of
the dynamic characteristics of the actuator. One of its
major characteristics is bending deformation and the
control voltage.

Before the beginning of the work, the transducer was
soaked in 0,1 M solution of copper sulphate in order to
replace the protons with copper ions (Cu2+). Since the
polymer contains fixed groups of the charged SO3_, a
double electric layer was formed on its surface and pos-
itive ions dominated in the membrane, therefore the
movement of the ions in the membrane had a one-sided
character.

The principle of operation of the actuator on the ba-
sis of IPMC consists in redistribution of the ions in the
ion-exchange membranes, when the electric field is ap-
plied, owing to which a membrane deformation occurs.

Considering in more detail the process in the mem-
brane, it is possible to see a lateral chain of the fixed an-
ions (sog‘), water molecules, and hydrated cations
Cu®* (5H,0) (fig. 3).

Movement of the ions of one sign in the membrane
under the influence of the electric field leads to occur-
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rence of an electroosmotic flow of a liquid from the an-
ode to the cathode, as a result of which a superfluous
pressure of the liquid occurs at one of the electrodes.
Thus, the pressure difference on the electrodes leads to
deformation of the actuator (fig. 4).

The aim of the experiments was research of the de-
pendence of the actuator’s deformation on the control
voltage. The experiments demonstrated that its defor-
mation began, when voltage of 500 mV was supplied.
With an increase of the control voltage the actuator
deformed even more (fig. 5). Fig. 6 presents the dia-
gram of the dependence of the bending deformation
on the supplied voltage for an actuator with the size of
2,5 mm X 24 mm X 175 pm.

The working range of the control voltages was from
0,5 up to 5 V. Higher voltages can cause a breakdown
of the actuator. Closing of the actuator also should be
avoided because of the contacts of the opposite elec-
trodes in case of its strong deformation.

The range of the control voltages for the actuators,
obtained by the method of chemical reduction from the
platinum salt solution was 0,5...5 V, and it turned out
to be 10 times lower than for the actuators with the
electrodes obtained by a magnetron deposition of —
10...30 V.

When constant voltage of a certain value is supplied
to the actuator, at first, it deforms towards the cathode,
and then, if the applied voltage is not changed, the ac-
tuator starts a gradual deformation in the opposite side
due to the return flow of the surplus of liquid from the
cathode to the anode, arising because of the forces of
the capillary ascent (fig. 7).

Thus, the actuator cannot render a long constant
force, therefore, it was decided to check operation of
the actuator during supply of the alternating control
voltage of various frequency. Aligent 33500B Series sig-
nal generator submited alternating voltage with fre-
quency from 0 up to 50 Hz with the rectangular form
of the output signal and amplitude from 1 to 3 V. When
the frequency changed, the measurements of the devi-
ations of the mobile part of the actuator were done by
means of a measuring ruler.

When the alternating voltage was supplied, the ac-
tuator began to bend serially to different sides. When
the frequency of the control signal was increased, at
first, the amplitude of movements of the actuator de-
creased, then started to increase, till it reached the fre-
quency maximum, which, apparently, was the frequen-
cy of the mechanical resonance of the actuator, and
then the amplitude decreased again (fig. 8). The higher
was the amplitude of the submitted alternating voltage,
the higher were the displacements of the actuator.

The resonant frequency of the actuator does not de-
pend on the amplitude of the control voltage, but strong-
ly depends on its geometrical sizes. The longer is the ac-
tuator, the lower is the resonant frequency (table 1).
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In order to demine the parameters of movement of
the ionic charge carriers inside the actuator, and also
the possible oxidation-reduction processes on the sur-
face of the electrodes during application of voltage, the
volt-ampere characteristics (VAC) of the actuator were
measured. Fig. 9 presents a typical cyclic VAC of the
actuator on the basis of IPMC. It should be pointed out
that the reaction ability of IPMC is moderate, there-
fore, there are no peaks and repeated oxidation within
the limits of =3 V, except for behavior of decomposi-
tion at ~ +1,5 V. where additional current seems to be
consumed due to electrolysis. In general, behavior of
IPMC shows directions of movement of the ions caused
by the applied electric voltage.

For measurement of the force of the microactuator
from hundreds of micronewtons up to tens of milinew-
tons the analytical scales (Ohaus Adventurer Pro
AV264C) were used. For obtaining of the power char-
acteristic, the breadboard model of the microactuator
was fixed in a vertical plane by means of the holders
aligned with the electrodes, which were fastened on a
support at the necessary level. Then, a control voltage
was applied to the microactuator, and the end of the
microactuator deviated from the initial position and put
pressure on the scales (fig. 10). The pressure increased
until the deviation of the actuator was stopped by the
plane of the scales. Then by the indications of the
scales, on which the actuator put pressure, the created
force was defined. For the sample of 2%x4 2,5x0,2 mm
the maximum force was 4 mN.

One of the specific features of the actuators on the
basis of the electroactive composites is that they can
function only in an electrolyte impregnated with a so-
lution. The electroosmotic flow of a liquid in the mem-
brane is a source of generation of force in the electroac-
tive polymers: The traditionally used solvent is water.
However, because of the fact that the platinum elec-
trodes received by chemical sedimentation, are porous,
the water can evaporate from them during operation of
the actuator. Another factor, reducing the quantity of
the solvent, is that a water electrolysis can occur, if the
applied voltage is higher than 1,23 V. Therefore, the pe-
riod of functioning of the actuator in the air strongly
depends on the loss of the solvent.

A serie of experiments was done for comparison of
the operating time of the actuator in the air and of the
actuator, submerged in the water solutions of different
ionic forces (table 2).

In order to measure the loss of the solvent, an al-
ternating voltage of 2 V of the rectangular signal of a
fixed frequency of 1 Hz was applied to the sample, pre-
viously wetted in 0,1 M solution of copper sulfate.

As a result of evaporation of the solvent the contin-
uous operating time of the actuator in the air environ-
ment was 10...15 min. However, when the actuator
functioned in the water environment the operating time
appeared to be essentially longer, which made the ac-




tuators of the given type promising for manufacture of
the underwater robotized systems.

Short operating time of the actuator in 0,1 M solu-
tion of copper sulphate was apparently connected with
washing of the ions of copper away from the actuator
during its operation. As a result of this, the conductivity
of the solution inside the actuator became less than the
conductivity of the environment.

During the work of the actuator in the air environ-
ment the polymer requires a constant hydration. In or-
der to avoid the loss of moisture in the polymer, the ac-
tuator can be incapsulated with various polymeric ma-
terials (for example, dielectric gels). Another way to
prevent the liquid’s evaporation is impregnation of the
actuator with a solvent of higher boiling temperature,
than water, for example, dimethyl sulfoxide (DMSO)
or its mixture with water. The second way-was tested.

In order to measure the evaporation of the solvent
during the work of the actuator, the samples were im-
pregnated with various solvents: deionized water, a
mixture of dimethyl sulfoxide (DMSO) and water (1:1),
dimethyl sulfoxide and 0,1 M water solution of copper
sulphate during 24 h. Then the alternating voltage with
amplitude of 2 V of the rectangular signal with the fixed
frequency of 1 Hz was applied to the soaked actuator
samples. The initial amplitude of the displacements of
the actuator, time of functioning and weight of the
samples before the tests were measured (table 3).

During the experiments it was demonstrated, that in
case of replacement of the electrolyte with DMSO the
actuators practically did not lose solvent because of evap-
oration, but the polymers soaked in DMSO, swelled
strongly and consequently could not generate the nec-
essary force. The use of the mixture of DMSO and wa-
ter (1:1) increased the operating time of the actuator in
comparison with the water solutions, but, at that, at the
same control voltage the amplitude of the frequency
fluctuations decreased. Therefore, the work with such
systems required higher control voltage (5...7 V).

Addition of 0,1 M copper sulphate CuSO, to the
mixture of DMSO and water leads to an increase in the
amplitude of displacements of the actuator, but reduces
its operating time.

Thus, the measurements were done of VAC, and of
the frequency and power characteristics of the actua-
tors on the basis of the ionic polymer-metal compos-
ites with the electrodes received by chemical reduction
from a solution of the salt of platinum. The experi-
mental parameters for the microactuator with size of
40%2,5%0,2 are presented in table 4.

The efficiency of the actuator was estimated with the
use of the coefficient of electromechanical transforma-
tion, calculated by the formula:

F_..S

— _ max T max ( 1)

n 4wr

where F,,, — the maximum effort of the actuator;
Smax — the maximal displacement; W — power con-
sumption; ¢ — operation speed. For the actuators with
the electrodes received by the technology of chemical
reduction, the coefficient of electromechanical trans-

formation was 11075,

Conclusion

The experimental samples of the micromechanical
actuators on the basis of IPMC were developed and
manufactured.

VAC, frequency and power characteristics were
measured, the key parameters of the microactuator with
dimensions of 40/2, 5/0,2 mm were experimentally de-
fined: power consumption — 10...40 mW, control volt-
age — 1...4 'V, operation speed — 0,05 s, operating time
in the air — 10 min., in water — over 8 h, maximal dis-
placement — 4 cm, maximal force — 4 mN.

Little operating time of the actuators impregnated
with water electrolytes (10 min) can be prolonged
roughly 10 times by replacing water with mixture of
DMSO and H,O (1:1).

The operating efficiency of an actuator is deter-
mined by its maximal displacement at the lowest con-
trol voltage and minimal dimensions of the device, the
coefficient of electromechanical transformation, which
was 11073,

The micromechanical actuators on the basis of IPMC
are one of the most perspective intellectual materials,
because they have small weight and can create big
bending deformations at a low control voltage. They
operate best of all in the conditions of high humidity of
the environment, and can be made in the form of au-
tonomous, incapsulated actuators for operation in a dry
environment, which is important for their use in the
microrobotic systems and medicine.

The research was implemented due to the grant of the
Russian Scientific Fund (project Ne 16-19-00107).
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BBenenue

MukpoMexaHu4YeCKK1e YaCTOTHO-PE30HAHCHBIE CHC-
TEMBI IIIMPOKO UCTOJNB3YIOT B TEXHUKE B KAYECTBE M3-
MEPUTEIbHBIX JAaTYMKOB Pa3INYHBIX (PU3UUECKUX Be-
JIMYUH M TeHepaTopoB KojebaHuii. B OobLIMHCTBE
cllyyaeB B MUKPOMEXaHUKE 3aJada BO3OYXKIEHUSI KO-
JIebaHUil pellraeTcsl B "DJIEKTPUUECKON" YacTU JaTuh-
Ka, T. €. C IOMOILbIO DJIEKTPUUECKON CXeMbl YITpaBJie-
Hus. B naHHo#t paboTe mpeayiaraeTcsi pelnTh npoobJie-
MY BO30YXIEHMSI MyTeM CO3daHUs Lenu oOpaTHOM
CBSI3U B "MEXaHMYECKOM" YacTH. DTO MO3BOJISIET YIIPO-
CTUTb CUCTEMY CHSTUS M BO30YXIeHUS KOJeOaHU, a
TakXke 00ecrneYyuTbh CAaMOHACTPOMKY Ha PE30HAHCHYIO
YacTOTy W OTCJIEKUBATh €€ M3MEHEHUE.

ABTOKO/1€0aTEJIbHBIE CHCTEMBI

OCHOBHBIMM YaCTSIMM MEXaHWYECKOM aBTOKOJIeOa-
TEJIbHOM CUCTEMBI SIBJISIIOTCSI UCTOUHUK MOCTOSIHHOU
SHEpruu, KoJjedareapHasi CUCTEMA U cUcTeMa o0part-
HOW CBSI3M, KOTOpPAsi YACTUYHO KOMIIEHCUPYET SHEp-
TUI0, 3aTPAY€HHYIO Ha MPEOAOJIEHNE TUCCUNATUBHBIX
cui. [ToaToMy MOMMMO yHpPOIEHUS CUCTEMBbI yIpaB-
JIEHUsI YCTPOMCTBOM, aBTOKOJIeOATEIbHBINA PEeXXUM pa-
OOTHI TMO3BOJISIET YMEHBIIUTh DHEPrUi0, 3aTpavynBae-
MYIO Ha BO30yXAeHHUE KojeOaHUIl BCIAEACTBUE €€ Ie-
pepacnpenesieHrs 3a cueT OOpaTHOW CBSI3U.

286 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016

TakuM o0Opa3oM, B MUKPOMEXaHWUYECKUX CUCTe-
Max aBTOKoJieOaTeNbHbI peXXUM pabOThl TTO3BOJISIET
VIYUYIIUTh XapaKTePUCTUKU Pa3IMYHbIX AaTYMKOB
(buszmyeckux BeJJUYMH, paboTa KOTOPHIX OCHOBaHA Ha
packadyke MeXaHUYEeCKHUX DJIEMEHTOB CEHCOpa Ha 3a-
JIaHHOM yacToTe. K TakuM cucTeMaM MOXHO OTHECTU
TUPOCKOITHI [1], a TaK:Ke 4aCTOTHO-PE30HAHCHBIE JaT-
yuku. B mepBoM ciyyae njis onpeaeseHusl yrioBOro
YCKOpPEHMUSI HEOOXOIMMO pacKauylBaTh MHEPLIMOHHYIO
Maccy Ha pe30HaHCHOI 4acToTe, a BO BTOPOM cliyyae —
YYBCTBUTEJIbHBINM 3JIeMeHT. B KauecTBe 4yBCTBUTEIb-
HOTO 3JIeMEHTa MOTYT HCHOJIb30BaTbCS CTPYHHBIE,
MeMOpaHHbIe M HEJIMHeHbIe Ipeodpa3oBaTen pas-
JIMYHBIX KOHCTpYKLIUii [2].

ABTOKOJIE0aTeIbHBIN PEXUM MOXHO HCIIOJIb30-
BaTh JJ1s1 pabOThl MUKPOPE30HATOPOB, KOTOPHIE IIU-
POKO NMIPUMEHSIIOT B IMTOPTAaTUBHBIX YCTPOMCTBAX B Ka-
YeCTBE T'eHEepaTOpOB OMOPHOM YAaCTOTHI MJIM (DUJIBT-
poB [3]. YU3BeCTHBI MUKpOMEXaHMUYECKUE PEe30HAaTO-
pbl, paboTatoine Ha yactoTax 16 kI'iy [4], 13 MTI' [5]
u 1,2 I'To [6].

B OGouiblIMHCTBE cly4yaeB AJIs pacKauykKy YYBCTBHU-
TEJIbHOTO 3JIEMEHTa PE30HATOPOB, YACTOTHO-PE30-
HAHCHBIX TaTYMKOB M TMPOCKOIOB Ha PE30OHAHCHOM
4acTOTE MCIIOJb3YIOT eMKOCTHBIC MpPeoOpa3oBaTesin.
BDTO cBs3aHO ¢ 0ojiee BBICOKMM OBICTPOJECIICTBUEM,
MPOCTOTOM KOHCTPYKLIMI Y TEXHOJIOTMYHOCThIO EMKO-




CTHBIX IpeoOpa3oBaTesieil 0 CPaBHEHUIO C JAPYTUMU
MUKpPOMEXaHUYECKUMMU TpeodpazoBaTeasiMu [7].

MukpoMexaHHYEeCKHil aBTOKOJI€0aTe/IbHbIi TeHepaTop

PaszpaboraHHbIil aBTOKOJE0ATEbLHBIM TeHepaTop
MpeACTaBIISIET COO0M MUKPOMEXaHUUYECKYIO CUCTEMY,
SJIeKTpUUYecKast SKBUBaJIecHTHAsI cxeMa KOTOPOM COo-
CTOMUT M3 MapajuleIbHO COENMHEHHBIX pe3ucTopa U
koHaeHcatopa (puc. 1, a). OcoGeHHOCTbIO JaHHOM
CXEMBI SBJISIETCS 3aBUCUMOCTb M €MKOCTH, W COIIPO-
TUBJICHUSI OT KOOPJAMHATHI X, IPUYEM 3aBUCUMOCTb CO-
TIPOTUBJICHUST OTTUCHIBACTCSI BEIPaXKCHUEM

R(x) = Ry(1 + k*(xy — x)), (1)
rae Ry, — HOMMHAJIBHOE CONPOTUBJIEHUE PE3UCTOPA;
k* — x02(hdULIMEHT MPONOPLUOHATBLHOCTH; X — KO-
OpIMHATa HAYAJIBHOTO TOJIOKEHHMS MHKpOMEXaHWJe-
CKOI CTPYKTYpPHI; X — TeKyIllasi KOOpAMHAaTa.

DKBUBAJIEHTHAS MeXaHUYeCcKasl CXxeMa, COOTBETCT-
BylOLIAs KBUBAJEHTHOM 3JIEGKTPUYECKOU cxeme, Mo-
Ka3aHa Ha puc. 1, b. IIpoBoast aHaIOTUX MEXIy 9KBU-
BaJIECHTHBIMU CXEMaMHU MOXHO MOCTPOMTb B 0OOIllEM
BHUIIe¢ KOHCTPYKILIMIO MHUKPOMEXaHUYECKOTO aBTOTECHE-
patopa. B cBsI3U ¢ 3TUM pacCMOTPUM MUKPOMEXaHU-
YeCKYI0 CUCTEMY, B KOTOPOI B pOJIM €MKOCTHOTO TIpe-
00pa3oBaTeis BBICTYIAaeT KOHAEHCATOpHas TJIOCKOTa-
paJuteTbHasT CTPYKTYpa C TTOABMKHBIM BEPXHUM 3JIeK-
TPOIOM B BUIE KOHCOJIHHON OaTKM U HETOABVKHBIM
HWXXHUM BJIEKTPOAOM, Ha KOTODPBI IMoaaeTcsl ynpas-
JIsTIolee HampskeHne. Posb pe3ucTopa B ONMMCaHHOMN
CXeM€ MOXET BBIMOJHSTh TEH30PE3UCTOP WJIM MUKPO-
MexXaHnJecKasl CTPYKTypa, KOTopas CKauKooOpasHO
U3MEHSET CBOE COINPOTHMBJICHMUE TPU MepeMeIleHUU
(1o aHajJoruyM ¢ MUKpOMEXaHUYEeCKUM KJitouoMm [8]).

IMpuHIUIT PpabOTHl MUKPOMEXaHUUECKOTO aBTOKO-
JiebaTeIbHOIO0 TeéHepaTopa OCHOBAaH Ha HaJW4YUM 00-
paTHOM CBSI3U MeX Iy KoHaeHcaTopoM C(X) U pe3ucTo-
poM R(x). O6paTHas CBSI3b peanu3yeTcs 3a CUeT 3aBU-
CHMOCTH COTIPOTHUBIICHUSI OT CMEIEHUs TTOIBUKHOM
O0KJIafKM KOHJIeHCAaTOpa, BHIIIOJIHEHHOM B BUIE Irub-
KOro MUKpOMeXaHuyeckoro ajieMeHTa. Ilpu momaue
VIIPABJIAIOILETO CUrHana (Toka Ip), KOTOpBIA 3a cyer
pesucropa R(x) co3maet Mexny Toukamu A u B (a cre-
JloBaTeJIbHO, Y Ha 00KJIaaKkax KoHaeHcaTopa C(x)) pa3-

Rix) ——

Puc. 1. MukpoMexaHHYeCKMii aBTOT€HEPATOP: @ — SKBUBAICHTHAS
3JIEKTPUYECKasT CXxeMa; b — SKBUBAJICHTHAsi MEXaHUYECKasl cxema
Fig. 1. Micromechanical self-excited oscillator (equivalent circuits): a —
electric; b — mechanical

HOCTh noTeHLuanoB U(x), BO3HUKAET 3JeKTPOCTaTH-
yeckasi cujia, OTKJIOHSIONIAas MOABUXKHYIO OOKIAIKy
KoHaeHcaTopa. Takum obpa3oM, u3 3aBucuMocTu (1)
BUJIHO, YTO MIPU OTKJIOHEHUH X OT HA4YaJIbHOTO IOJI0Xe-
HUS X; U3MEHSETCS CONPOTUBIIEHUE pe3ncTopa R(x).

OnucaHHOMY Bbllle TPUHIUITY pabOThl COOTBETCT-
BYET CJIeIyIollasl CUcTeMa ypaBHEeHUIA:

02x ox q2
m=—+ A= + k(x-xq) = ———,

o ot 2eg) S
Iy = Ux) + 1(x),

R(x)

rae m — Macca MUKPOMEXAHUYECKOU CTPYKTYpPbI; A —
Ko puLmreHT aemndupoBaHus; k — KoapduieHT
>KECTKOCTH; ¢ — 3apsifi, MOSBJISIOLIMIACS Ha O0KIaaKax
KoHaeHcatopa; I(x) — TOK, BO3HMKAWOIIMI B LIEIHU
KOHJIEHCATOPAa; € — OTHOCUTEJIbHAS AUBJIEKTpUYECKast
MOCTOSIHHAS; &) — DJIEKTPUYECKas MMOCTOAHHAsA; § —
TUIOLIAb OOKJIAIOK KOHJAEHCATOPA.
C yyeToMm TOro, 4TO

= ___Q_ = _g_'.x_ N
) Clx)  egyS’

oq
I(x) = <,
(%) =
CUCTEMY ypaBHeHVIﬁ, OIMUCBIBAIOIIYIO MUKPOMEXaHNYC-

CKYIO aBTOKOJIe0aTeIbHYIO CUCTEMY, U300pakKeHHYIO Ha
puc. 1, MOXXHO NpeoOpa3oBaTh CAEAYIOLIUM O00pa3oM:

62x ox q2
m; + ka—t +k(x-xy) = —2—880S,
()
1y, = qx +
07 Ry(1+k*(xg—x))eeyS ot

71 BBIIBJIEHUS YCIOBUIA BOBHUKHOBEHUST aBTOKO-
J1e0aTEeIbHOTO peXUMa UCCAEAYeM MOJYYEHHYIO CHUC-
TEMY YPaBHEHMIA HA HAJIMUME U XapaKTep OCOOBIX TO-
yek. MHTepec npeacTaBisitoT 0cOOble TOUYKU THUIA He-
ycToiuuBoro ¢okyca. Ha ¢a3oBoil IIOCKOCTM OHU
MU300paxaroTcsl B BUJE PACKPYUYMBAIOLIMXCS OT HEyC-
TOMYMBOIO IIOJIOKEHMSI paBHOBecUsl ciupaneid. Takue
TOYKWM WHTEPECHBI TEM, YTO BOJIM3U HUX MOXET BO3-
HUKHYTb MpeaebHbIA LUK, HaJIWYhe KOTOPOro Xa-
paKTepu3yeT MOSIBJIEHUE ABTOKOJIE0ATETBbHOIO PEXU-
Ma paboTHI B cucteme [9].

AHanu3 MpeJCTaBJICHHON Bblllle aBTOKOJeOaTE b-
HOI CHUCTEMbl Ha HaJlUUME U OIpelesieHue xapakrepa
0COOBIX TOYEK TPOBOAMIICS METOIOM MAJIBIX BO3MYIIIE-
Huii. CyThb 9TOr0 METOJa 3aKJI0YaeTcsl B MCCIeq0Ba-
HUU cUCTeMbl AuddepeHInaNIbHBIX ypaBHeHUH (2) B
0o0JlacTu ee cTallMOHapHOro peleHus. s aToro 3a-
Jal0TCsl Majible TApMOHUYECKUE BO3MYILIEHUS:

X

of,
X.tXxX1€

t
q=q.+qe",
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IJIE X, ¥ ¢, — CTAlMOHAPHBIE PELIEHUS CUCTEMBI YpaB-
Henuii (1); x; < x, 1 g < g, — OECKOHEYHO MaJible
BO3MYILEHUSI.

DTH 3HAYEHUS] X U ¢ MOXHO TIOJCTaBUTb B CHC-
Temy (2), ¥ Torna ¢ y4eToM MaJloCTH X| U ¢, KOTOPbI-
MU [IpU NMEPEMHOXEHUU OPYT HA Ipyra MOXHO Ipe-
HeOpeub, MOJYYUM CUCTEMY YpaBHEHUIA:

(mm2+km+k)x1 + iql = 0;
LAY

IRk + 2 |x | R+ 2 g, =0
070 88051 ¢ 880S1 ’

rae R. = Ry(1 + k*(xy — x,)) — COIPOTUBIIEHUE PE3U-
cropa R(x) B MOJOXEHUH X,.

VYcinoBueM HaauuMsi OCOOBIX TOUEK SIBIISIETCSI pa-
BEHCTBO HYJIIO ompenenutesis cucteMsl (3) [9], u3 xKo-
TOPOTrO MOXKHO ITOJYYUTh XapaKTepUCTUUECKOE ypaB-
HeHUe:

3)

rae oy = k/m — pe30HaHCHas 4aCcTOTa MUKPOMEXaHM-
YECKOM CUCTEMBI; T,. = R.e€(S/x,.

CyliecTBoBaHMe Ha (a30BOi TJIOCKOCTU OCOOON
TOYKU TUIIA HEYCTOMYUBBIN (DOKYC COOTBETCTBYET YC-
JIOBUIO HAJMWYUS NEeNCTBUTEIBHBIX TOJOXUTEITBHBIX
KOpHeil xapakTepucTuueckoro ypaBHeHust (4) [10].
AHanu3 mokasaj, 4To ypaBHeHue (4) uMeeT JelCTBU-
TeJbHBIE TTOJIOKUTETbHBIE KOPHU TPU YCIIOBUH

k* < 0. (5)

IMTocnenHee HepaBEeHCTBO TOBOPUT O HAJIMYMU Ha
¢a30BOIi IIOCKOCTU HCCAEAYeMOM MUKpOMEXaHUYe-
CKOM cHCTeMBl 0CO00i TOYKM THUIIA HEYCTOWYMBBLIN
¢okyc, BOIM3M KOTOPOI MOXET BOZHUKHYTD Mpeaesib-
HbIA UK. [T03TOMY MOXHO yTBEPXKIATh, YTO BOJIU3U
3TOTO MOJIOKEHUSI MOXKET MOSIBUTHCSI aBTOKOJIe0aTe b-
HBII peXXuM paboThl. YCJIOBHE BOZHUKHOBEHMS IIpe-
JIeJIbHOTO LIMKJIa pACCMOTPUM HIMXKeE.

Kaxk u3BecTHO, OAHUM U3 YCJIOBU MOSIBJIEHUS aB-
TOK0JIEOATEbHOTO peXMUMa IJISI CUCTEM, MOAOOHBIX
paccMaTpuBaeMoii B JaHHOW paboTe, sIBJsSeTCsl Halu-
ype Ha BAX y4yacTka oTpuuaTeabHOro auddepeHim-
anbHoro cornpotusieHus [11]. [Toatomy mist BeisiBe-
HUS YCJIOBUN BO3HMKHOBEHHUSI aBTOKO0JE€0ATEIbHOTO
pexxuma paboThl (a 3HAYMT, U YCIOBUIA MOSIBICHUS Ha
¢a30BOI MIOCKOCTHU MPEAEIbHOIO UKJIa) HEOOXOAM-
MO TMPOAHATM3UPOBATh HECTALIMOHAPHYIO MONIEIb MUK-
pPOMEXaHMYECKOro aBTOKOJIeOaTebHOIO TeHeparopa.
AHanM3 npoBOAMTCS BOJM3U CTAalMOHAPHOTO pellie-
HUS cucTeMbl TMddepeHIIalbHbIX YpaBHeHU (2) 3a-
JIaHWEM TIpUpalIeHUs TOKa W HaIpsXKeHUs TapMOHU-
YeCcKOro xapakTepa 0eCKOHEYHO MaJIbIMU 3HAYEHUSIMU
U OTpeJeIeHUEM YCIOBUIA, KOr/Ia OTHOLLIEHWE MaJIOTO
npupalleHus HanpskeHuss AU K A OyaeT MeHbllIe Hy-

288 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016

JIg, T. €. Korga auddepeHIaIbHOe COIPOTUBICHUE

OyIeT OTPULIATETBHO:
3x,.-2x
[(02 - mé ——-‘i-———-gj x
X

3x.-2
x [mz - 03(2)%) + 2k*co(2)(x0 —xC)J + B2m2
Cc

2 <0,
2kt og(xg-x)) + B’

rae B = A/m.
Ha ocHoBe mocienHero HepaBeHCTBa ObUIO MOJTY-
4eHO 00OOIIEHHOE YCIOBUE MOSIBIEHUST y4acTKa OT-

punarelbHOro nuddepeHInaIbHOIO COMPOTUBICHUS
Ha BAX:

2

2 2 (2 23x.-2x

o +|o" —oyj————
xC

. 1
k(xo—xc)<—§

Xe

21 2 2 3x e~ 2x0
O ® —Oy——
OTcioia MOXHO TMOJIYUUTh YCJIOBHME BO3HUKHOBE-
HUE aBTOKOJIEOAHWI HAa PE30HAHCHOM YacToTe (0) = 0)0)

npu B = 0:
k*x, < —1. (6)

Ha ocHoBanmu ycioBus (6) MOXHO cKa3aTb, 4TO
BOJIM3M CTAIlMOHAPHOTO PEIIeHUS CUCTEMbI ypaBHE-
HUii (2), T. €. B ONpeaesIeHHOM MOJIOXXEHUU TMOKOro
MTOABIKHOTO 3JIEMEHTa B IMpocTpaHcTBe, HAa BAX em-
KOCTHOTO TIpeoOpa3oBaTeisi MOXKET IMOSIBUTHCS YYaCTOK
C OTpULIATENTEHBIM AU hepeHITNATEHBIM COMTPOTUBIIC -
HHUEM, YTO XapaKTepU3yeT BO3MOXKHOCTH MOSIBICHUS
Ha $a30BOil MJIOCKOCTU MpeAeabHOro Hukiaa. Takum
00pa3oM, MOXHO CAeIaTh BBIBOJI, YTO BOJIM3MU IIOJIO-
JK€HUsI TUOKOro TMOJBMXKHOTO 3JIEMEHTa, COOTBETCT-
BYIOLLIETO CTAlIMOHAPHOMY PELLIEHUIO0 CUCTEMBI (2), MO-
JKeT BOBHMKHYTb aBTOKOJIeOATEIbHBIN PEXXUM pabOThI.

CnpaBeJIMBOCTb JAHHOI'O YTBEPXKIEHUS A0Ka3aHa
YUCIIEHHBIM MOJEIMPOBAHUEM PEIICHUS CUCTEMBI
ypaBHeHuii (2). PelieHue 3Toii cucTeMBbl YpaBHEHUA
YUCJICHHBIMI METOIAMU BBITTOTHSIIN C TIOMOIIBIO TIPO-
rpammHoro nakera MathCAD, B KoTopoM I10J00HEbIE
cucteMbl AuddepeHIaTbHBIX YPABHEHUI PellaoTCs
metonoM Pynre—Kytrer [12]. YucieHHoe pelieHue
cucTeMbl TUddepeHIUaIbHBIX ypaBHeHUI (2) moKa-
3aHO Ha pUC. 2, @ U TNpeacTaBleHo Ha (a3oBoit II0C-
KOCTM B KoopauHarax (Q;, X;), rue Q; — 3apsi, BO3-
HUKAIOIIWI Ha OOKJIaJIKax KOHIEHCATOpa M XapaKTe-
PU3YIOLINIA CKOPOCTb U3MEHEHNUSI KOOPAMHATHI, a X; —
KOOpAWHATa. ABTOKOJIOATeTbHBIN pPEXUM, HaJIMUUe
KOTOPOTO XapaKTepU3yeTcs MOSIBJICHUEM TIPEeIbHOTO
LIMKJa Ha (a30Boil TJIOCKOCTU (pUc. 2, a), TOSIBUICS
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Puc. 2. XapakTepucTHKH MHKPOMEXAHHYECKOTr0 aBTOreHepaTopa:
a — (da3oBasi; b — BOJbT-aMIIepHas

Fig. 2. Characteristics of a micromechanical self-excited oscillator: a —
phase; b — volt-ampere

npu k* = —3- 107 B6mM3N TOUKNM X = 0,91 MxMm, yTO
yIOBJIETBOPSET ycaoBusaM (5) u (6).

Ha ocHoBe mapamMeTpoB, MOJYYEHHBIX ITPU YUCTICH-
HOM MOJAEJIUPOBAHNUM aBTOKOJIeOATEIbHOW CHCTEMBI,
Obl1a TIpOAaHAIM3UpPOBaHA 3aBUCHMOCTh TOKA OT Ha-
MPsKeHUS B CTaTUYECKOM pexkuMme. B aToM cityuae st
noctpoenust BAX Hanpstokenue U(x) u Tok 1(x) MOXHO
MPEeACTaBUThL B BUJE:

(7)
U(x)
k*(xy—x))

10 =1o- g3

Ha BAX (puc. 2, b), HOCTpO€HHOI1 HA OCHOBE CHC-
TeMbl (3), BUAHA 001aCTh OTpULIATEILHOTO AU depeH-
LIMaJIbHOTO COMPOTHUBIIeHUS (06JacTh 1), UTO SIBSETCS
ONHMM M3 YCJIOBUI TOSIBIIEHUsI aBTOKOJIeOaTeIbHOTO
pexxmuMa.

YucmeHHOe MOACIMPOBAHUE ITOKA3ajo, 4YTO TIpU
BBITIOJTHEHUH YCIoBUi (5) 1 (6) mpenebHbI UK Ha
(a30BOI1 TTIOCKOCTH MOSBIISIETCS HE BO BCEX CIIydasix,
a TOJIbKO TIPU OTpeAeSIEHHBIX 3HAUCHUSIX MapaMeTpOB
cucTeMbl (3KECTKOCTU MOjABeca, Macchl, Koadhuum-
eHTa 3aTyXaHUs, BHEIIHEN CUJIBbI, YIIPABISAIONIeTO Ha-
npskeHus ). [ToaToMy MOXXHO cKaz3aTh, UTO YCIOBUS (5)

u (6) He rapaHTUPYIOT HAJIWYUs aBTOKOJIe0ATEeILHOTO
pexxuMa paboThl, HO CyXXalT 00JacTh Mojadopa rnapa-
METPOB CHCTEMbI M TOKA3bIBAIOT, YTO UIST CO3MAHUS
aBTOKOJIE0ATEeIbHOTO peXuMa paboThl Halo cHayalla
CIIPOEKTUPOBATh CUCTEMY C OTpULIATEIbHBIM 3HAUEHU -
eM Koa(ppuiurenTa k* u 3aTeM yxXe IoaoMpaTh KOHCT-
PYKTMBHBIE TTapaMeTphl cucTeMbl. B MpoTUBHOM cy-
yae, Koraa 3HaueHue koadduuueHTa k* OyaeT moJjo-
SKUTEJIbHO, MOXHO C YBEPEHHOCTbIO YTBEPXKAaTh, YTO
aBTOKOJIe0aTeJIbHBII peXM pPabOThI B TAKOM CUCTEME
He BO3HMKHET.

Takum oOpa3oM, MOXHO caejlaThb BBIBOI, UYTO B
MUKPOMEXaHUYECKON CUCTeMe, MPeICTaBIsIolIei co-
00i1 mapajuIeJIbHO COeNMHEHHBIE EMKOCTDb M PE3UCTOP,
COIMPOTUBJIEHNUE KOTOPOro MeHsieTcsl 1o 3akoHy (1),
YCTOMYMBBIN aBTOKOJIeOATEbHbIN PEXUM pPabOThl BO3-
HUKaeT MPU YCJIOBUM HAJIMUYMS ydyacTKa OTpuliaTesb-
Horo auddepeHIuaIbHOTO conpoTuBieHus Ha BAX,
4TO 00ECTIEYNBAETCS BBINOJHEHUEM YCIOBUA k*x, < —1.

MoaeimpoBanue aBTOKOJIeOAHMIA

MopenupoBaHue aBTOKOJE0aTeJIbHOTO pexXuma
MPOBOIMUJIA Ha OCHOBE METOJIa KOHEUHBIX 2JIEMEHTOB.
Pa3zpaboraHHasi MOJeIb aBTOKOJI€0aTEIbHOTO TeHepa-
TOpa MpeacTaBseT co00i KOHCOIbHYIO OalIKy ¢ pac-
MOJIOKEHHBIM 01 Hei anekTpoaoM. s ymoOcTBa
MOJIEJIMPOBAHUSI B POJIM COMPOTUBICHUS BBICTyMAeT
TEH30PE3UCTOP C OTPULATEIBLHBIM KO3(POUIINMEHTOM
TE€H3049YBCTBUTEJILHOCTH, PACIIOJOXEHHBIM B 00JIaCTU
u3ruba danku (puc. 3).

DyeKkTpuyeckas cxema YIpaBjJeHMs IJis MOJEM-
poBaHMs CUCTEMBI OKa3aHa Ha puc. 1, a. [Ipu mogaue
YVIOPaB/SIIOLIETO CUTHaja (TOKAa) HAa TEH30pe3UCTOpe
MOSIBJISIETCS] pa3HOCTh MOTEHLIMAIOB, KOTOpasi CO3AaeT
BJIEKTPOCTATUYECKYIO CHIIy, CIIOCOOHYIO OTKJIOHUTD
KOHCOJIbHY10 Oasiky. Ilpu aedopmaniyi KOHCOJIbHOM
0aJIKM YMEHBIIAETCSI CONPOTHBICHUE TEH30PE3UCTO-
pa, 4TO MPUBOAUT K YMEHbBIICHUIO Pa3HOCTU MOTEH-
LIMajgoB Ha oOkjaakax koHaeHcaropa C. Ilpu gocTu-
>KEHUU MOMEHTa BPeMEHU, KOTa HaMPsKeHUsI HEI0C-
TaTOYHO JJIsI CO3JAHMSI BJEKTPOCTATUUECKON CUIIHI,
CIOCOOHOM OTKJIOHUTh KOHCOJIbHYIO 0ajIKy, oHa (0aJ-
Ka) 3a CYET CUJI YIIPYrOCTU HAUMHAET ABMKEHUE BBEPX

™
N
Y

Puc. 3. KoncTpykuus MHKpoOMeXaHHYECKOro aBTOreHepaTopa ¢ Mc-
NOJIb30BAHHEM TEH30PE3HCTOPA B POJIM CONMPOTHUBJICHHS

Fig. 3. Design of a micromechanical self-excited oscillator using a
resistive-strain sensor as a resistance
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OOTHI IPU YUCICHHOM MOIEINPOBa-

HUU U TIOsIBJIEHUE ero (IIpu orpeje-
JICHHbBIX YCJIOBUSIX) TIPU MOJEIUPO-
BaHUM METOIOM KOHEUHBIX DJIeMEeH-
TOB MOXHO CB$I3aTh C MEPEXOJOM OT
JBYMEPHON MOZEIM IS YHMCIEHHO-
ro MOJEJIMPOBAHUSI K TPEeXMEpPHON
MOJIENM JI MOIEIMPOBAHUS METO-
JIOM KOHEYHBIX 2JIEMEHTOB.

IIpu MonenmupoBaHMU TAKXKe pac-
CMaTpuBaJlaCb MMKpOMeXaHUYecKast
CHUCTEMA C PE3KUM M3MEHEHUEM CO-
MPOTHUBJIEHUSI. DTO CBSI3aHO C TEM,

YTO B PE€3YJIbTATC aHAJIM3a MUKPOMCEC-
XaHUYECKOU CUCTEMBI C TEH30PE3U-
CTOPOM BBIACHMIIOCH, YTO JJIA ITOJIY-

1000

00

A m

HeoOXOAMMO UCIIOIb30BaTh TEH30-
pe3ucTopsl ¢ KO3POUIIMEHTOM TeH-
304yBCTBUTENbHOCTU OoJiee 100 u
CO371aBaTh JOBOJIBHO OOJBININE Ie-
dopmanum*.

OCHOBOIl MoIenu MUKpoMexa-
HUYECKOTO aBTOKOJIEOATEILHOTO Te-
HepaTtopa € pe3KUM M3MEHEHUEM
COITPOTUBJICHUS SIBJIICTCSI KOHCOJIb-
Hasl Oajka ¢ pacrojOXEeHHbIM IO[I
Hell YIpaBiISIOIINM 3JIEKTPOIOM.
[1pu nomaye ynpapisiioliero Hampsi-

Puc. 4. Pe3lel>TaTbl MOJECJMpPOBaAHMUA: @ — C PESKUM U3MEHECHUEM COIIPOTUBICHUSA b— Ha

OCHOBE€ TCH30pPE3UCTOpAa

Fig. 4. The results of the simulation: a — with a sharp change of the resistance; b — at the basis

of the resistive-strain sensor

(oOpaTHO K MOJIOXKEHUIO PaBHOBECHS), UTO, B CBOIO
ouepeqb, MPUBOIUT K YBEIUUYEHHUIO COIPOTUBICHMS
TEH30PE3UCTOPA U, CIEA0BATENIbHO, K YBEJIMYCHUIO pa3-
HOCTHM MOTEHILMAJIOB Ha obOKJagkax KoHaeHcaTtopa C,
T. €. K YBEJIMYEHUIO 3JIEKTPOCTATUYECKOM CrJbl. JIBU-
KeHUe OaJKM K TIOJIOKEHHMIO PaBHOBECHUS TTPOIOIIKA-
eTCs 10 TeX Mop, MoKa dJeKTpocTaTHyecKas cujaa He
YBEJIMYUTCSI HACTOJIbKO, UTOOBI BHOBb OTKJIOHUTh KOH-
COJIbHYIO 0aJIKy BHU3. Takum obOpa3oM, Ipolecc 3a-
LIMKJIMBAETCS U cUcTeMa paboTaeT B aBTOKoJiebaTesb-
HOM peXuMe.

PesynbTaThl MomenupoBaHUsI TIpeACTaBJIeHbl Ha
puc. 4. TeH30pe3uCTUBHBII KO3(PPUIIUEHT, IIPU KOTO-
poM HabJIIoIaJICsl aBTOKOJIe0aTeIbHbIN PeXXuM, cocTa-
B —2,7 * 1077 M2/H (puc. 4, b). Ilo xapakrepy 3a-
BUCHMOCTHU TEepeMelIeHUs OT HampsKeHUs Ha o0-
KJIaJKax KoHAeHcaTopa Ha (ha30BOM MIOCKOCTH MOX-
HO CKa3aTh, YTO KOJIEOAHMSI HOCST CTOXaCTUYECKUI
xapakTep. OTCYTCTBUE CTOXaCTUUECKOTO pexuma pa-

290

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 18, Ne 5, 2016

KEHHsI, PaBHOTO (WIM OOJBIIETO)
KPUTUYECKOMY JUTS JAHHOM CTPyK-
Typhl, Oajika MoJa JeWCTBUEM 3JIeK-
TPOCTATUYECKON CUJIbI OTKJIOHSIETCS
OT TTOJIOXKEHMST pABHOBECUS 1 KacaeT-
csl yIpaBJISIoLIero sjekrpona. B ator
MOMEHT pe3KO YMEHBIIIAETCST COMPO-
TUBJICHUE BCEl CUCTEMBI BCIIEICT-
BUE KOHTaKTa KOHCOJBHOM OaiKu ¢
SJIEKTPOAOM, TaK KaK IMPOUCXOIUT BhIpaBHUBAHMKE T10-
TEHI[MajIa, YTO MPUBOIUT K MPEKPALIEHHUIO IEUCTBUS
MEXIY HUMU 3JIEKTPOCTATUYECKON CUIIbI IPUTSKEHUS
1, KaK CJIeICTBUE, BO3BPALIEHNIO OAJKHM IO JeMCTBU-
€M CHJI YIIPYTOCTH B HavajibHOe TojioxeHue. [1pu pas-
MBIKAHUM Pa3HOCTh IMOTEHLIMAJIOB MEXIY Oaakoi u
YIPABISIOIINM 3JIEKTPOAOM HAauMHAEeT BOCCTAHABJIM-
BaThCs, JOCTUTAET KPUTUUECKOTO 3HAUCHUS 32 BpeMs
1= RC u Torga KOHCOJIb CHOBA IMaJaeT Ha DJIEKTPO/.
Takum o6pa3oM, OCYLIECTBISIETCSI padoTa MUKPOME-
XaHUYECKOTrO aBTOreHepaTopa ¢ pe3KUM M3MeHEHUEM
COINPOTUBJICHUS.

PesyiabraTthl MOIEIMPOBAHUS CUCTEMBI C PE3KUM M3-
MEeHEHWEM CONPOTHUBIICHUS TIPeICTaBIeHbI Ha puc. 4, a.
CTOUT OTMETUTh, YTO B OTJIMUME OT MPEAbIAYILEi CUC-
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* MHaue cucTeMa He BBIXOIUT B 00JIaCTh OTPULIATEILHOTO U -
¢epeHLIMaIbHOTO COMPOTUBIEHUsI, TaK KaK TEH30pe3UCTOPhl He
00ecITeynBalOT MU3MEHEHNE COITPOTUBIICHUS B IIIMPOKOM JUaIa3oHe.




TEMBI C TEH30PE3MCTOPOM, TII€ CONPOTUBICHUE MEHSI-
JIOCh TJIaBHO W JIMHEWHO, B 3TOM ciyyae (B CBSI3U C
0COOEHHOCTSIMUA KOHCTPYKUMU U IPUHLIMIA PAOOTHI)
MOJIy4aloTcsl He rapMOHMYECKHe KojebaHus Ha pe3o-
HAHCHOM YacToTe, a peslakCallMOHHbIe KOJaebaHus Ha
4yacToTe, COOTBETCTBYIOIIE BPEMEHM BOCCTAHOBJIE-
HUSI MOTEeHIIMAJIa MEXIYy KOHCOJIbHOI 0alKoi U 3JieK-
TpoaoM. Ho B o0oux ciydasix BOBHUKHOBEHME aBTO-
KOJIEOAHUIT YIOBIETBOPSIIOT yCaoBUSIM (5) u (6).

DKCHepuMEHT

DKCIEepUMEHT MPOBOAWIM HAa KOHCTPYKLIMUA aBTO-
reHeparopa ¢ pe3KMM M3MEHEHUEM COIPOTUBIICHUS,
MIPUHLIMI pabOTHI KOTOPOI ObLI OnKCaH Bhllie. BEIOOp
KOHCTPYKLIMU O0YCJIOBJIEH TTPOCTOTON ee peaau3aliii.
Bb11 cobpaH cTeHa, coCTOSIIMM 13 UCTOYHMKA MTOCTO-
SIHHOTO HAIpsKEHUs, aMIlepMeTpa, MUKPOCKOTa, OC-
muitorpada, aepskarens ¢ MOABMKHOM 0anKou M Ma-
KETHOM IJIaThl.

Konctpykiusg gepxateiist ¢ 6ajakoil mpuBeaeHa Ha
puc. 5 (CM. 4YEeTBEPTYIO CTOpPOHY 00J0XkKH). OHa
MpeacTaBIsieT co00il CUCTEMY M3 HEeMOABUKHOIO 3JIeK-
Tpojaa I, B poJii KOTOPOTO BBICTYIaeT METaLIU3UPO-
BaHHAas TJIACTUHA CTEKJIOTEKCTOINTA, TTOKPHITAsI CJIO-
eM rpagura aisi npemoTBpaileHust 3¢ dekTa "caumna-
HUS" 31eKTPOIOB, U TMOKOI 6ajnKu 2, BHIIMOJIHEHHON
U3 TOHKOW METaJUIMYECKOM TIAaCTUHBI, 3aKPEIUIEHHOMU
C MOMOIIBIO 3aXKMMa Ha MO3ULMOHEPE J.

IMosunnoHep 3 mo3BOJISIET C JOCTATOYHOUM TOYHO-
CTbIO M3MEHSITh 3a30p MeXay Oalkoi U HeMOJBUXK-
HBIM BJIEKTPOAOM. DJIEKTpUYECKash cXeMa 3KCIIepu-
MEHTAJIbHOM YCTAaHOBKM IIpUBEIEHa Ha puc. 6. ABTO-
KoJie0aTebHbIA 3JIEeMEHT O00O03HAYeH Ha CXeMe Kak
koHaeHcatop Cl.

st peructpallud U3MEHEHUI CUJIBI TOKa, TPOTe-
KaIOILIETO Yepe3 aBTOKOJIe0aTeIbHEINA 2JIEMEHT, UCIIOJIb-
3yeTcsl aMIepMeTp, BKIIOUEHHbIN B LIeTb MOCIeA0Ba-
TEJIbHO C aBTOKOJIeOaTeIbHBIM 3JIeMeHTOM. [lJist peru-
CTpallM¥ U3MEHEHMS TMaJeHUs] HANpPsSKeHUsT Ha KOH-
neHcarope Cl ucrnoabdyeTcs ocuusiorpad, 4yro gaet
BO3MOXXHOCTb ONpEIC/INTh JUHAMUYECKUE XapaKTe-
PUCTUKHU aBTOKOJiebaHU. 3HaUeHUSI COMPOTUBIEHUM
pe3uctopoB Rl 1 R2, MCIIONIB3yeMbIX B 3KCIIEPUMEHTE,
coctaBisiioT 4,7 KOM.

OcuuiaorpaMMbl U3MEHEHMS TIOTEHLIMAla B TOUKE
A OTHOCHUTEJILHO TOTEHLMAaja 3eMJIU C Pa3HOil Bpe-
MEHHOI pa3BepTKOI MoKa3aHbl Ha puc. 7 (CM. YeTBep-
TYyI0O CTOPOHY 00JIOKKH). Pe3ynbraThl 3KCIIepHMeEHTa
MoKa3ajii, YTO HaMpsiKeHue, PU KOTOPOM MPOUCXO-
JUT KOHTAaKT HEMOJABUXKHOIO 3JIeKTpoaa 1 OaJiku, mpu
3aJlaHHBIX MMapaMeTpax LeMu HaXOAUTCS B AUara3oHe
50...60 B. YacToTta aBTOKOJIEDATETBHOTO MpOIecca Co-
crapisier okojio 0,25 I'i. DKcnepUMEHTalIbHO YCTa-
HOBJICHO, YTO 3Ta YacTOTa OMNpeaessieTCs TTOCTOSIHHOM
BpPEMEHU BJIEKTPUUECKON LIeMU. DTO CBSI3aHO C TEM,
YTO MPU KOHTAKTE MOTEeHLIMAI Ha OOKJIaaKaX KOHIEH-
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caTopa BbIPABHMBAETCS U IMPOUCXOIUT pa3dMbIKaHUE.
BcrienctBue sToro 6ajska BO3BpalllaeTCsl B HayadbHOE
MoJjioxXeHue, Ho 4epe3 BpeMs t = RC, IOCTaTOUYHOE
JIIST BOCCTAHOBJIEHUSI Pa3HOCTU TMOTEHLMATIOB MEXAY
Hell 1 HeTIOABMXKHBIM 3JIEKTPOIOM, BHOBb IIPOMCXOIUT
3aMbIKaHue. TakuM o0pa3oM, Mpoliecc 3alMKIMBAET-
¢, T. €. CHCTeMa BXOIWT B aBTOKOJIEOATEIBHBIN PEXIM.

Yr1o06bl onpeneauTh 3HaK KoadduimeHTa k* mis
HCCIIeIyeMOil B 3KCIEpUMEHTE aBTOKOJeOaTeIbHOM
CUCTEMBI, ITpeodpasyeM BbipaxkeHue (1) ciaemyrolum
o0paszoM:

R(x)- R,
R,

rae R(x) — Texyliee 3HaYeHUEe aKTUBHOI'O COMPOTUB-
JIEHNST eMKOCTHOTO TIpeo0pa3oBaTesl.

ITpu nomaue Ha OOKJIAAKM HAMpPSLKEHUSI, COOTBET-
CTBYIOIIETO KPUTUYECKOMY, MPOUCXOIUT 3aMbIKaHUE
0anku 2 ¥ HEMOIBMXKHOTO 3J1eKTpoaa /. B atom cirygae
BJIEKTpUYECcKasl Lenb OyIAeT IpeacTaBsTh COOOM aBa
COENMHEHHBIX MapajieJIbHO PE3UCTOPA OJHOIO HOMM-
HaJla, TOrIa TeKyllee 3HaYeHUe COIPOTUBIICHUS OyIeT
paBHO R(x) = Ry/2 = 2,35 xOm. Otcrona BUAHO, 4TO
3HaueHue KoaddulimeHTa k* oTpuLaTesIbHO.

TakuM o6pa3oM, 3KCIEPUMEHT ToKa3aj, YTO aBTO-
KoJieOaTeIbHbIN peXUM pabOThl €MKOCTHOIO IIpeod-
pasoBartelisi ¢ pe3KMM H3MEHEHHWEM COIPOTUBIIEHUS
BO3HMKAET IIpU OTpHUIIATEIbHOM 3HAYeHUM Ko3(DPpu-
LMeHTa k*, YTO yIOBJAETBOPSIET MOJIYYeHHBIM BhILIE YC-
snoBusM (5) u (6).

= K*(xp — ),

3akmoueHue

ITokazaHa BO3MOXHOCTb CO3[IaHUSI ABTOKOJEOa-
TEJIbHOTO peXnma paboThl MUKPOMEXaHUUECKOTO eM-
KOCTHOTO TpeoOpa3oBaresisd. DiaekTpuueckass 9KBHBa-
JIEHTHas1 CXeMa MUKPOMEXaHUYECKOM CUCTEMbI JOJIK-
Ha MpeaCTaBIsITb COOOM MapajiebHO COeIMHEHHbBIE
€MKOCTb U pe3uctop. OOpaTHasl CBSI3b CO3JAeTCs 3a
CYET 3aBUCUMOCTU COIPOTUBJIEHUSI pe3rcTopa OT IO-
JIOXKEHMSI MOABMXKHOM OOKJIAaAKHA €MKOCTHOIO IIPeo0-
paszoBaTeJis.

YcinoBrue BOBHUKHOBEHMST YCTOMYMBOIO aBTOKOJIE-
OaTebHOro pexuma padboThl eMKOCTHOIO Ipeodpas3o-
BaTessi MOXXHO C(hOpMyIUpPOBaTh B BUAE HEPaBEHCTBA
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k*x. < —1. Pe3ynbTaThl aHAIMTUYECKMX OLEHOK IOJ-
TBEPXKIEHBI YUCIEHHBIM Y KOMITBIOTEPHBIM MOJE/IH-
POBAaHUEM.

CosgaH cTeHI aBTOreHepaTopa, MHO3BOJNMBILUI
9KCINEPUMEHTAIBHO TIOATBEPAUTD MOJNYYEHHBIE aHa-
JUTUYECKU YCJIOBUS BO3HMKHOBEHMs aBTOKOJeOa-
TEJILHOTO PeXMMA.

CnMCOK MTEpaTypbl

1. Toeiprorunsiii A. A. PazpaboTka MpUHIIUIIOB TOCTPOCHUS U
aHaJIN3 XapaKTepUCTUK aBTOKOJeOATETLHOTO MUKPOMEXaHue-
cKkoro rupockorna. Jluc. ... kaHa. Texd. Hayk. CI16., 2014.

2. Kanénos B. E., Kopaaxos A. B. YacToTHO-pe30HaHCHBII
METOJ U3MEPEHMs] MEXaHUYECKOrO BO3IEUCTBUSI C TOMOIIbIO
HEJIMHETHOTO MMKPOMEXaHWYecKoro mpeobpasosarenst // Ha-
HO- 1 MUKpocucTeMHas TexHuka. 2013. Ne 2. C. 15—19.

3. Kaajakari V. Practical MEMS. Las Vegas, NV: Small Gear
Publishing, 2009. 478 p.

4. Nguyen C., Howe R. An integrated CMOS micromechan-
ical resonator high-Q oscillator // IEEE J. Solid-State Circuits.
Apr. 1999. Vol. 34, N. 4. P. 440—455.

5. Kaajakari V., Mattila T., Oja A., Kiihamaki J., Seppa H.
Square extensional mode single-crystal silicon micromechanical

resonator for low phase noise oscillator applications // IEEE
Electron Device Lett. Apr. 2004. Vol. 25, N. 4. P. 173—175.

6. Wang J., Ren Z., Nguyen C. 1.156-GHz self-aligned vi-
brating micromechanical disk resonator // IEEE Trans. Ultra-
son., Ferroelect., Freq. Contr. Dec. 2004. Vol. 51, N. 12.
P. 1607—1628.

7. Kanénos B. E., Bpoiiko A. Il., Kopaskos A. B., Xvean-
minkuii U. K., Yarapes /1. A., beikos 10. O., Jlarom A. B.,
Kpor A. . MUKpOABVXUATEM UISI MUKPOPOOOTOTEXHUKHU //
HaHo- u mukpocucreMHast rexauka. 2013. No 12. C. 41—46.

8. Boxos O. C., dyxunosckuii M. II., Ko3bipes A. B., Kop-
askoB A. B., Kopoaes A. H., Jlarom A. B., Jlyunann B. B.,
Tonranos C. M. Huskomnorpebnsiomue ManorabaputHble pa-
MMOTEXHWYECKNE MOJYJIM Ha OCHOBE MUKPO3JICKTPOMEXaHWIe-
cKux kimwoueit // HaHo- m mukpocuctemHasi TexHuka. 2012.
No 12 (149). C. 60—71.

9. Teonopuuk K. ®. ABrokonebarenbHbie cuctembl. M.: T'oc.
W31. TeXHUKO-TeOpeTUUeCcKOoi murepatypsl, 1952. 271 c.

10. AnnponoB A. A., Burr A. A., Xaiikun C. 3. Teopus koJe-
O6anuit. M.: Toc. u3n. GU3NKO-MaTeMaTUUYECKOW JUTEPATYPHI,
1959. 916 c.

11. Crokep JIxk. HenuHeitHble KoJicOaHUS B MEXaHMUECKUX U
aJIeKTpUYECKUX cucTteMax. M.: 3n. nHOCTpaHHOI TUTEpaTyphl,
1952. 265 c.

12. Tapacesuu 1O. 10. Yucnenneie MmeToasl Ha MathCAD’e.
Actpaxanb: Actpaxanckuii ['oc. men. yH-1, 2000. 70 c.

V. E. Kalyonov, Engineer, A. V. Korlyakov, D. Sc., Director of Nanotechnology Center, akorl@yandex.ru,
S. V. Krotov, Federal State Independent Educational Institution of Higher Education
"St. Petersburg State Electrotechnical University (LETI) named after V. 1. Ulyanov (Lenin)"

Self-Excited Oscillation Mode in the Micromechanical Systems Based

on the Capacitive Converter

The article demonstrates feasibility of development of a self-excited oscillation mode in the micromechanical systems based on
the capacitive converter and determines conditions for that. Numerical and computational simulation was carried out, which con-
firmed the results of the analytical assessments. A stand was developed for demonstration of the capacitive transducer in the self-

excited oscillation mode.

Keywords: MEMS, self-excited oscillation, capacitive converter, self-contained generator

Introduction

Micromechanical frequency-resonant systems are
used as the sensors of physical quantities and oscillators.
In most cases, the problem of oscillation excitation is
solved in the "electric" part of the sensor, i.e. via the
electric control circuit. We propose to solve the prob-
lem of excitation by creation of a feedback loop in the
"mechanical” part. This makes it possible to simplify the
system of oscillations excitation and removal, provide a
self-tuning on the resonant frequency and track its
changes.

Self-oscillating systems

The main parts of the mechanical self-oscillating
system are: a constant source of energy, oscillation sys-
tem and feedback system, partially compensating the
energy, required to break the dissipative forces. In ad-
dition to simplifying of a device control system, a self-
oscillating mode reduces the energy expended on the
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excitation of oscillations due to its redistribution at the
expense of feedback.

Thus, the self-oscillating mode in micromechanical
systems allows to improve characteristics of the various
sensors of physical quantities, which operation are
based on the shakedown of a mechanical sensor ele-
ments at a predetermined frequency. These systems in-
clude gyroscopes [1], the frequency resonance sensors.
In the first case, to determine the angular acceleration
it is necessary to rock the inertial mass at the resonant
frequency, and in the second case — the sensor element
(SE). The string, membrane and nonlinear converters
of various designs [2] can be used as it.

You can use the self-oscillating mode for microres-
onators, which are widely used in portable devices as
the reference-frequency generators or filters [3]. The
micromechanical resonators operating at frequencies of
16 kHz [4], 13 MHz, [5] and 1,2 GHz [6] are known.

In most cases, the capacitive transducers are used
the rock the SE resonators, frequency resonance sen-
sors and gyroscopes at the resonant frequency. This is




caused by the higher speed, simplicity of design and
manufacturability of capacitive transducers compared
to other micromechanical transducers [7].

Self-oscillating micromechanical generator

The developed self-oscillating generator represents a
micromechanical system, which electrical equivalent
circuit is composed of parallel-connected resistor and
capacitor (fig. 1, a). A feature of the circuit is the de-
pendence and capacities, and the resistance on the x
coordinate, in what connection the dependence of the
resistance is described by

R(x) = Ry(1 + k*(xp — x)), (I

where Ry — nominal resistance of the resistor; k* — co-
efficient of proportionality; x, — coordinate of the in-
itial position of the micromechanical structure; x — the
current coordinate.

The equivalent mechanical circuit corresponding to
the equivalent circuit diagram is shown in fig. 1, b.
Drawing the analogies between the equivalent circuits
we can in the general form construct a structure of a
micromechanical oscillator. In this connection we con-
sider a micromechanical system in which the a plane-
parallel capacitor structure with a movable upper elec-
trode in the form of a cantilever beam and the fixed
lower electrode acts as capacitive transducer, which re-
ceives a control voltage. The role of the resistor in the
circuit can be performed by the resistive-strain sensor
or a micromechanical structure, which abruptly chang-
es its resistance when moving (by analogy with the mi-
cromechanical key [8]). The principle of operation of a
micromechanical self-oscillating generator is based on
the feedback link between the capacitor C(x) and the
resistor R(x). The feedback is realized due to the de-
pendence of the resistance on the movable capacitor
plates offsets made in the form of flexible micromechan-
ical element. When a control signal is received (/, cur-
rent), which is due to resistor R(x) generates the po-
tential difference U(x) between the points A and B
(and, consequently, on the plates of the capacitor ((x)),
the electrostatic force occurs, deflecting the moveable
plates of the capacitor. Thus, from the relation (1) it
can be seen that with a deviation of x from the initial
position X, the resistance of the resistor R(x) varies.

The following system of equations corresponds to
the above-described principle of operation:

62x ox q2
A=+ k(x-Xx)) = —=—1—;
of ot 077 "2egyS
- Ux)
1, RO + I(x),

where m — mass of a micromechanical structure; A —
coefficient of damping; k — coefficient of rigidity; g —

the charge appearing on the plates of the capacitor;
I(x) — current produced in the capacitor circuit; ¢ —
relative dielectric constant; g, — electric constant; S —
area of the capacitor plates.

Having regard to the fact that

the system of equations describing the micromechani-
cal self-oscillating system shown in fig. 1 can be trans-
formed as follows:

62x ox q2
m;+ka—t+k(x— 0 = _ZsTOS;
2

I, = gx +(E.
07 Ry(1+k*(xg—x))egyS ot

To identify the conditions of occurrence of self-os-
cillation mode, we examine the resulting system of
equations for the presence and character of the singular
points. We are interesting in the singular points such as
points of an unstable focus. In the phase plane, they are
represented in the form of spirals unwinding from the
unstable equilibrium position. These points are of in-
terest because the limit cycle may occur near them, the
presence of which characterizes the appearance of self-
oscillation operation mode in the system [9].

The analysis of the presented self-oscillating system
for the presence and determination of nature of the
singular points was held by the method of small per-
turbations. The method consists in the study of differ-
ential equations (2) in the area of its steady-state so-
lution. To do this, the small harmonic perturbations are
being created:

of,
X X, +x€

1
qc+qlew s

q

where x,. and g, — the stationary solutions of the system
of equations (1); x; < x. u g; < g, — infinitely small
perturbations.

The values of x and ¢ can be substituted in (2), and
then taking into account the littleness of x; and g,
which can be neglected when multiplied with each oth-
er, we obtain a system of equations:

(mo;2 +Ao+k)x; + iql = 0;
gg(S

3

(IOROk*"'%jxl +(Rco)+ chqu =0,

€ 0 880
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where R. = Ry(1 + k*(xy — x,.)) — the resistance of the
resistor R(x) at the position x,..

The condition of the presence of the singular points
is equality to zero of the determinant of the system (3)
[9], from which you can get the characteristic equation:

2 a2 _q L9
((o +;100+(90) (o1, + 1) = m_;(IOROk + CSJ’(4)

c €g(

where oy = k/m — the resonant frequency of the mi-
cromechanical system; t,. = R_.eg(S/x,.

The existence of a singular point of unstable focus
on the phase plane corresponds to the condition of hav-
ing of the real positive roots of the characteristic equa-
tion (4) [10]. The analysis showed that (4) has real pos-
itive roots upon the following condition

k* < 0. (5)

This inequality indicates the presence of the singular
point of unstable focus on the phase plane of the studied
micromechanical system, the limit cycle may occur near
which. Therefore, it can be argued that the self-oscillat-
ing mode may appear close to this position. Let’s con-
sider the condition for the occurrence of the limit cycle.

It is known that one of the conditions for the emer-
gence of self-oscillation mode for systems such as con-
sidered in this paper, is the presence of the negative dif-
ferential resistance in the area of volt-ampere charac-
teristic (VAC) [11]. Therefore, to determine the con-
ditions of occurrence of the self-oscillation mode (and
thus the conditions for the appearance of the limit cycle
of the phase plane) it is necessary to analyze the non-
stationary model of the self-oscillation of the microme-
chanical generator; The analysis is carried out near the
stationary solution of system of differential equations
(2) by giving of current and voltage increment of har-
monic character by infinitesimal values and by defining
of the conditions when the ratio of low voltage incre-
ment AU to Al is less than zero, i.e., when the differ-
ential resistance is negative:

3x.-2Xx
X [(,02 — (D%C—O
xC
_)

2
+ 2k*m(2)(x0 - xc)) + Bzm2

+ 2k*m%(x0 —xc)J + B2®2

<0,

where B = A/m.
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On the basis of the last inequality, a generalization
of the appearance of the negative section of the differ-
ential resistance at CVC was obtained:

2

3x.-2

[320)2 + [032 - cog—xcx XOJ

k(g — x,) < — 1 <

2 of 2 23x,-2x,
wol 0 — 0yg———

Xe

From here you can get the conditions for occur-
rence of the self-oscillations at the resonani frequency
(o = wg) at p = 0:

krx, < —1. (6)

On the basis of the condition (6) we can say that in
the vicinity of the solution of the stationary system of
equations (2), i.e. in a certain position of the flexible
movable element in a space, the area with a negative
differential resistance may appear on CVC of the ca-
pacitive converter, which characterizes the possibility
of appearance of the limit cycle on the phase plane.
Thus, it can be concluded that a self-oscillating mode
may occur near the position of the movable flexible el-
ement corresponding to stationary solution of the equa-
tions system (2).

The validity is proved by numerical simulation of the
equations system (2). The solution of this equations sys-
tem by numerical methods was performed using the
software package MathCAD, where similar systems of
differential equations are solved by the Runge—Kutta
method [12]. The numerical solution of differential
equations (2) is shown in fig. 2, @ and represented in me
pnase plane in the coordinates (Q;, X;), where Q; — the
charge appearing on the capacitor plates and charac-
terizing the rate of change of coordinates, and X; — a
coordinate. The self-oscillating mode, which is charac-
terized by the appearance of a limit cycle in the phase
plane (fig. 2, a) appeared at k* = —3 - 107° near the point
x = 0,91 um, that satisfies the conditions (5) and (6).

On the basis of parameters obtained at numerical
simulation of the self-oscillating system, the current de-
pendence on the voltage in the static mode was ana-
lyzed. In such case, the voltage U(x) can be represented
in the form of current /(x) to build the VAC:

2
_ 2kx”(xy—x)_
U= s 7)

_ 7 _ U(x)
10 = o~ e T krixg =)

In the CVC (fig. 2, b), constructed on the basis of
system (3), has the visible region of negative differential
resistance (area /), which is one of the conditions for
the emergence of the self-oscillation mode.




The numerical simulation have shown that under
the conditions (5) and (6) a limit cycle in the phase
plane does not appear in all cases, but only for certain
values of the system parameters (stiffness of the suspen-
sion, mass, damping coefficient, external force, control
voltage). Therefore, we can say that the conditions (5)
and (6) do not guarantee the availability of self-oscil-
lation mode, but it narrow the area of the selection of
the system parameters and show that to create a self-os-
cillating mode you must first design the system with a
negative value of the coefficient £* and then to pick up
the design parameters of the system. Otherwise, when
the value of the coefficient k£* is positive, we can con-
fidently assert that a self-oscillating mode of operation
of such a system does not arise.

Thus, we can conclude that in the micromechanical
system, which represents a parallel connected capaci-
tance and a resistor whose resistance varies as (1), a sta-
ble self-oscillation mode Occurs when the availability
of the area of the negative differential resistance in the
CVC that is ensured by the condition k*x, < —1.

Simulation of self-oscillations

Simulation of self-oscillation mode was carried out
on the basis of the finite element method. Developed
model of self-oscillation generator is a cantilever beam
with an underlying electrode. For modeling conven-
ience, the resistive-strain sensor with a negative strain-
sensitive factor in the bending beam acts as a resistance
(fig. 3).

The electrical control circuit for system simulation
is shown in fig. 1, a. When a control signal (current)
comes, a potential difference that creates an electro-
static force that could deflect a cantilever beam appears
on the resistive-strain sensor. When the cantilever beam
deforms, the resistance of the resistive-strain sensor de-
creases, which leads to a reduction of the potential dif-
ference on the plates of the capacitor C. At time when
the voltage is not sufficient to create an electrostatic
force that can deflect cantilever beam, the beam due to
the elastic force starts to move up (back to the equilib-
rium position), which in turn leads to an increase in the
resistive-strain sensor resistance and therefore to in-
crease of the potential difference on the plates of the
capacitor C, i.e. to increase of the electrostatic force.
The movement of the beam to the position of equilib-
rium continues as long as the electrostatic; force does
not increase sufficiently to again deflect the cantilever
beam down. Thus, the process loops and the system op-
erates in an self-oscillating mode.

The simulation results are presented in fig. 4. The
resistive-strain coefficient at which a self-oscillating
mode was observed was —2,7 - 1077 m2/N (fig. 4, b). By
the nature of dependence of movement on the voltage
on the capacitor plates in the phase plane we can say
that the oscillations’ have the stochastic nature. The ab-

sence of stochastic mode of the numerical simulation
and the appearance of it (under certain conditions) in
modeling using finite element method can be associated
with the transition from two-dimensional model for the
numerical simulation to three-dimensional model for
finite element modeling.

The simulation also considered a micromechanical
system with a sharp change in resistance, This is caused
by the fact that as a result of the analysis of microme-
chanical systems with the resistive-strain sensor it be-
came clear that for the self-oscillation mode you must
use the resistive-strain sensor strain with the resistive-
strain factor of more than 100, and to create a fairly
large deformations!.

The basis of the model of self-oscillating microme-
chanical generator with a sharp change in resistance is
a cantilever beam with the gate electrode located be-
neath. When the control voltage is equal (or greater) to
the critical for this structure, a beam under the influ-
ence of electrostatic forces deviates from its equilibrium
position and touch the control electrode. At this point
the resistance of the entire system sharply decreases due
to the cantilever beam contact with the electrode, as the
potential equalization occurs, resulting in the termina-
tion of the electrostatic attractive force between them
and as a result, retrieval of the beam in the initial po-
sition under the elastic forces. At opening, the potential
difference between the beam and the gate electrode is
beginning to recover, it reaches a critical value for the
time t = RC and then the console again falls on the
electrode. Thus, the work of a micromechanical self-
excited oscillator with a sharp change in resistance is
carried out.

The results of a system simulation with an sharp
change in resistance is shown in fig. 4, a. It should be
noted that unlike to previous systems with the resistive-
strain sensor, where the resistance changes smoothly
and linearly, in this case (due to the specific design and
operation mode) there are not harmonic oscillations at
the resonance frequency can be obtained, but the re-
laxation oscillations at a frequency corresponding to the
time of recovery of the potential between the cantilever
beam and the electrode. But in both cases, the occur-
rence of the self-oscillations satisfy the conditions (5)
and (6).

The experiment

The experiment was conducted on the structure of
the generator with a sharp change in resistance, the op-
eration principle of which is described above. Selection
of design was caused by the simplicity of its implemen-
tation. The stand was assembled, consisting of a DC
voltage source, an ammeter, a microscope, an oscillo-

I Otherwise the system cannot be included in the region of
negative differential resistance, since the resistive-strair sensors do not
provide resistance change in a wide range.
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scope, a holder with the mobile beam and a prototyping
board.

The design of the holder with the beam is shown in
fig. 5 (see 4-th side of the cover). It represents a system
of a fixed electrode /, which represents a metallic plate
of fiberglass coated with graphite layer to prevent the
effect of "sticking" of the electrodes. Flexible beam 2
represents a thin metal plate fixed by a clamp on a po-
sitioner 3. The positioner 3 allows adequately to change
the gap between the beam and the stationary electrode.
Electrical circuit of the installation is shown in fig. 6.
The auto-oscillatory element is indicated in the circuit
as the capacitor Cl1.

An ammeter included in series with the auto-oscil-
latory element is used to register the current change that
flows through the auto-oscillatory element.

An oscilloscope that enables us to determine the dy-
namic characteristics of self-oscillation is used to register
changes of the voltage decrease on the capacitor Cl1.
The value of resistance of the resistors Rl and R2, used
in the experiment, is 4,7 kQ.

The oscillograms of change in the potential at the
point A with respect to the Earth potential at different
time base are shown in fig. 7 (see 4-th side of the cover).

The results of experiment showed that the voltage at
which the contact occurs between the fixed electrode
and the beam with the set parameters of the circuit is
in the range of 50...60 V. The frequency of the self-os-
cillation process is about 0,25 Hz. It was experimentally
established that this frequency is determined by the
time constant of the circuit. This is caused by the fact
that at the contact, the potential at the capacitor plates
aligns and the opening occurs. Consequently, the beam
returns to the initial position, but after a time t = RC,
sufficient to restore the potential difference between it
and the fixed electrode, the closing occurs again. Thus,
the process loops, i.e. the system enters into the self-os-
cillating mode.

To determine the sign of the coefficient k* for the
self-oscillating system testing in ari experiment, trans-
form the expression (1) as follows:

R(x)- R, — kG — ),

Ry
where R(x) — the current value of the active resistance
of the capacitive transducer.

When the voltage corresponding to the critical value
is applied to the plates, the closure of the beam 2 and
the stationary electrode / occurs. In this case, the elec-
tric circuit will represent two parallel-connected resis-
tors of the nominal value, then the current resistance
value is R(x) = Ry/2 = 2,35 kQ. These data indicate
that the value of the coefficient £* is negative.

Thus, the experiment showed that the self-oscillat-
ing mode of the capacitive transducer with the high
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change in resistance occurs when the value of the co-
efficient k* is negative, that satisfies the above men-
tioned conditions (5) and (6).

Conclusion

The possibility of creating of the self-oscillating
mode of operation of the micromechanical capacitive
converter was shown. The electrical equivalent circuit
of the micromechanical system should represent capac-
itance and resistance connected in parallel. The feed-
back is generated due to resistor’s resistance depend-
ence on the position of the movable plate of the capac-
itive transducer.

The condition of occurrence of the stable self-oscil-
lation mode of the capacitive transmitter can be for-
mulated in the form of inequality k*x. < —1. The results
of analytical assessments are confirmed by numerical
and computer modeling

A stand of self-excited oscillators was created, that
allowed to experimentally confirm the obtained ana-
Iytical conditions of occurrence of the self-oscillation
mode.
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Bsenenue

AKTHUBHO OOCyXJaeMble B IOCJeAHee BpeMs Mpo-
0JieMbl U TIepCNEKTHUBbI pa3BUTHS OA30BBIX YCTPOMCTB
MMKpPO- ¥ HAHO3JIEKTPOHWKU, OCHOBAHHBIX Ha yIep-
JKaHUU 3apsiia B HEMPEPHIBHO YMEHbILAIOIIEMCS 00b-
e€Me, B YaCTHOCTU MaMsITH, OIPeaeisioTcsl HeobXo-
JUMOCTBIO YBEJIMUEHUST NAOMHOCMU TIAMSITU, YKUCIOM
LIMKJIOB TIEPEKITIOUCHUSI, 8peMeHem XpaHeHus, N HaKo-
Hell, TIOBBILIEHUEM ckopocmu aocTyna. B mocnenHee
BpeMsi ocoboe BHUMAaHUE YIENSIETCsl IHepeonompebe-
HU0, 4YTO OYEBUIHO KOPPEIUPYET C EMKOCTbHIO TaMSITH.

dyHnaMeHTalbHbIe (PU3MUECKUE TPUHIIMIIBI, JIe-
Kallue B ocHOBe Flash-maMsiTu, HaKJIaablBalOT B Ha-
CTOsIlllee BPEMSI €CTeCTBEHHbIE OrpaHUUYEHUS] Ha ee
BO3MOXHOCTHU U Ha MEPCIEKTUBHI pa3BuTUs. K Hemoc-
TaTKaM COBpeMeHHOI Flash-IaMsSITU CTOUT OTHECTU
HU3KYIO CKOPOCTh 3aIlUCH.

Heckonbko 0COOHSIKOM paccMaTpuBaeTcsl mpooIie-
Ma paduayuoHHOU CMoUKoCmu YCTPOMCTB SHEProHe3a-
BUCHMOI TaMSITU KakK CYILIEeCTBYIOIIEH, Tak U Tep-
CIIEKTUBHON. DTOT IMapaMeTp CBSA3aH C TOBEICHUEM
paboumx CTPYKTYp MOI AeHCTBMEM MOHU3UPYIOIIETO
n31ydyeHus (B LLIMPOKOM MOHUMAHUU 3TOr0 TePMUHA:
PEHTIeHOBCKOE U raMMa-u3jiIy4eHUe, TOTOKU HEUTpo-
HOB M TSXKEJIbIX YaCTHIL), UTO U OyIeT OonpenessaTh pa-
JUALMOHHYIO CTOMKOCTb yCTpOMCTB. MMEHHO B 3TOM
OTHOULIEHMM KJIACCUYECKHE YCTPOICTBA MaMsITU (Ha-
npumep Flash), OCTpoeHHbIE Ha yAepXXaHUU 3apsiaa,
OKa3bIBalOTCSl Haubosiee ys13BUMbIMU. MoHU3Upyolee
W3JTy4eHUEe CO3MAaeT AOTOJTHUTEIbHbBIC KaHAJbI IS TO-
KOB yTE€UYKU (MEXaHU3MbI UX 00pa30BaHUsI MOTYT OBITh
BecbMa Pa3HOOOpPa3Hbl), YTO B KOHEYHOM CYETe MpU-

BOJUT K JAerpajgaliud YCTPOMCTB U ToTepe MHPopmMa-
unu. Bee ckazaHHOE BBIIIIE 3aCTaBISCT MCKATh aJIbTeP-
HATMBHBIC PEIIEHUs, B Ka4eCTBE KOTOPBIX Ipeiiara-
I0TCSI CTPYKTYPHBI, TOCTPOEHHBIE HA UHBIX (PU3UIECKUX
MPUHIMMNAX U TO3TOMY UMEIOLLIME XOPOILIHe MepCreK-
TUBBI JIJISI CO3aHUSI COBPEMEHHOU 3HEpProHe3aBUCH-
MOU MaMSITHU.

OCHOBHBIMM KaHIMIATAMM Ha TIEPCIEKTUBHYIO
DHEPrOHE3aBUCUMYIO TaMsATh, YIOBJIETBOPSIONIYIO
OTMEYEHHBIM BbIlIE TPeOOBAHUSIM, SIBJISIIOTCS: MaMSITh
¢ uaMeHsieMbIM (azoBbiM cocTosiHueM (PCM, PRAM,
PCRAM, Ovonic Unified Memory, Chalcogenide
RAM) [1—11]; cerHeTosnekTpuyeckass 3HEproHesa-
Bucumas namsitb (FERAM) — mo cBoeMy yCTpOICTBY
cxoxasi ¢ DRAM (kKoHaeHcaTop Ha OCHOBE CErHETO-
BJIEKTPUKA); MarHuTope3ucTuBHas namsatb (MRAM) —
3aITOMMHAIOIIIEee YCTPOMCTBO C MPOM3BOJIBHBIM TOCTY-
MOM, KOTOPOE XpaHUT MHMOPMAIIMIO C TTOMOIILIO Mar-
HUTHBIX MOMEHTOB, a He 3JIeKTpuueckux 3apsinoB. He
OCTaHABJIMBAsICh MOIPOOHO HAa aHaIU3e JAOCTOUMHCTB U
HEIOCTAaTKOB TIEPEUMCIICHHBIX KaHIWUIATOB, OTMETUM,
41O (pU3MUYECKUe MPUHIIUIIBI, JeKalllie B OCHOBE Tepe-
YUCJIEHHBIX CTPYKTYDP, CO3AAI0T ONpeaeIeHHbIe poobJie-
MbI, CBSI3aHHbIE C BHEPromnoTpedJeHHUeM, TIUIOTHO-
CThIO 3aMMCU U CKOPOCTBIO MepekioueHus [12—19].

®u3nyeckre 0CHOBLI Pe3UCTUBHON MAMATH
npou3BoabHOro apocryna (ReRAM)

B xauectBe ogHOTO M3 HamboJiee MEPCIIEKTUBHBIX
HAIPABJICHUN CO3MAHUSI SHEPTOHE3ABUCUMON MaMSITH
paccMarpuBaeTCsl TaK Ha3blBaeMasl pe3UCTMBHas Ta-
MsTb (ReRAM). XpaHeHUe JAHHBIX B sUeilkax pe3u-
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CTHUBHOM MaMSITH OCYIIECTBIISIETCS 3a CUET U3MEHEHMS
COTPOTUBJICHUSI CTPYKTYPhl METaJJ/IUJIEKTPUK,/Me-
tann (MIM) npu nogaye pasHOCTM MOTEHLMANIA Me-
Xy snekrpogamu. OTCI0Ia U TEPMUH "MeMpPUCTOP" —
pPE3UCTOP € TTAMSITBIO, COMTPOTUBJIEHNE KOTOPOTO 3aBU-
CHUT OT KOJMYECTBa 3apsia, yxKe IMPOUIEAIIero yepes
Hero. B aToM ciiyyae xpaHeHue MHGbOpMaLMU TTPOUC-
XOIUT Ha YPOBHE 3JIEKTPOGU3NUECKUX CBOMCTB MaTe-
puana, a He 3JIeKTPUIECKOTO 3apsaa, 9To, HECOMHEH-
HO, BHOCUT BJIEMEHT CTaOMJIbHOCTU U CIIOCOOCTBYET
MOBBILIEHUIO TUIOTHOCTU M CKOPOCTH 3alMCH TaHHBIX,
CHUXEHUIO MoTpedisieMoid MolHocTu. Ilpencrapsi-
eTCsA, YTO MEMPHUCTOPHI KaK MO MacCIITaOMpOBaHMIO,
TaK W TI0 CKOPOCTU TIEPEKIIIOUEHHUS COOTBETCTBYIOT
TpeOOBaHUSIM COBPEMEHHOU 3HEProHe3aBUCUMOI I1a-
MaTu. bosee Toro, npuBieKaTeIbHbIM SIBISIETCS HU3-
KO€ 3HeprornoTpebdieHue Mpoueaypbl 3arucu UHQOp-
MallnH, a TaKXe CITOCOOHOCTbh MEMPUCTOPAa K MHOTO-
YPOBHEBBIM COCTOSIHUSIM U, KaK CJIEICTBUE, MePCIeK-
TUBA MIPUMEHEHMSI €T0 B UCKYCCTBEHHBIX HEHipoMopd-
HBIX KOMITBIOTEPHBIX CHCTeMaX C HOBOM TeXHOJIOTHEH
XpaHeHus, 00pabdOTKU U TepeJayu JaHHbBIX.

MempucTop ObUI TEOpEeTUUECKH TTpeioxkeH B 1971 1.
JI. Yya [20—22], HO BBI3BaJl 3HAYMTEJIbHBIII MHTEPEC
TOJIbKO TIociie psina padot P. C. BunbsiMmca U rpymnmsl
uccienoBaTesneil Jadoparopun HP [23], 3asBUBILINX O
CO3IaHMUU TBEPIOTEIBbHON CTPYKTYPhI, pPEeaTu3yIOLIEH
MEMPUCTOpPHBIe cBoiicTBa. Ilpeamonaraercs, yTo Ha-
omonaemble yxxe 6osee 40 jieT apdeKTh nepekaode-
HUSI ¥ TIaMSTU B CTPYKTypax memann/okcud/memani
(MOM) saBastoTCS TPOSBIEHUEM MEMPUCTUBHOCTH.
Tot ¢akr, 4TO HAGIIOAAIOTCS OHU IIPU ILIMPOKOM Bapb-
WPOBAaHMU MaTepUaloB TOHKMX ILIeHOK (ZnO, NiO,
8102, T]Oz, ZrO2, SI‘T103, pro 7C80’3Mn03 n Z[p) n
anektponoB (Pt, Au, Ag, Al, TiN n Ip.) TOBOPUT B
noab3y runote3nl JI. Yya o cyliecTBOBaHUU YeTBEPTO-
ro 6a30BOro 2JIeMEHTa 3JIeKTpUYecKuX Heneit [24—38].
DTO CTUMYNIMpPYeT WHTEpPeC K TOUCKY BO3MOXHBIX
MEXaHU3MOB, OTBETCTBEHHBIX 3a 3 (HEKTHI TTePeKITIO-
yeHus U namsata B MOM-cTpykrypax. CyliecTByIOT
pa3u4yHble TeOpUM U (U3MYECKHEe MOAEIU, OObsIC-
HSIIOIIME MEXaHU3Mbl MEPEKII0YEHUST COMTPOTUBIICHUS
B TOHOOHEIX ycTpoiicTBax. K Hamboyiee M3BECTHBIM
MOXHO OTHECTH MOHENIN MPOBOAMMOCTH C MEXaHW3-
MaMmu (OpPMUPOBAHUS U pa3pbiBa MIPOBOISIIINX HATEH
B mpeneiiax akTuBHoOro cjost [38, 39], momymsinuu
b6apbepos IlloTrTku [40, 41], cBSI3aHHBIMM C TIpoliecca-
MU 3allOJIHEHUSI U OCBOOOXIEHUs JoBylieK [35], oc-
HOBaHHBIMU Ha Tepexonax Morra-AHgepcoHa [36], a
Takke Ha MPOTEKaHUM TEPMOXMMUYECKUX U DJIEKTPO-
XUMHWYECKUX OKHUCIUTEIbHO-BOCCTAHOBUTEIBHBIX pe-
akumii [44, 45].

Haubonee nomyiaspHbIMM IIOAXOJAaMM K ITOHMMa-
HUIO MEXaHU3MOB TIEPEKIIIOUEHUST COIMPOTUBICHMS
(kak OM-, TaK ¥ YHUTOJSIPHBIX MPOLIECCOB) SIBJISIIOTCS
MOZENIM, OCHOBaHHBIE Ha (DOPMUPOBAHWUH U pa3phIBE
HUTEN MTPOBOIUMOCTU. Kak mpaBuiio, peyb MIET O Ba-
pMalMy KOHIEHTpAlUU KUCIOPOAHBIX BaKaHCUN B
"KaHanax npoBoguMocTh'. COOCTBEHHO ITOCJEIHEee
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SIBJISIETCSI OOILIMM MECTOM U MpPU3HAETCST OOJIBIIUHCT-
BOM HcClieloBaTe/ieil KaKk OCHOBHOU MeXaHW3M, Mpu-
BOJSIINI K SIBICHUIO MEPEKIIOYEHUST COMTPOTUBICHMUS
B cTpykrypax MIM. OgHako OUCKYCCHUSI BO3HUKAET
MIpU OOCYKICHUHM MEXaHM3MOB YIIpaBIIeHUs "KaHaja-
MU MMPOBOIAUMOCTU": (pOpMUPOBAHUE U PA3PbIB, U3ME-
HEHUe CBOUICTB MaTepuaia U T. . JlobaBisieT HaKana
B IMCKYCCHUIO HaOmomaemMoe pasuneneHue 3¢pdexra Ha
OUMOJISIPHOE Y YHUIIOJSPHOE MEPEKII0YSHUsI, Ha pa3-
JeJieHre MpoleccoB (hDOPMOBKHU B 3aBUCUMOCTHU OT I10-
JISPHOCTU NPUKJIAAbIBAEMOT0 HampsokeHusl. Bece aTo
YCJIOXHSIETCS BO3MOXHBIMU 3aBUCUMOCTSIMU OT MaTe-
puana v TOJIIUHBI paboyero cios (OKCHaa), U pame-
pa BEpPXHETO 3JIEKTPOAa U T. M. XOTS MHOT'ME BOIIPOCHI
BCe €lle OCTaloTCs 0e3 OTBeTa, MOXHO YBEPEHHO KOH-
CTaTUPOBATh, UTO KaK TUII, TAK U KOHLIEHTpALUS TO-
YeuHBIX 1e(DEeKTOB B Ipeaesiax CI0sl UMEIOT IPSIMOE OT-
HOLIEHUE K MPOLECccaM MEPEKITIOUCHUS.

IToMrMO MexaHU3MOB TTEPEKIIOUEHUS, CYIIECTBYET
U PSII APYTUMX HEPELIEHHBIX MPo0JIeM, 3aTPYIHSIIONIAX
BBIXOJ HA PHIHOK BBICOKOMHTETPUPOBAHHON ITaMSITU
(ReRAM). K HUM OTHOCSITCS TPOOJIEeMbl MHTETpaLuu
1 COBMECTUMOCTH C CYLIECTBYIOIIEH TEXHOJOTUEN, HE-
OIHOPOAHOCTD TIPU MEPEKIIOYESHUN CTPYKTYp, HECTa-
OMJBHOCTb NTapaMeTpoB siueek naMsaTu. Ocobo cienyeT
OTMETUTb MPOOJIEMY, CBSI3aHHYIO C HEOOXOIMMOCTbIO B
OOJIBLLIMHCTBE CIyYaeB MPUMEHSATh MPOLEIypy dSJeK-
TpoopMOBKHU (Momava UMITYJbCOB JOCTATOYHO OOJIb-
LIOKM aMIUIMTYAbl U OMpPEAeIeHHON TOJSIPHOCTH), YTO
caMo II0 cebe IpencTaBJIsIeT OIpelesIeHHYIO IIpooJie-
My, a TaKKe COICPKUT HEOMHO3HAYHOCTh MapaMeTPOB
c(OpMUPOBAHHBIX CTPYKTYP 3HEPrOHE3aBUCUMOI Ma-
MsaTu. HecMoTpss Ha oOwive HepelleHHBIX IpodJieM
WHTEepeC K MPUOOPHON pealn3aliid U ONTUMU3AIUN
paboyux CTPYKTYp MEMPUCTOPOB C HCIOJIb30BaHUEM
pa3HbIX METOJOB CMHTE3a aKTUBHOW Cpelibl (Yalle Bce-
ro OKCHUIOB), pa3HOOOpa3HBIX KOH(pUTIYpaLlMii MHOTO-
CJIOMHBIX CTPYKTYpP, Bapualluii KOHCTPYKTUBHBIX OCO-
OEHHOCTEI YCTPOICTB, He ociiabeBaeT. DTO MO3BOJISIET
HalesAThCsl Ha CO3JaHMe YHMBEPCAIbHOIO yCTPOMCTBA
MaMsITU, KOTOPOE SIBJISIETCS SHEProHEe3aBMCUMbBIM KakK
Flash, GbicTpo mporpaMMupyeMbIM U 00JIamalolIuM
BpeMeHeM JocTyrna Kak SRAM, uMeIolM BBICOKYIO
TUIOTHOCTh M HU3KOe 3HeprornorpedneHue. Ecau Ta-
Kasi yHUBepcajbHasl MaMsITh OCYIleCTBUMa, OHA CMO-
JKeT He ToJIbKO 3aMeHUTh Flash, HO Tak:Ke BO3MOXHO
u DRAM, a 3HauuT, ee MOXHO OyIeT MCIIOJIb30BaTh B
KayecTBe, YHUBEPCAJIbHOTO HOCUTENSI, T. €. 3aMEHUTb
Flash, onepatuBHyto nmaMsitb DRAM 1 XecTKMii 1UCK
1 B KOHEUHOM CUYE€Te U3MEHUTDb MPUHITUITHI BEIYMCII-
TEJbHBIX cucTeM. Pe3roMupys, MOXHO C yBEpPEHHO-
CTbIO TOBOPUTH O TOM, YTO UMEHHO PE3UCTUMBHAs Ma-
MSTh Ipou3BoyibHOTO goctyna (ReRAM) sBusercs
KaHAUAATOM Ha TaKyl YHUBEPCAJIbHYIO NaMsITh.

B 3aBeplieHuM pasgena npuBeneM TaOJUIy CpaB-
HEHMSI MapaMeTPOB UCIOJIb3yeMO U MEePCIeKTUBHOM
MaMsITU, TIOHUMasI, YTO MX 3HAYCHMS ISl MOCIeaHEH
SIBJISIIOTCSI OPUEHTUPOBOUYHBIMU.




Texnosorna ReRAM

TexXHOOTHUS CTPYKTYP PE3UCTHB-
HOI maMsITU BKJIIOYAeT B ceOsl Moj-
TOTOBKY MOIJIOXEK, HAaHECEHNE HIK-
HEro 3JIeKTpoaa, KaK MpaBUjIo, Me-
tamiel (Pt, Au, Al, ... u TiN), cuHTe3
COOCTBEHHO pabouero cios (yaie
BCEro OKCHUJbl METAIJIOB) U HaHece-
HHUE BEPXHEro 3JIeKTpoma IUaMeT-
poMm He 6osee 100...300 mxm. OTme-
THM, YTO B 3TOM Cllyyae pedyb HIET
00 B2KCIepUMEHTaJbHBIX OOpa3lax.
s HaHeceHUsI METasJIOB UCTIOb-
3YIOTCSI METOIBl MarHeTPOHHOTO
pacrnbUIeHUs], 3JEKTPOHHO-TY4YeBO-
ro ucrapeHus, u T. 1. CHHTe3 MeTaJUIOOKCUIOB OCY-
LIECTBJSETCS METOIOM PEaKTUBHOI'O MAarHETPOHHOTO
paCITBIJIEHUST, a TAKXKE aTOMHO-CJIOEBOTO OCaXKIEHUS
(Atomic Layer Deposition, ALD). TlocnegHuii moaydaun
JIOCTAaTOYHO IITMPOKOE paCIpoCTpaHeHMe, TaK KakK I10-
3BOJISIET TIOTYYaTh TOHKHE TJIEHKW OKCUIOB METAJLJIOB
XOpolIero kayecTBa (IUMPOKHUI CIEKTP MaTepuasoB,
CTEXMOMETPHS, OTHOPOTHOCTh IO TOJIIIMHE, MHOTO-
CJIOMHOCTb ¢ pe3KrUM uHTepdeiicom, U T. 11.). Bmecrte
C TeM Ha pblHKe npenacraBieHbl ALD-ycTaHOBKU a0C-
TaTOYHO BbIcOKOro ypoBHs (Hanpumep, TFS 200 pun-
CKOIi KoMIIaHUU Beneq).

IIpuBoaMMEBbIE HMXE pe3yabTaThbl IO peanu3aluu
3JIEMEHTOB PE3UCTUMBHON MaMSTH TMOJyYEHbl Ha 0ase
MEMPUCTOPHBIX IBYXCIOUMHBEIX cTpyKTYyp TiO,/Al,04
(30 HM/5 HM) U Al,03/TiO, (5 HM/60 HM), U3rOTOB-
JIEHHBIX METOIOM aTOMHO-CJIOEBOTO ocaxkaeHusI (Afomic
Layer Deposition, ALD). B kauecTBe MpeKypcopoB UC-
noJib3oBaiics trimethylalminium (TMA) unu tetrakis-
dimethylamino turana (TDMAT) u H,O, temnepa-
typa nomnoxku Pt/Ti/SiO,/Si nmpu cunteze 200 °C.
Ilnenku okcupa turaHa m amomuHusa (AlO;, TiO,)
ocaxnanuck MeronoM ALD Ha nomnoxku Si/SiO,
(mIacTUHBI MOHOKPUCTA/UIMYECKOTO KPEMHHUS ¢ Tep-
MHWYECKM BBIPAIIEHHBIM OKCHIOM) C HaHECEHHBIM

Puc. 1. ALD-ycranoska TFS 200 Beneq, miactunsl ¢ Tonkumu mienkamu Al,O; u TiO,
Fig. 1. TFS 200 Beneq ALD installation, plates with thin films of Al,03 and TiO,

HUXHUM Pt-anektponom Ha ycraHoBke TFS 200 kom-
nanuu Beneq (puc. 1). Ilocne ocaxaeHust oopasiibl
OTXKMTAJIM Ha BO3OyXe WM B aTMocdepe KUCIOpOIa.
[MTokasarens npenomiueHus i mwieHok Al,O3 u TiO,
coctapistiiu 1,6... 1,63 u 2,35...2,45 COOTBETCTBEHHO.
CxkopocTb pocta mieHoK Al,O5 1,1...1,3 A/umki, st
wieHok TiO, 0,5...0,65 A/unko.

Bepxnue snexrpons! Pt 65Ut cpopMUpOBaHEI 3JIEK-
TPOHHO-JIyYEBBIM HCIAPEHUEM C HCIIOJb30BaHUEM
MeTaJuTndecKoir Macku. [lmonaas BepXHUX 3JIEKTPO-
108 Gbuia 1074 em2. Bonbr-aMnepHble XapaKTepUCTH -
k1 (BAX) usMepsiiv npu KOMHATHO# TeMrepaType Ha
BO3MIyXe 1 B BaKyyMe, MCITOJIb3ySI CUCTEMY U3MEpPEHUS
napaMmetrpoB noaynpoBogHukoB Keithley 4200-SCS.
Hanpsokenne momaBany K BepxHeMy Pt-anexrpomy, a
HWDKHUI 3JIEKTPOJ 3a3¢MIISLIU.

DnekTpodu3nyecKue CBOMCTBA
JBYXCJIOMHBIX MEMPHCTOPHBIX CTPYKTYP

Bapuaiusi mocnenoBaTebHOCTH CJIOEB OKCHUIIOB
ATIOMMHUSI U TUTAHA MpecsenoBaja UCCIeI0BaTEb-
ckue uenu. Ilpeanonaranock, YTo 3TO MO3BOJUT pac-
IIUPUTH (PYHKIIMOHAJIbHbIE BO3MOXHOCTU U MOBBICUTh
OCHOBHbIE MapaMeTpbl pabouuX CTPYKTYp ¢ 3 heKToM
PE3UCTUBHOTO MepeKIoueHus 1 naMsatu. dopmajb-

CpaBHeHHe MapaMeTPoOB UCNOJIb3yeMOil U NMEePCNeKTHBHOMH NaMATH
Comparison of the parameters of the presently used and perspective memories

lgapaMeTp Flash NOR | Flash NAND MRAM PCM FeRAM ReRAM
arameter

Tnotmams sueiky 10F? 4F? 20F? - 8F? 4F? 2F? 4F2...8F?
Cell area

Yucio nMKIIOB Tiepe3anicu 10° 10% >1012 10° >1014 1012
Number of rewriting cycles

3arparbl sHepruu Ha nlx/out 100 100 2 6 0,03 0.1
Expenditure of energy per plJ/bit

Hanpsokenue 3anucu/mepesanucu, B 10 15 1.8 3 1,3...3,3 1...1,5
Recording/ rewriting voltage, V

Hanpsokenue cuuthiBanust, B 1,8 1,8 1,8 1,2 1,3...3,3 0,1...0,5
Reading voltage, V

Bpewmst nepesanucu 1 ps...10 ms 0,1...1 ms 35 ns 100 ns 40 ns 1...10 ns
Rewriting time

Bpewmst xpaHeHusl, et 10 10 >10 >10 10 > 10
Data-hold time, years
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Ho cucremel Pt/TiO,/Al,O5/Pt aBnsioTcs cCUMMET-
PUYHBIMU, OTHAKO UMEIOT Pa3nyHbIe DJIEKTPUYECKUE
CBOICTBA: HAIIPUMeEP, COMTPOTUBIICHHUE CTPYKTYP TTOCIIE
M3rOTOBJIEHUS OTJIMYAETCS Ha CeMb MOPSIAKOB. 31eCh U
Jajgee M3MepeHUe COIPOTUBIICHMS TIPOBOMVIIM TIPU
nogaue Hebonbioro (0,1 B) mocrosHHOro Hampsike-
Hus. [TogpasyMeBaeTcs, 4TO B 3TOM CiIydae He TIPOUC-
XOIUT 3aMETHOTO M3MEHEHMSI CBOMCTB MCCIEHYyeMBbIX
CTpYKTYp. Bo3dMoxxHast mpuyMHa CTOJIb 3aMETHOTO pa3-
JINYKST B 3HAYEHWHU COIPOTHBICHUS MHOTOCIOMHBIX
CTPYKTYP MOXET OBbITh CBSI3aHAa C OCOOEHHOCTSIMM HX
TEXHOJIOTMM, B YaCTHOCTH, C Pa3TWYHON MPOIOJIKM-
TEJbHOCTBIO TEIJIOBOTO BO3JEHCTBUSI BO BPEMSI CUHTE-
3a TUIEHOK (TeMIiepaTypa ITOMIOXKH TpW HaHEeCEHUHU
ieHok paBHa 200 °C) U BO3MOXHBIM BIIUSIHUEM art-
Mocdepsl pU oTXKUre Tocie HaHeceHust cioes (220 °C,
2 MuH). B mepBoM ciyuyae "HMKHSIS" TIIEHKA TIPU CUH-
Te3€ HaXOMUTCS MPH MOBBILLIEHHO TemMIepaTtype B 2 pa-
3a gosble. [Ipy oTkure CyIeCTBEHHBIM MOXKET OKa-
3aTbCsl BIAMsSIHUE aTMocdepbl IS "BepxHel" IIeHKMU.
OTMeTHM, YTO B HACTOSIILIEH paboTe CJI0M OTCUUTHIBA-
I0TCS OT MOMJIOKKM — CHU3Y BBEpX.

Cmpykmypor  Pt/Al,05/TiO,/Pt. BAX cTpyKTyp
Pt/Al,03/TiO,/Pt TUNUYHBL 1JIi MEMPUCTOPOB, J€-
MOHCTPUPYIOLIUX OUIIOJIPHOE IEePEeKIIOYEHUE CO-
MIPOTHUBJIECHUS] MEXIY NBYMS YCTOMYMBBIMU DHEPTO-
HE3aBUCUMBIMU COCTOSTHUSIMU (PUC. 2, @, CM. TPEThIO
CTOpoHY 0010XKM). UMEHHO Takoe moBeIeHHUE SIB-
JisgeTcs 6a30BbIM JUISI CO3MaHUST SHEPTOHE3aBUCUMOM
pe3uctuBHoil maMsaTu (ReRAM). YcToitunBoe 6umno-
JISIpHOE TIePEKITI0YeHNE COMMPOTUBIIEHUS C OTHOILIEHM -
eM R,,/Ryi = 102, yIpaBJisieMoe HeOOJbIINM Hampsi-
xenuem *0,8 B, HaGaomanu Imocie Ipoiecca ABYX-
cTanuitHOU 35eKTpoopMOBKU. CONMPOTUBRIEHUE B BbI-
cokooMHoM coctosstHuu (HRS) cocrapisiio 2 + 103 Owm,
a B HU3KooMHoM coctosiHuu (LRS) — 2,8 - 10" Om.

MEI ipearionaraeM, 9To TepBBIi AT HeTPUBHAAIb-
HOTO IMpolecca NIBYXCTAAUMHOMN 371eKTPOGOPMOBKU ObLIT
CBA3aH ¢ HeOOpaTMMbIM IpoboeM cinos Al,O3. B aTom
ciayvyae TIpUM TIOJIOXKMTEIbHOM Ha-
npsbkeHun +5 B Ha BepxHem Pt-
BJIEKTPOAE, C OrpaHMYCHHEM TOKa
10 MA, TOK MeXay 3JeKTpoaaMu
pe3ko yBenuumBaicsd (IO YpPOBHS
OrpaHUYeHUsI), TMPOMCXOAUIO 3Ha-
YUTeIbHOE BBIIENeHNe JIKoyneBoit
TEIJIOTHI M, KaK CJICACTBHUE, TEIUIO-
BOIi, HeoOpatuMmbiii Tipoboii. Co-
MIPOTUBJIEHHE TIPU 3TOM M3MEHSIOCH
Ha aBa nopsinka. CucremMa U3MeHS -

TeMa U3MEHsJIa CBOE COCTOSTHHE OT IPOMEXYTOYHOTO
JI0 BBLICOKOOMHOTO.

ITocne npoiiecca opMoOBKHU (BTOpast cTaausi) Clou
BOJIM3M BepxHero Pt-anekTpoaa oboraiaeTcst KUCI0-
POIHBIMU BaKaHCUSIMU, T. €. popMUpyeTcsi 00eTHEeH-
HBIiA TI0 Kucnopony cioit okeuaa turada TiO,_ . TTpo-
liecc Habopa TMPOUCXOAUT, KOIrJIa Ha BEPXHUM 3JIeK-
Tpon noxaetrcs +0,8 B (puc. 2, b, cM. TpeTbIO CTOPOHY
00J10kK1). CucteMa B 3TOM Cllydae U3MEHSIET COCTOSI-
Hue oT HRS mo LRS. ConpoTtuBinenue n3aMeHsieTcs Ha
JIBa Topsiika: oT 2+ 103 1o 2,8 10! Owm. IIpotuso-
MOJIOXKHOE TIepeKItoueHe MPOUCXOAUT TpU Tojaaue
—0,8 B, u cucrema Bo3Bpamiaercst K HRS (puc. 2, c,
CM. TPETHIO CTOPOHY 00JI0XKKM). B 3TOM THTIE CTPYKTYp
TPOVICXOIUT YCTOMYMBOE MEPEeKTIOUEHUE MEXIY IBY-
M$I COCTOSIHUSIMU, TIpUUeM 00a COCTOSTHUS TOCTATOYHO
JIOJITO COXPAHSIOTCS, JeMOHCTpUPYS 3¢ PeKT 3HEPro-
HE3aBUCHMOM MaMsITH.

YT1o06bI MccaenoBaTh BIMsHUE aTMOchepbl U MaTe-
puana dJeKTpoJa Ha BO3MOXHOCTb MEPEKIIOUEHMS,
MBI ucrioib3oBanu Pt, Al m Au Kak MaTepuanbl ISt
BEPXHETO BJIEKTpoAa, a U3MEPEeHUs TIPOBOAWIM B Ba-
KyyMe U Ha Bozayxe. MI3BecTHO, 4To TjieHKu Pt siBisi-
IOTCSI TOCTAaTOYHO Ta30MpPOHUIIAEMBIMU, B TO BPEeMS
Kak Au 1 Al 3TUM Ka4eCTBOM He OTJIMYaIOTCS.

BeposTHO 1Mo 3TOi TpUYMHE TIPU MCITOJIH30BAHUU
Au 1 Al B KauecTBe BEpPXHEro 3JIEKTpoJa 3aMETHOTO
BJIMSIHUSI aTMocdhepbl WM BakKyyma He HabJomasu.
B cinyyae Pt-anexTpona B Bakyyme HaOII01aau Aerpa-
Janmio 3¢deKTa nepekiodeHus (puc. 3, a), 4ero He
MMPOUCXOANIIO Ha Bo3ayxe (puc. 3, b). DTOT (PakT Koc-
BEHHO MOJATBEPXXIaeT MOJeNb MEepPeKTIYeHUs, CBsI-
3aHHasl ¢ ApeipoM KUCIOPOAHBIX BaKaHCUM, T. €.
cucTeMa OOMEHUBAETCSl KUCJIOPOJOM CO Cpeloil ee
okpyxatouieir. O4eBUIHO, YTO B BaKyymMe 3TOT OOMEH
SIBJISIETCS OMHOCTOPOHHMM, YTO BeleT K HeoOpaTu-
MOI TOTepe KUCIopoaa U B KOHEYHOM cyeTe K je-
rpagalu CTPYKTYpbl — IOTepe CIIOCOOHOCTH K Tie-
PEKIIOUEHMUIO.

. Ha Bosgyxe
B Bakyyme b) 107¢ Atmosphere
Vacuum

* * * *
*H Kok * *o Ko

* HRS
—*—LRS

Jla CBO€ COCTOSIHME OT HayaJbHOTO
1o "mpoMexyTouHoro". Bropoii miar

R 0

cBa3aH ¢ cosgaHueM cuosa TiO,_,, G ____

0oraToro KHUCJIOPOAHBIMU BaKaH-
cusiMA BOJU3M BepxHero Pt-siek-
Tpona, IMpHU Mojaye Ha HeTo HaIps-
xeHust — 2,2 B. B atom cityuae cuc-

mocdepe (b)
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Fig. 3. Dependence of the resistance on the number of the switching cycles in vacuum (a) and
in the atmospheric conditions (b)




Takum oOpa3om, KCIIOJIb30BaHUE OoJiee ne-
IIEBBIX MaTepuajoB B KauyecTBE 3JIEKTPOIOB
MOM-cTpyKTYyp HE TOJIBKO IIeJeCcOo00pa3Ho
SKOHOMHWYECKH, HO W C TEXHUYECKON TOUYKHU
3pPEeHMS MPEICTABISCTCS MPEAIIOUYTUTEIHHBIM,
TaK Kak IOBBIIIAET HaAEeKHOCTHBIE XapaKTepH-
CTUKM CTPYKTYP.

Cmpykmypot Pt/Ti0,/Al,03/Pt. B npensbl-
aywem ciaydae TiO, ObUl aKTUBHBIM CJIOEM,
00€eCITeunBaIOIINM TIEPEKITIOYEHUE U TTaMSITh.
B 5TOM THIIE CTPYKTYp C MPOTUBOIOIOXKHBIM
pacrnionoxenueM cios TiO, u cioes Al,O3, co-
MIPOTUBJICHUE YBeJIWYMBaeTCs Oojiee YeM Ha
ceMb NopsiaKoB. OYeBUAHO, YTO TAKOE COIPO-
TUBJEHUE MOXET OOEeCHeUYUTb TOJIBKO CJIOM
Al, O3, y4nuTBIBas €r0 YIeJIbHOE COIPOTUBIECHUE
(1013 .10 Om- cM). YaenabHOe COIpPOTHUBIIE-
HHE HeJIETUPOBAHHOTO aHaTa3a U pyTHJIa PaBHO
10...107 Om - cM, HO npu GOPMUPOBAHUU Ti3*,
OHO MOXET YMEHbIIAThCS 10 107! Om - em st
anatasa u 10 102 OM - oM st pyruna [40].

Ectb ocHOBaHMSI mojaraTh, YTO AKTUBHBIN CJIOM
NePEKTIOYEHN B 3ToM ciyyae — Al,Os, a cioit TiO,
MpeACTaBISIeTCs KaK pe3epByap KMCIOPOIHBIX BaKaH-
CUii. DTa CTPYKTypa OTJIMYAETCSl yBEpPEHHO Haboaae-
MBIM MHOTOYPOBHEBBIM TTepEKITIOUeHUEM, TTpUYeM Oe3
MpeaBapuTEIBLHOTO Mpolecca GOPMOBKU. DTO O3HAYA-
€T, YTO U3rOTOBJIEHHAsI ABYXCJIOIHAsI CTPYKTypa 3TOrO
TUIMA FOTOBA K MEPEKIIOUYEHUI0 HEMOCPEACTBEHHO TO-
cJie TEXHOJIOMMYeCcKOoro Ipoliecca ee cuHTesa (puc. 4, a,
CM. TPETBHIO CTOPOHY OOJIOXKKHU), T. €. Impoliecc (POpMOB-
K1 OCYILECTBJISIETCS YK€ Ha 3Tare TeXHOJOIMU: CUHTE3
U BBICOKOTEMIEpaTypHbI OTXKUI. Takasi TeXHOJOTrusl
SIBIIAETCST, OYEBUIHO, TIPEIITOYTUTETHLHON B CMBICIIE CO-
rmacoBanus ¢ "kimaccmueckoi” KMOII-TexHomoruei
MPU CO3MAaHUM CIEIMATM3UPOBAHHBIX BBIYMCIUTETh-
HBIX CHCTEM.

ITpouecc Habopa (SET) jgna  cTpyKTyp
Pt/TiO,/Al,O5/Pt npoucxoaurt INpu OTPULIATEILHOM
HaNpsDKeHUU Ha BepXHEM BJIEKTPOoJIe, a Ipoliecce copo-
ca (RESET) — mnpu MOJIOXUTETHbHOM HAaIpPSLKEHUH,
T. €. IePEeKJIIOYEHUE MTPOUCXOAUT IO YACOBOU CTpeJiKe
(B TO BpeMsI KaK B MPEIBIAYIIEM ClTydyae — IMPOTHUB Ya-
COBOI CTpeSIKK). DTU LIMKIIbl YCTOMYMBO MTOBTOPSIEMBI C
M3MEHEHMSIMU COTIPOTUBIICHUS Ha CEMb TOPSIIKOB, T. €.
or 8-10'2 10 6-10° Om. Paznuunbiii YpPOBEHb Iiepe-
KJTIOYeHUS 3aBUCHUT OT 3HAYCHMS OTPHUIIATEILHOTO Ha-
npsikeHus (pocT Mo abCoJIIOTHOM BeIUUYMHE), YMEHb-
IIAIOIIEero 3alIOMUHAEMOe CONTPOTUBIICHNE.

Korna otpuuatenbHoe HampsikeHWe MPUKIaabiBa-
€TCS K BepXHeMY 2JIEKTPOLY, HabmogaeTcst apeitd Ku-
cnopoaHbiX BakaHcuit ot TiO,_ . K Al,O3, uro obec-
MeYnBaeT CMEIeHWe 30HHOU IuarpaMMBbl, TTPUBOJISI-
1ee K MHXEKIIMU HocuTesel 3apsiaa (puc. S, a).

YBenuueHue KOHIEHTPaMU KUCIOPOIHBIX BaKaH-
CHi1 TIPUBOIUT K YBEJTMICHUIO KOHIICHTPAIIUH JIOBYIIIEK
(1,5 3B sneprumn [40]) B 3anpeweHHoi 30He Al,O;
(puc. 5). BDTO NPUBOIUT K TTOSIBJIEHUIO TTIPOBOJIUMOCTHU
B cioe Al,O5 (puc. 5, b). KoHueHTpauus JOBylIEK 3a-

Puc. 5. Cxemaruueckas wunoctpanus apeiiga KucIOpOAHbIX BaKaHCHil (a) U
30HHasA auarpamma cTpyktypnl Pt/TiO,/Al,03/Pt (b)

Fig. 5. Schematic illustration of the drift of the oxygen vacancies (a) and the zone
diagram of Pt/ TiO,/Al,05/ Pt structure (b)

BHICUT OT TIPUJIOKEHHOTO HAMPSDKEHNS, UMEHHO TT03TO-
My MBI MOXeM HaOJII0IaTh MOSBICHUE MMPOBOIUMOCTH
U U3MEHEeHUEe YpOBHel mepekioueHus. [IpbIKKOBBIM
TPAHCIIOPT MO JIOBYLIEUHBIM LIEHTPAM OObSICHSIETCS
CWJIbHOM 3aBUCUMOCTbBIO MPOBOAUMOCTU MPU HEOOb-
IIOM M3MEHEHUM TTOTeHIINAIa HAa BEPXHEM 3JIEKTPOJIE.

B aTOM citydae 3aBUCUMOCTH IIPOBOAMMOCTH CTPYK-
Typhl (C/10SI OKCUAA ATIOMUHUSI) OT Pa3HOCTU MOTEH-
LIMAJIOB MEXY 3JIEKTpoJaMu U, KaK Mpearoaaraercs,
OT KOHIIEHTPAILIMU JIOKAJIM30BAHHBIX COCTOSIHUM (N) B
30HE MPOBOAMMOCTU OKCHAA aJTIOMUHUS, OIpenesis-
eTcsl MeXaHU3MOM IMPbIKKOBOTO TpaHCHOpTa, Koraa
MPOBOAMMOCTb O0YCJIOBJIEHA HEYNPYTUM TYHHEIUPO-
BaHMEM MexXay Omukailimmu ueHTpamu [48, 49].
O4YeBUIHO, YTO B ITOM CJIy4ae COIPOTUBIICHHE CIIOS
JIW2JIEKTpUKa OyaeT ONpeaesiThCs CETKON CIydaiHbIX
COMPOTUBJIEHUI (ceTKoi AOpaxamca—Muwuiiepa) U B
MEepBOM MPUOIMXKEHUU TMEPKOISILIMOHHBIM PallyCcoOM
r= O,OSSN_I/ 3, KOorJa COIIPOTUBJIEHUE CJIOSI MOXET
OBITh 3aMMCaHO Kak

1,73
p= Poexl{ 2 ],
aNl/3

— OopoBckuit paguyc. MHXekuus B

e a =
gme

00bEM MOXKET OCYIIECTBIISITbCS IOBYMSI CIIOCOOAMM:
TYHHeJMpoBaHUeM I10 MexaHusmy Paynepa—Hopn-
refiMa, TepMO3JIEKTPOHHON 3MUCCUEN U TEPMOCTH-
MYJIMPOBaHHBIM TYHHEIMPOBAHUEM. TepMOCTUMYITH-
pOBaHHOE TYHHEJIMPOBAHUE NOMUHUPYET B CPEIHUX
MOJISIX M CPEeIHUX TeMIrepaTypax (Korma TerJioBas
SHEPTUS HEeIOCTAaTOUYHA, IUTS TPEOHOJICHUST TTOTeHIIM-
aJbHOTO Oapbepa Ha KOHTAKTE).

3akiaouenue

Co3maHne COBpEeMEHHOI 3JIEMEHTHOM 0a3bl MUK-
pO- ¥ HAHORJIEKTPOHUKM, OCHOBAHHOI HA HOBBIX (DU-
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3MYECKMX TPUHIIMMAX, ONPENeseT NEPCIeKTUBbI MO

yJyUIIEHUIO NTapaMETPOB YCTPOMCTB IHEPTOHE3ABUCH -

MO NaMsTHU U pa3padoTKe HOBOTO MOKOJIEHUS BbIYMC-

JINTEJIbHBIX CUCTEM, B TOM UMCJIe HEUPOMOP(DHBIX.

C wucnonb3oBaHueM ABYyXcIOMHBIX MJIM-cucrem
Pt/TiO,/Al,03/Pt u Pt/Al,05/TiO,/Pt ¢ 3ameTHO pa3-
JIMYAIOIIUMUCS CBOMCTBAMHU TMOJYYEHBI MEMPUCTOP-
Hbl€ CTPYKTYPbl C YCTOMUMBBIM OWMOJSIPHBIM Tiepe-
kmoueHreM. [TpenytoxkeHHbIM MeXaHU3M MepeKIye-
HUS OTKPBIBAET MEPCIEKTUBbI CO3MaHUSI MHOTOYPOB-
HEBBIX CUCTEM Ha OCHOBE MHOTOCJIOWHBIX CTPYKTYP.

KoHeuHoi 11e1610 co31aHusl HOBOTO 3JIEKTPOHHOTO
KOMIIOHEHTa — MEMPHUCTOpPa — DHEProHEe3aBUCUMOTO
yCTpoicTBa TMaMsATU, (YHKIIMOHMPOBAHUE KOTOPOTO
OCHOBAHO Ha U3MeHEeHUM (IIePEKITIOUEHNN ) COIIPOTUB-
JIeHUus, saBisgeTcss GopMHUpoOBaHUE MEMPUCTOPHOM Ta-
MSITU, 00ECTIEUMBAIOLIEH paHee HETOCTUXKUMBIE Tapa-
METPbl U BO3MOXHOCTU:

e DSHEProHEe3aBUCUMOCTb U 3HEProaPPeKTUBHOCTD
(xpaHeHMe B MaMsITU HE 3apsiia, a COCTOSIHUS, CO-
OTBETCTBYIOILIETO OIpeAeIeHHON MPOBOAMMOCTH);

e MHOIOYPOBHEBOCTb JIOTMUECKUX COCTOSIHUI (Xpa-
HEHUE B OJHOM sueiike mamsiTu 0oJiee OJHOro ouTa
uHbopMaLun);

e CBEpXBbICOKasl TUIOTHOCTb 3alMcu WHOOpMaluu
(MHOrOCI0EBas TpEXypOBHEBAs KOMIO3UIIUS C MU-
HUMAaJIbHBIM HEPTOBBIIEIEHUEM);

e CBEpXBbICOKasl CKOPOCTh OOMeHa JaHHBIMU (MHTe-
rpauusi ornepaTuBHON 1 TOJTOBPEMEHHOMN MaMSITH);

e HEOrpaHUYEHHOE BpeMsl XpaHeHMs] MHGOpMaLUU
(XpaHeHue He 3apsifa, a YPOBHS COIPOTUBIICHMUS).
IIpencraBneHHble 3KCNEPUMEHTAJbHBIE PE3YJIbTa-

TBI TI0 CO3JAHWIO MEMPUCTOPHBIX CTPYKTYp [50, 51]

KaK OCHOBbI HOBOUl HeHpOMOpP(HON KOMIbIOTEPHOM

atopMbl, TMOJy4eHbl aBTOpPaMM JaHHOU CTaTbu,

npeactasisiomiumMu NIMS (HammoHaabHBIE MHCTU-

TyT MatepuanoBeaeHus, Snonus) u Cankr-Iletepoypr-

CKMIA TOCYHAPCTBEHHBIN 3JIEKTPOTEXHUUYECKUI YHUBEP-

curet ("JIDTHU") B paMKax peam3alnii MeXXIyHAPOI -

HOTO mpoeKTa "YIIpaBisieMblii CUHTE3 MEMPUCTOPHBIX

CTPYKTYp Ha OCHOBE HaHOPa3MEPHBIX KOMITO3UIIMIA OK-

CUJIOB METAJIOB MyTEM OCaXKICHUST aTOMHBIX CJIOEB".

Paboma  ewinoamsnace 6  pamkax — npoekma
14.584.21.0005, ¢punancupyemoeo Munobpuayku PO.
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New Electronic Component Base. Memristor

The article describes the experimental results of the development of a new electronic component base — memristor structures as
the basis for the resistive random access memory (ReRAM) for the computing platforms of a new generation. In this work, the authors
present the results of the investigation of the bipolar and multilevel resistive switching in MIM bilayer structures based on Al,0;
and TiO, thin films, manufactured by ALD method, with platinum electrodes. The structures’ properties mainly depend on the se-
quence of the dielectric layers’ deposition during the manufacture process of MIM structures. In both cases the structures demon-
strated a reproducible and stable behavior over 100 cycles. In case of Pt—Al,03—TiO,—Pt bilayer system there was a bipolar re-
sistive switching with two stable nonvolatile states, with low and high resistance. In case of Pt—TiO,—Al,— Pt bilayer system, a mul-
tilevel resistive switching with a lot of nonvolatile stable states dependent on the applied voltage was observed.

Keywords: electronic component base, memristor, resistive random access memory, resistive switching

Introduction

The actively discussed problems and prospects for
development of the basic devices of micro- and nano-
electronics for confinement of the charges in a contin-
uously decreasing volume, memory, in particular, are
defined by the necessity of increasing the memory’s

density, number of switching cycles, storage time, and,
finally, increase of the speed of access. Special attention
is devoted to the energy consumption, which correlates
with the memory capacity.

The fundamental physical principles underlying the
Flash memory impose natural restrictions on its poten-
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tials and the development prospects. Among the draw-
backs of the Flash memory, certainly, should be men-
tioned its low speed of recording.

The radiation resistance of the devices of the existing
and future non-volatile memory is considered separate-
ly. This parameter is connected with the behavior of the
working structures under the influence of the ionizing
radiation (in a wide understanding of the term: x-ray
and gamma rays, flows of neutrons and heavy particles),
which will determine the radiation resistance of the de-
vices. Exactly in this respect the classical memory de-
vices (for example, Flash) based on the charge confine-
ment appear to be the most vulnerable. The ionizing ra-
diation creates additional channels for the leak currents
(the mechanisms of their formation can be rather di-
verse), which, in the long run, leads to a degradation of
the devices and loss of information. All that compels us
to search for alternative solutions, which offer the struc-
tures based on different physical principles and with good
prospects for development of a non-volatile memory.

Main "candidates" for the perspective non-volatile
memory, meeting the above requirements, are the mem-
ory with a variable phase state (PCM, PRAM, PCRAM,
Ovonic Unified Memory, Chalcogenide RAM) [1—11];
ferroelectric non-volatile memory (FeRAM) — with
the design similar to DRAM, (condenser on the ferro-
electric basis); magnetoresistive memory (MRAM) — a
memory device with a random access, which stores in-
formation by means of the magnetic moments, but not
the electric charges. Not going into details of the anal-
ysis of the advantages and disadvantages of the above
versions, we should point out, that the physical princi-
ples underlying the above structures, create certain
problems connected with the energy consumption,
density of recording and speed of switching [12—19].

Physical principles of the resistive memory
of a direct access (ReRAM)

One of the promising directions for development of
the non-volatile memory is the resistive memory
(ReRAM). Data storage in the cells of the resistive
memory is carried out due to the change of the resist-
ance of the metal/dielectric/metal (MDM) structure
during supply of the potential difference between the
electrodes. From here comes the term "memresistor”" —
a resistor with the memory, resistance of which depends
on the quantity of the charges, which pass through it.
In this case information storage occurs at the level of
the electrophysical properties of a material, instead of
the electric charge, which brings an element of stability,
increases the density and speed of data recording, and
decreases the power consumption. It is expected, that
by scaling and speed of switching the memresistors cor-
respond to the requirements of a non-volatile memory.
Moreover, very promising is the low energy consump-
tion of the data recording, ability of a memresistor to
have multilevel states and the prospects of its applica-
tion in the artificial neuromorphic computer systems
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with a new technology of the data storage, processing
and transmission.

Memresistor was theoretically offered in 1971 by
L. Chua [20—22], but aroused considerable interest
only after the works of R. Williams and the research of
HP laboratory [23], which declared development of a
solid-state structure, implementing the memresistor
properties. It is assumed, that the switching and mem-
ory effects, observed in the metal/oxide/metal (MOM)
structures in recent more than 40 years, are a display of
memresistivity. They are observed in a wide variation
of the materials of thin films (ZnO, NiO, SiO,, TiO,,
Z10O,, SrTiO3, Prj;Caj sMnO;3, etc.) and electrodes
(Pt, Au, Ag, Al, TiN, etc.). This proves the hypothesis
aboui existence of the fourth basic element of the elec-
tric chains [24—38]. This stimulates interest to the
search of the possible mechanisms responsible for the
switching and memory effects in MOM structures. There
are theories and models explaining the mechanisms of
the resistance switching in such devices. Among the
known models it is possible to mention models of con-
ductivity with the mechanisms of formation and rup-
ture of the conducting threads within the active layer
[38, 39], modulations of Schottky barriers [40, 41] con-
nected with filling in and cleaning of the traps [35]
based on Mott-Anderson transitions [36], on the proc-
ess of the thermochemical and electrochemical oxida-
tion-reduction reactions [44, 45].

The most popular approaches to understanding of
the resistance switching (bi- and unipolar processes) are
the models based on formation and rupture of the con-
ductivity threads. As a rule, it is a question of variation
of the concentration of the oxygen vacancies in "the
conductivity channels". Actually, the latter is a plati-
tude and is recognized as the basic mechanism leading
to the phenomenon of the resistance switching in MDM
structures. However; a discussion arises around the
mechanisms of control of "the conductivity channels":
formation and rupture, changes of the properties of the
material, etc. The discussion is heated by the division of
the effect into the bipolar and unipolar switching, the
division of the formation depending on the polarity of
the applied voltage. All this is complicated by the de-
pendences on the material and thickness of the working
layer (oxide), and the size of the top electrode. Al-
though many questions still remain without an answer,
it is possible to ascertain confidently, that both the type
and the concentration of the point defects within a layer
have a direct relation to the switching processes.

Besides the switching mechanisms, there are also
certain unresolved problems complicating penetration
into the market of highly-integrated memory (ReRAM).
Among them are the problems of integration and com-
patibility with the existing technology, heterogeneity in
switching of the structures, and instability of the pa-
rameters of the memory cells. The problem, which de-
serves special attention, is connected with the necessity
to apply the procedure of electric formation (supply of
impulses of a rather high amplitude and certain polar-




ity), which presents a certain difficulty and also con-
tains ambiguity of the parameters of the generated
structures of a non-volatile memory. Despite an abun-
dance of the unresolved problems, there is a stable in-
terest to realization and optimization of the working
structures of the memresistors with the use of the meth-
ods of synthesis of the active environment (mostly ox-
ides), various configurations of the multilayered struc-
tures, and variations of the design features of the de-
vices. This allows us to hope for development of a uni-
versal memory device, which is non-volatile as a Flash,
can be quickly programmed and has time of access as
SRAM, high density and low energy consumption. If
such a memory is feasible, it can replace not only Flash,
but also, probably, DRAM and become a universal car-
rier, i.e. replace Flash, main memory DRAM and a
hard disk, and, finally, change the principles of the
computing systems. Summing up, it is possible to assert
with confidence that the resistive memory of a random
access (ReRAM) is the candidate for such a universal
memory.

In the end of the section we present a table com-
paring the parameters of the presently used and per-
spective memories, understanding, that their values for
the latter are approximated.

ReRAM Technology

The technology of the structures of the resistive
memory includes preparation of the substrates, deposi-
tion of the bottom electrode, as a rule, from metals (Pt,
Au, Al, ... and TiN), synthesis of the working layer
(more often, oxides of metals) and deposition of the top
electrode with a diameter not more than 100...300 um.
It should be pointed out, that here we mean experi-
mental samples. For deposition of metals the methods
of magnetron dispersion and electron-ray evaporations,
etc. are used. Synthesis of the metal oxides is carried out
by the jet magnetron dispersion, and also Atomic Layer
Deposition (ALD). The latter received rather wide cir-
culation since it allows us to obtain high quality thin
films of metals’ oxides (a wide spectrum of materials,
stoichiometry, uniformity by thickness, multilayered
structures with a sharp interface, etc.). At the same
time, in the market there are ALD installations of suf-
ficiently high level (for example, TFS 200 from Finnish
company Benegq).

The presented results of realization of the elements of
resistive memory were obtained on the basis of memre-
sistor two-layer structures of TiO,/Al,O5 (30 nm/5 nm)
and Al,03/TiO, (5 nm/60 nm), manufactured by the
atomic layer deposition). As precursors trimethyla-
Iminium (TMA) or tetrakis-dimethylamino of titanium
(TDMAT) and H,O were used, while the temperature
of Pt/Ti/SiO,/Si substrate during the synthesis was
200 °C. Films of the titanium and aluminum oxides
(Al,O3, TiO,) were deposited by ALD method on
Si/SiO, substrates (plates of monocrystal silicon with
thermally grown oxide) with the bottom Pt electrode de-
posited on TFS 200 installation from Beneg Co. (fig. 1).

After the deposition the samples were annealed in the
air or in the oxygen atmosphere. The refraction index
for Al,05 and TiO, films was 1,6...1,63 and 2,35...2,45,
accordingly. The growth rate for Al,O5 films was
1,1...1,3 A/cycle, and for TiO, films 0,5...0,65 A/cycle.

The top Pt electrodes were formed by the electron-
beam evaporation with the use of a metal mask. The ar-
ea of the top electrodes was 10~* cm?. The volt-ampere
characteristics (VAC) were measured at a room tem-
perature in the air and in vacuum, using the measure-
ment system for parameters of Keithley 4200-SCS sem-
iconductors. Voltage was supplied to the top Pt elec-
trode, while the bottom electrode was earthed.

Electrophysical properties
of the two-layer memresistor structures

Variation of the sequence of the layers of the alu-
minum and titanium oxides pursued the research aims.
It was expected, that it would allow us to expand the
functionalities and to improve the key parameters of the
structures with the effect of resistive switching and mem-
ory. Formally, Pt/TiO,/Al,05/Pt systems are symmet-
ric, however, they have different electric properties: for
example, the resistance of the structures after manufac-
turing differs by seven orders. Hereinafter the resistance
measurements were done at supplying of a low (0,1)
constant voltage. No appreciable changes of the prop-
erties of the structures were expected. A possible reason
for a considerable difference in resistance of the mul-
tilayered structures can be connected with the specific
features of their technology, in particular, with various
duration of the thermal influence during the synthesis
of the films (the substrate temperature during deposi-
tion of the films was equal to 200 °C) and the atmos-
pheric influence during annealing after the deposition
of the layers (220 °C, 2 min.). In the first case during
the synthesis the "bottom" film was subjected to high
temperature during a twice longer period of time. Dur-
ing annealing the atmosphere can have an essential im-
pact on the "top" film. We should point out, that in the
process of the work the layers were counted from a sub-
strate (from below) upwards.

Pt/Al,05/TiO,/ Pt Structures. VAC of
Pt/Al,05/TiO,/Pt structures are typical for the mem-
resistors, which demonstrate bipolar switching of resist-
ance between the two steady non-volatile states (fig. 2, a,
see 3-rd side of the cover). Exactly such a behavior is
basic for development of a non-volatile resistive mem-
ory (ReRAM). A steady bipolar switching of the resist-
ance with correlation of R,,/R s~ 102 controlled by a
low voltage of =0,8 V was observed after a two-stage
electric formation. The resistance in a high-resistance
state (HRS) was 2 - 103 Q, while in the low-state (LRS)
is was equal to 2,8 - 10' Q.

We assume that the first step of a nontrivial two-
stage electric formation was connected with an irrevers-
ible breakdown of Al,O5 layer. In this case, at the pos-
itive voltage of +5 V on the top Pt electrode, with re-
striction of the current of 10 mA, the current between
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the electrodes sharply increased (up to the restricted
level) and Joule heat was emitted, and, as a conse-
quence, there was a thermal, irreversible breakdown.
The resistance changed by two orders. The system
changed its state from the initial up to "the intermedi-
ate" one. The second step was connected with creation
of TiO,_, layer rich with the oxygen vacancies near the
top Pt electrode, when the voltage of 2,2 V was applied.
In this case the system changed from an intermediate
state to "a high-resistance" state.

After formation (the second stage) the layer near the
top Pt electrode was enriched by the oxygen vacancies,
i.e. an oxygen impoverished layer of titanium oxide
TiO,_ , was formed. The set occurred, when the voltage
of +0,8 V was supplied to the top electrode (fig. 2, b).
The system changed its state from HRS up to LRS. The
resistance changed by two orders: from 2 - 103 up to
2,8+ 10" Q. An opposite switching occurred, when the
voltage of —0,8 V was supplied and the system returned
to HRS (fig. 3, ¢). In this type of structures a steady
switching occurred between, the two states, at that,
both states remained for quite a long time, demonstrat-
ing an effect of a non-volatile memor.

In order to investigate the influence of the atmos-
phere and the electrode material on the switching abil-
ity, Pt, Al and Au were used as materials for the top
electrode, and the measurements were done in vacuum
and in the air. As is known, the Pt films are rather gas-
permeable, while Au and Al are not. Possibly, for this
reason, when Au and Al were used as the top elec-
trode, no appreciable influence of the atmosphere or
vacuum was observed. In case of Pt electrode in vacu-
um a degradation was observed of the effect of switch-
ing (fig. 3, a), which did not occur in the air (fig. 3, b).
This fact indirectly confirmed the model of switching
connected with the drift of the oxygen vacancies, i.e.
the system exchanged oxygen with the surrounding en-
vironment. It is obvious, that in vacuum the exchange
is unilateral, which leads to an irreversible loss of oxy-
gen and, finally, degradation of the structure — loss of
the ability to switching.

Thus, the use of cheaper materials as electrodes of
MOM structures is not only expedient but also is pref-
erable from the technical point of view, because it raises
reliability of the structures.

Pt/ TiO,/Al,0;3/ Pt Structures. In previous case TiO,
was an active layer ensuring switching and memory. In
this type of structures with an opposite arrangement of
TiO, and Al,O5 layers, the resistance increases more
than by 7 orders. It is obvious, that such a resistance
can be ensured only by Al,O3 layer considering its
specific resistance (10!3...1015 Q-cm). The specific
resistance of the unalloyed anatase and rutile is equal to
10%...107 Q- cm, but because of formation of Ti3+, it
can decrease down to 1071 Q - cm for anatase and down
to 102 Q- cm for rutile [40].

There are reasons to believe that the active layer of
switching is Al,O5, while TiO, is a reservoir of the ox-
ygen vacancies. This structure differs by a confidently
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observable multilevel switching, and without prelimi-
nary formation. This means that the two-layer structure
is ready for switching directly after its synthesis (fig. 4, a,
see 3-rd side of the cover), i.e. the formation is carried
out already at the technology stage: synthesis and high-
temperature annealing. Obviously, such a technology
is, preferable in the sense of its coordination with "the
classical" CMOS technology during creation of the spe-
cialized computing systems.

A set for Pt/TiO,/Al,03/Pt structures occurs at the
negative voltage on the top electrode, and a reset — at
the positive voltage, i.e. switching occurs clockwise
(while in the previous case — counterclockwise). These
cycles are steadily repeated with the resistance changes
by seven orders, i.e. from § - 1012 upto 6+ 10° Q. Dif-
ferent level of switching depends on the negative volt-
age (growth in absolute value) reducing the remem-
bered resistance.

When a negative voltage is applied to the top elec-
trode, a drift of the oxygen vacancies is observed from
TiO,_, to Al,O3, which ensures displacement of the
zone diagram, leading to injection of the charge carriers
(fig. 5, a).

An increase in concentration of the oxygen vacan-
cies leads to an increase in the concentration of the
traps (1,5 eV of energy [40]) in the forbidden zone of
Al,O5 (fig. 5). This leads to occurrence of conductivity
in Al,O5 layer (fig. 5, b). The concentration of traps
depends on the voltage, therefore, we can observe oc-
currence of conductivity and change of the levels of
switching. The jump transport on the trap centers is ex-
plained by a strong dependence of the conductivity at
a little potential change on the top electrode.

In this case the dependence of the conductivity of
the structure (Al,O5 layer) on the potential difference
between the electrodes and, as expected, on the con-
centration of the localized states (/N) in the zone of
conductivity Al,O3, is determined by the mechanism of
the jump transport, when conductivity is caused by in-
elastic tunneling between the nearest centers [48, 49].
Obviously, the resistance of the dielectric layer will be
determined by a grid of random resistances (Abra-
hams—Miller) and in the first a3pproximation by the per-
colation radius » = 0,085N - , when the resistance of
the layer can be written down as

1,73
p= POeXp(_’ ],
aN'3

2
where a =

— is the Bohr radius. The injection
geme

into the volume can be carried out by two methods:
tunneling by the mechanism of Fowler—Nordheim,
thermal electron emission and thermostimulated tun-
neling. The thermostimulated tunneling dominates in
the middle fields and middle temperatures (when the
thermal energy is insufficient for overcoming of the po-
tential contact barrier).




Conclusion

Creation of the element base for the micro- and
nano-electronics based on new principles determines
prospects for improvement of the parameters of the de-
vices of the non-volatile memory and development of
a new generation of the computing systems, including
the neuromorphic ones.

With the use of the two-layer MDM systems of
Pt/TiO,/Al,03/Pt and Pt/Al,05/TiO,/Pt with consid-
erably differing properties, the memresistor structures
were received with a steady bipolar switching. The pro-
posed mechanism of switching opens prospects for de-
velopment of multilevel systems on the basis of the
multilayered structures.

The ultimate goal of development of an electronic
component — memresistor, a nonvolatile memory de-
vice, the functioning of which is based on a change
(switching) of the resistance, is formation of a memre-
sistor memory, which promises earlier unattainable pa-
rameters and opportunities:

— non-volatility and energy efficiency (storage in
the memory of not a charge, but a state corresponding
to a certain conductivity);

— multilevel logic states (storage in one memory cell
of more than one bit of information);

— ultrahigh density of the data recording (a multi-
layer three-level composition with a minimal energy re-
lease);

— ultrahigh speed of the data exchange (integration
of the main and long-term memory);

— unlimited time of information storage (storage of
not a charge, but of the level of resistance).

The presented results for creation of the memresistor
structures [50, 51] as the basis of a new neuromorphic
computer platform were received by the authors of the
given article representing NIMS (National Institute for
Materials Science, Japan) and St. Petersburg State
Electrotechnical University (LETT), within the frame-
work of the international project "Controlled synthesis
of the memresistor structures on the basis of the nano-
sized compositions of metal oxides by deposition of
atomic layers" (the work was carried out within the
framework of the project 14.584.21.0005 financed by the
Ministry of Education and Science of Russia).

References

1. Adler D., Henisch H. K., and Mott N., The mechanism
of threshold switching in amorphous alloys, Rev. Mod. Phys.,
1978, vol. 50, p. 209.

2. Kazakova L. P., Lebedev E. A., Smorgonskaya E. A. Ele-
ktronnie yavlenia v halkogenidnih stekloobraznih poluprovodnikah,
otv. red. K. D. Cendin, Saint-Petersburg.: Nayka, 1996. 486 p.

3. Yamada N., Ohno E., and Nishiuchi K. Rapid phase tran-
sitions of GeTe—Sb,Te; pseudobinary amorphous thin films for
an optical disk memory, J. Appl. Phys., 1991, vol. 69, no. 5,
pp. 2849—2856.

4. Bruns G., Merkelbach P., and Schlockermann C. Nano-
second switching in GeTe phase change memory cells, Appl.
Phys. Lett., 2009. vol. 95. p. 043108.

5. Burr G. W., Breitwisch M. J., and Franceschini M. J.
Phase change memory technology, Vac. Sci. Technol. B, 2010,
vol. 28, no. 2. pp. 223—262.

6. Lai S. Current status of the phase change memory and its
future, IEDM Tech. Digest., 2003, pp. 255—258.

7. Chen Y.-C., Rettner C. T., Raoux S. Ultra-Thin Phase-
Change Bridge Memory Device Using GeSb, IEDM Tech. Digest.,
2006, pp. S30P3.

8. Choi Y., Song I., and Park M.-H. A 20 nm 1,8V 8Gb
PRAM with 40MB/s Program Bandwidth, /EEE International
Solid-State Circuits Conference, 2012.

9. Wong H.-S. P., Raoux S., Kim S. B., Liang J., Reifen-
berg J. P., Rajendran B., Asheghi M., and Goodson K. E. Phase
change memory, Proceedings of IEEE, 2010, vol. 98, no. 12,
pp. 2201—2227.

10. Pellizzer F., Benvenuti A., Gleixner B., Kim Y., Johnson B.,
Magistretti M., Marangon T., Pirovano A., Bez R., and At-
wood G. A 90nm Phase Change Memory Technology for Stand-
Alone Non-Volatile Memory Applications. VLSI Technology,
Digest of Technical Papers Symposium on, 2006, pp. 122—123.

11. Boniardi M., Redaelli A., Pirovano A., Tortorelli I.,
Ielmini D., and Pellizzer F. A physics based model of electrical
conduction decrease with time in amorphous Ge,Sb,Tes., J. of
Appl. Phys., 2009, vol. 105, no. 8, p. 084506.

12. Bae B.-J., Kim S., Zhang Y., Kim Y., Baek I.-G., Park S.,
Yeo I.-S., Choi S., Moon J.-T., Wong H.-S. P., Kim K., 1D
thickness scaling study of phase change material (Ge,Sb,Tes) us-
ing a pseudo 3-terminal device, Proc. IEEE International Electron
Devices Meeting, 2009, pp. 93—96.

13. Celii F., Thakre M., Gay M., Summerfelt S. Plasma Etch
Processes for Embedded FRAM Integration, Integr. Ferroelectr.,
2003, vol. 53, pp. 269—277.

14. Lee S., Noh K., Kang H., Hong S., Yeom S., and Park Y.
Characterization of Hynix 16M Feram Adopted Novel Sensing
Scheme, Integr. Ferroelectr., 2003, vol. 53, pp. 343—351.

15. Fujii E., Uchiyama K., First 0,18 um SBT-Based Embed-
ded FeRAM Technology with Hydrogen Damage Free Stacked
Cell Structure, Integr. Ferroelectr., 2003, vol. 53, pp. 317—323.

16. Kim K., Song Y., Current and Future High Density
FRAM Technology, Integr. Ferroelectr., 2004, vol. 61, pp. 3—15.

17. Fujitsu Semiconductor. Memory Manual. FRAM Guide
Book. Japan: FUJITSU LIMITED Electronic Devices, 2005. 57 p.

18. Scott J. F. New developments on FRAMs: 3D structures
and all-perovskite FETs, Mat. Science and Eng, 2005, vol. 120,
pp. 6—12.

19. Maruyama K. New Ferroelectric Material for Embedded
FRAM LSIs — Fujitsu, FUJITSU J. Sci. Tech., 2007, vol. 43,
no. 4, pp. 502—507.

20. Chua L. O. Resistance switching memories are memris-
tors, Appl. Phys. A., 2011, no. 102, p. 765783.

21. Chua L. O. Memristor — the Missing Circuit Element,
Circuit Theory. IEEFE Trans., 1971. vol. CT 18, pp. 507.

22. Chua L., Kang S. Memristive devices and systems, Proc.
IEEE., 1976, vol. 64, p. 209.

23. Strykov D., Snider G., Stewart D., Williams S. The miss-
ing memristor found, Nature, 2008, vol. 453, pp. 80—83.

24. Lin C. Y., Wu C. Y., Lee T. C., Yang F. L., Hu C.,
Tseng T. Y. Effect of top electrode material on resistive switching
properties of ZrO, film memory devices, /EEE Electron Device
Lett., 2007, vol. 28, no. 5, pp. 366—368.

25. Liu Q., Long S., Wang W., Zuo Q., Zhang S., Chen J.,
Liu M. Improvement of resistive switching prorerties in ZrO,-
based ReRAM with implanted Ti ions, IEEE Electron Device
Lett., 2009, vol. 30, p. 1335.

26. Lin C. Y., Wu C. Y., Tseng T. Y., Hu C. Modified resis-
tive switching behavior of ZrO, memory films based on the in-
terface layer formed by using Ti top electrode, J. Appl. Phys.,
2007, vol. 102, p. 094101.

27. Wang S. Y., Lee D. Y., Tseng T. Y., Lin C. Y. Effects of
Ti top electrode thickness on the resistive switching behaviors of
RF-sputtered ZrO, memory film, Appl. Phys. Lett., 2009, vol. 95,
p. 112904.

28. Wu M. C., Lin Y. W., Jang W. Y., Lin C. H., Tseng T. Y.
Low-Power and Highly Reliable Multilevel Operation in ZrO,
RRAM, IEEFE Electron Device Lett., 2011, vol. 32, pp. 1026—
1028.

29. Panda D., Dhar A., and Ray S. K. Non-volatile Memris-
tive Switching Characteristics of TiO, Films, /EEE Trans. Nano-
technol, 2011, vol. 11, no. 1, p. 51.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016 307




30. Kim K. M., Choi B. J., Jeong D. S., Hwang C. S.,
Hun S. Resistive Switching Mechanism of TiO, Thin Films
Grown by Atomic-layer Deposition, Appl. Phys. Lett., 2006,
vol. 89, p. 162912.

31. Choi B. J., Choi S., Kim K. M., Shin Y. C., Hwang C S.,
Hwang S. Y., Cho S. S., Park S., Hong S. K. Study on the re-
sistive switching time of TiO, thin films, Appl. Phys. Lett., 2000,
vol. 89, p. 012906.

32. Sawa A., Fujii T., Kawasaki M., Tokura Y. Hysteretic
current-voltage characteristics and resistance switching at a rec-
tifying Ti/Pr, ;Ca, ;MnO; interface, Appl. Phys. Lett., 2004,
vol. 85, pp. 4073—4075.

33. Lin M. H., Wa M. C., Lin C. H., Tseng T. Y. Resistive
switching characteristics and mechanisms of Pt-embedded SrZrO,
memory devices, J. Appl. Phys., 2010, vol. 107, no. 12, p. 124117.

34. Lin M. H., Wu M. C., Lin C. H., Tseng T. Y. Effects of
vanadium doping on resistive switching characteristics and mech-
anisms of SrZrO;-based memory films, /EEE Trans. Electron De-
vices, 2010, vol. 57, no. 8, pp. 1801—1808.

35. Xu N., Liu L., Sun X., Liu X., Han D., Wang Y., Han R.,
Kang J., Yu B. Characteristics and Mechanism of Conduc-
tion/Set Process in TiN/ZnO/Pt Resistance Switching Random-
Access Memories, Appl. Phys. Lett., 2008, vol. 92, p. 232112.

36. Chen M. C., Chang T. C., Tsai C. T., Huang S. Y.,
Chen S. C., Hu C. W., Sze S. M., Tsai M. J. Influence of elec-
trode material on the resistive memory switching property of in-
dium gallium zinc oxide thin films, Appl Phys Lett., 2010, vol. 96,
p. 262110.

37. Panda D., Dhar A., Ray S. K. Nonvolatile and unipolar
resistive switching characteristics of pulsed laser ablated NiO
films, J. Appl. Phys., 2010, no 108, p. 104513.

38. Ielmini D., Cagli C., Nardi F., Physical models of size-
dependent nanofilament formation and rupture in NiO resistive
switching memories, Nanotechnology, 2011, vol. 22, no. 25,
p. 254022.

39. Zhirnov V. V., Reade R., Cavin R. K., Sandhu G. Scaling
limits of resistive memories, Nanotechnology, 2011, vol. 22,
p. 254027.

40. Kim D. C, Seo S., Ahn S. E., Suh D. S., Lee M. J.,
Park B. H., Yoo I. K., Baek I. G., Kim H. J., Yim E. K.,
Lee J. E., Park S. O., Kim H. S., Chung U. In., Moon J. T.,
Ryu B. 1. Electrical observations of filamentary conductions for

the resistive memory switching in NiO films, Appl. Phys. Lett.,
2006, vol. 88, p. 202102.

41. Lee S. B., Lee J. S., Chang S. H., Yoo H. K., Kang B. S.,
Kahng B., Lee M. J., Kim C. J., Noh T. W. Interface-modified
random circuit breaker network model applicable to both bipolar
and unipolar resistance switching, Appl. Phys. Lett., 2011, vol. 98,
p. 033502.

42. Hur J. H., Lee M.-J., Lee C. B., Kim Y.-B., Kim C.-J.
Modeling for bipolar resistive memory switching in transition-
metal oxides, Phys. Rev. B., 2010, vol. 8, p. 155321.

43. Wuttig M. and Yamada N. Phase-change materials for re-
writable data storage, Nat. Mater., 2007, no. 6, p. 824.

44. Waser R. Electrochemical and thermochemical memo-
ries, IEEE International Electron Devices Meeting, Tech. Dig.,
2008, p 289292.

45. Waser R. and Aono M. Nanoionics-based resistive switch-
ing memories, Nat. Mater., 2007, vol. 6, p. 833840.

46. Tang H., Prasad K., Sanjines R., Schmid P. E. Levy F.
Electrical and optical properties of TiO, anatase thin films, J. of
Appl. Phys., 1994, vol. 75, no. 4, pp. 2042—2047.

47. Nasyrov K. A., Gritsenko V. A. Transport mechanisms of
electrons and holes in dielectric films, Phys. Usp., 2013, vol. 183,
no. 10, pp. 1099—1114.

48. Pollak M., Shklovskii B. Hopping transport in solids.
Holland: North. 1991. 143 p.

49. Shklovskii B. 1., Efros A. L. Electronic Properties of
Doped Semiconductors (Berlin: Springer-Verlag, 1984) [Trans-
lated from Russian: Elektronnye Svoistva Legirovannykh Polu-
provodnikov (Moscow: Nauka, 1979)]

50. Alekseeva L., Chigirev D., Chikyow T., Nabatame T., Os-
achev E., Petrov A., Romanov A. Resistive switching and mem-
ory effects in metal oxide thin films grown by atomic-layer dep-
osition, INC 11 Japan NanoDay, Hilton Fukuoka Sea Hawk,
Fukuoka, Japan. May 11—13. 2015.

51. Alekseeva L., Petrov A., Romanov A., Chikyow T.,
Nabatame T., Chigirev D., Osachev E. Resistive Switching and
Memory  Effects in  BE-Pt/Al,0;/TiO,/Pt-TE  and
BE-Pt/TiO,/AlO;/Pt-TE Systems Fabricated by Atomic Layer
Deposition, Dielectric Thin Films For Future Electron Devices
(Science and Technology) IWDTF-2015, November 2—4, 2015,
Miraikan, National Museum of Emerging Science and Innova-
tion, Tokyo, Japan, pp. 65—66.

VK 621.382

A. B. AdanacebeB, KaHa. TeXH. Hayk, gou., B. A. WiubuH, KaHa. ¢u3.-MaT. HayK, AOL.,
B. B. Jlyuunun, 1-p TexH. Hayk, npod., 3aB. Kad., nupekrop HOLI, A. 1. MuxaiiioB, aciupaHT,

e-mail: m.aleksey.spb@gmail.com

Cankr-IlerepOyprckuii TocyaapCTBEHHBIN 3JeKTpoTeXHMYecKuil yHuBepcutet "JIDTN",
C. A. PemanoB, kaHa. TexH. HaykK, dr. rer. nat., IMPeKTOp IO Pa3BUTHUIO,

A. Schéner, dr. rer. nat., TeXHUYECKUI TUPEKTOD,
Ascatron AB, Yucra, lIBenus

OTEYECTBEHHAS KAPBMAOKPEMHUEBASA SAEKTPOHHAA
KOMMNOHEHTHAS BA3A — CUMAOBOM SiC MAM-TPAH3UCTOP

Ilocmynuna 6 pedaxuyuro 01.03.2016

[Ipedcmasaennvt pezyabmamol paspabomku, co30anHUs U IKCHEPUMEHMAAbHBIX UCCAe008aHUll cun068020 MJ[II-mpanzucmopa Ha
Kapobude KpeMHUs — NEPCHEeKMUBHO20 KOMNOHEHMA CUA0BOU BbICOK0BONBIMHOU ObicMPOOetiCMEYouell 2N1eKMPOHUKU.

Karoueevie caoea: cunrosas snekmpoHuka, Kapoud KpemHus, mpaH3ucmop, no03ameopHblil OUINEKMPUK

Bsenenune

HeobxoaumocTs (popmupoBaHus B Poccun kapou-
JMOKPEeMHHMEBON WHAYCTPUHM KaK OIHOTO M3 TIPUOPH-
TETHBIX HaMpaBJICHUI MpU pelIeHUur 3aJa4 UMITOPTO-
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3aMEeNICHUS SJIEKTPOHHOI KOMITOHEHTHOM 0a3bl (DK DB)
U obecrieyeHUs MapuTeTa B TEXHOJOTUSIX, OMpEae-
JISSIOLIUX HAYYHO-TEXHOJIOTUYECKOe MPEBOCXOICTBO U
0€30IMacCHOCTb TOCYIapCTBa, HE BBI3bIBAET COMHEHUIA.




OnHakKo 10 HACTOSILETro BpeMeH! (paKTUYECKU OTCYT-
CTBOBaJl CHUCTEMHBIH ITOAXOJ K pELIeHWIO BOIpoca
¢opmupoBanusi B Poccum coBpeMEHHOrO IIPOMBIIII-
JICHHOTO MPOM3BOCTBA MOJYITPOBOJHUKOBOIO Kapou-
Ja KpeMHUs1 1 oTeyecTBeHHOU DKbB Ha ero ocHoBe.

B ucropuu pa3BUTHSI TEXHOJOTUM COBPEMEHHBIX
0a30BbIX MAaTePUAIOB 2JIEKTPOHHOI TEXHUKH €CTh OIl-
pemelleHHBIE peTliepHble TOYKW, XapaKTepU3YIOILINe
BO3MOXHOCTb Nepexojia K BHEAPSCHUIO B IPOMBIIIICH-
HOE IIPOM3BOACTBO HOBBIX MaTepHaJioB. DTO, Oe3yc-
JIOBHO, 3Tam CTAaHOBJICHMSI, CBSI3aHHBIN C Pa3BUTUEM
TEXHOJIOTMY TIONydYeHUsT MOHOKPHUCTAJIOB TIpHUEMITe-
MBIX pa3MepoOB M KayecTBa, SMUTAKCHATbHBIX (TeTe-
POBTIUTAKCUATBHBIX) CTPYKTYP IUTSI OpraHW3aluyd WH-
TerpaJbHO-TPYIIIIOBOTO TPOU3BOACTBA, a TaKKE TEX-
HOJIOrMYecKasl peajusalus BoCcTpeOOBAaHHOTO TpaH-
3MCTOPHOTO 3JIeMeHTa KaK (DyHKIIMOHAILHOTO Oa3uca
HOBoOI uHAycTpuanbHoii DKB.

B 1976 1. B JIeHMHTpaACKOM 3JIEKTPOTEXHUYECKOM
uHctutyte (JIDTH) BriepBbie B Mupe ObLT pa3paboTaH
1 peaJu30BaH METOJ BhIpalllMBaHUsI OOBEMHBIX KPYII-
HBIX MOHOKPHCTAJIJIOB KapOuma KPeMHMS, KOTOPBIMA
oIpeneana BO3MOXHOCTD ITepexoaa K MPOMBIIILIEHHO-
My IIPOU3BOJCTBY KapOouaokpeMHueBoir Kb B mupo-
BOI IIpAKTUKE.

Lenblo maHHON CTaTbU SIBJISIETCSl NIPEACTaBIIeHUE
creaylolieil 3HaAUNTEILHOM "Bexn" B KapOMIOKpEM-
HuesBoil ucropuu JIDTHU u pa3BUTUU OTeUEeCTBEHHOM
TEXHOJOTHU TIOJYIIPOBOJHUKOBOTO KapOmma KpeMm-
HUSI — CO3IaHME TOJIEBOTO TPAH3UCTOPA C M30JUPO-
BaHHbIM 3aTBopoM (MOSFET) Ha kapOuae KpeMHUs
Kak 6a30Boro ycuautenabHoro ajnemenTa OKb ms ake-
TpeMaJIbHBIX PEXXMMOB M YCJIOBUI 3KCILTyaTalllu.

B coBpeMeHHOI1 3apyOeskHOM MOTyITPOBOJHUKOBOM
WHAYCTPUM KapOWI KPeMHUS TPOYHO 3aHSUT HUIIY
MaTepuasa CUJIOBOI BBICOKOBOJBTHOMN 3JEKTPOHUKMU.
B oredecTBeHHOI TpakTWKe TaKKe IEKIapUpyeTCs
MOsIBJICHUE KapOUIOKPEMHUEBBIX CUJIOBBIX MOIYJEH,
ogHako o cux mop Oaszomas DKb saBmsercs 3aumct-
BOBAHHOM M3-3a py0exa, U TO3TOMY JaHHbIE KOHCT-
PYKTOPCKO-TEXHOJIOTUYECKUE PEIICHUS HENb3s TPH-
3HATh MMITOpPTO3aMellaIMMU. [IpUMEeHUTENTbHO K
CO3/IaHUIO PealbHOM COOCTBEHHOI KapOUaoKpeMHUe-
Boit DKb cneayer ormetuth OKP, peanuzyemyto 1o
3aka3y Munnpomropra P®D, "Pazpaborka 1 ocBoeHUE
MMPOM3BOACTBA JIMHUY KOMMYTHUPYIOIINX 3JIEMEHTOB C
HAHOCEKYHAHBIMM M MTUKOCEKYHIHBIMU BpeMEHaMU Tie-
peximodeHus u pabounmu HanpskeHussmu 30...3000 B
(mmdp "Anmapat 10")". bazoBasi KOHCTPYKTOPCKO-TeX-
Honornyeckasi pa3padborka Oblia BhITTOJNIHEHA B LleH-
Tpe MUKpoTexHojoruu u amarHoctuku CIIGIDTY
(JIDTH), a 0CHOBHBIM PE3YJIbTATOM PaOOTHI SIBJSETCS
opranmzanus B Poccun Ha 6aze OAO "CsetiaHa" ce-
PUITHOTO BbIITycCKa MPUOOPOB CUIOBOM BbICOKOBOJIBT-
HOM 3JIEKTPOHUKHU Ha KapOwme KpeMHUS.

B uensx pazsutus oreyectBeHHO DKb B obnactu
KapOUIOKPEMHUEBOI TPAH3UCTOPHOM 3JIEKTPOHUKU B

CIIoI'DTY (JIDTH) ObL1 BBHIIIOJHEH KOMIUIEKC MHM-
LIMAaTUBHBIX MCCJIeNOBaHUI MO pa3paboTke U co3aa-
Huio MIII-tpan3ucropa.

KapbunokpeMHueBble KOMIIOHEHTHI CUJIOBOM 3JI€K-
TPOHUKM OOJIAAIOT PSIIOM MPEUMYIIECTB MO0 CpaBHE-
HUIO ¢ KpEMHHMEBBIMI: BBICOKOE HaIMPSIKEHHUE TIPOOOST,
HU3KOEe CONMPOTUBJICHUE aKTUBHOM OOJIACTH, BHICOKAS
pabouasi yacTtoTa, HU3KWE TIOTEpH NP TIepeKITioue-
HUU, BbICOKasi MaKCMMaJibHas paboyas TemiepaTypa u
BbICOKASI TNIOTHOCTb KOMMYTUPYEMOU MOLIHOCTU. DTO
MO3BOJISIET YMEHBIIUTh O0BEM, MAaccy, CTOMMOCTb U
YPOBEHD 1IIyMa CUJIOBBIX 3JIEKTPOHHBIX CUCTEM 3a CUeT
yBeJIn4YeHUs 3PPEeKTUBHOCTU U paboyveid YaCTOThI, OT-
Kasza OT MPUHYIUTEIbHOTO OXJIaXIEHUs 3JIEKTPOHHBIX
KOMITOHEHTOB M WCIIOJIb30BAHUST TTACCHUBHBIX KOMIIO-
HEHTOB MEHBIILIETO pa3Mmepa.

B kpatkocpouHoit mepcnekTuBe cunoBbie MJITT-
TpaH3ucTopbl Ha 4H-monmtune kapouga KpeMHUs
CITOCOOHBI 3aMeHUTh KpeMHueBble M/ITT-TpaH3ucTO-
pbl, OUTOJISIpPHBIE TPAH3UCTOPBLI U OUITOJISIPHBIE TPaH-
3UCTOPbl C M3OJMPOBAHHBIM 3aTBOPOM B JMana3oHe
MpoOUBHBIX HanpspkeHuit 0,6...4 kKB, MOCKOILKY OHU
SIBJITIOTCSI 00Jiee BBICOKOYACTOTHBIMM, YIIPaBJISIEMbI-
MU HampsikeHueM IpudopamMy C HU3KHMMU CTaTuye-
CKVMMH ¥ TUHAMUYECKUMU TTOTEPSIMU.

Ilenpro paboTHI SBISIACH pa3paboTKa U CO3MaHUE
cuinoBoro BepTukanbHoro MJIIT-Tpan3ucropa Ha Kap-
Ouge KpeMHHUsI.

st 1oCTUXKEeHUS TOCTaBAEHHON LieJy pellaiuch
cJenyolme 3a1auu:

e pa3paboTKa KOHCTPYKIINK CHIIOBOTO BEPTUKAIBHO-
ro MJ/IIT-tpan3ucropa Ha SiC;

e TIIPOBEICHUE KOMILJIEKCAa HCCIEIOBAaHUI BJIEKTPO-
(bm3MYecKUX CBOMCTB IMOA3aTBOPHOIO AMAJICKTPHU-
Ka, c(popMUPOBAHHOTO 1O Pa3IUYHBIM TEXHOJIOTH-
M Ha noBepxHoctH SiC;

e TexHoJiornueckas peanusanus cuioBbix MJIII-
TPaH3UCTOPOB Ha KapOuIe KPEMHUS;

e lHcCCllef0BaHKMe 0a30BbIX XapaKTEPUCTUK CO3TaHHbBIX
CUJIOBBIX BepTUKaabHbIX M II-TpaH3UCTOPOB.
KitoueBoit mpoGieMoii MpuU CO3MaHUM OBICTPO-

nmeiicTByromero cujoBoro MJII-Tpan3ucropa Ha

4H-nonuTtune kapouga KpeMHUsI C HU3KUM COIPO-

TUBJICHUMEM KaHaJjla SIBJISIIOTCS DJIEKTpUUECKHUe CBOM-

CTBa MOA3aTBOPHOTO AWUIJEKTPUKA W TPAHMULBI pa3-

nena 4H-SiC/SiO,, yxynarooiye pabouyne Xapakre-

pUCTUKU mpubdopa.

CTpyKTypa mojieBoro TpaH3ucTopa

O6was ctpykrypa cujioBbix MJITT-TpaH3ucTOpOB U
ceyeHue CIPOEeKTUPOBAHHOIO TpaH3MCTOpa U300pa-
KeHbl Ha puc. 1, a u puc. 1, b cOOTBETCTBEHHO. AK-
TUBHOM 4acTbhl0 MpUOOpa SIBJISIETCS] HU3KOJETMPOBaH--
HBI #n CJIOil co c(pOpMUPOBAHHBIMU B HEM p-00Ja-
CTBIO, ntn p+—O6HaCT${MI/I. P oGmacts BBIMOTHSIET
pOJIb KOHTaKTa K p-00JIacTu U (POPMUPYETCS IJISI BbI-
paBHMBaHUS MOTEHIMaIa MEXIY p-00JacTblo U HC-
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Puc. 1. CxemaTnunoe usodopaxenue crpyktypsi MIII-Tpansucropa B ceuenun (a) U 00KoBoe ceyenue paspadorantoro cumiosoro MJITI-Tpan-
3HCTOPa Ha Kapoune kpemuus (b)

Fig. 1. Image of MOSFET section (a) and lateral section of the developed power MOSFET on silicon carbide (b)

. poBnacts y per GEnac,
Kanan P-well J-FET region
Channel ' '

~ poly-Si sateop
poly-Sigale

-

Puc. 2. Crpykrypa sueiiku pa3padoranHoro cuiosoro MJIII-Tpan3ucropa Ha kapouae Kpemums (a), ctpykrypa M/II-Tpan3ucropa (Bug
CBEpXY), COCTOSIIEr0 M3 MACCHBA FeKCArOHAJbHBIX fYeeK M miaBawmux Kojen (b), pororpadus rorosoro ycrpoiictsa pazmepom 1x 1 mm (c)

Fig. 2. Cell of the developed power MOSFET on silicon carbide (a), MOSFET structure (above) from a mass of the hexagonal cells and floating

rings (b), a photo of a ready device with the size of 1x1 mm (c)

ToKOM (M) nns HeWTpanu3aluy Mapa3suTHOTO H-p-H-
TpaH3UCTOpa. B OTKPHITOM COCTOSTHMM, KOTna Ha 3a-
TBOp (3) OPUIOXKEHO IOJOXUTEIbHOE HAIpsSKeHUE
OTHOCHUTEJILHO MCTOKA, TOK MPOTEKAeT Yyepe3 KOHTAKT
K UCTOKY, n" obaactb, KaHal Tpan3ucropa, J-FET-
00J1aCTh, OTPAaHUYEHHYIO ABYMSI p-n IepexoaamMmu, HU3-
KOJIETUPOBAaHHYIO ApeiidoByI0 001aCTh, BHICOKOJIET M-
POBaHHYIO MOIJIOXKY M KOHTakT K cTtoky (C). B 3a-
KPBITOM COCTOSIHMU TPAH3UCTOP IMPEACTaBISIET COOOM
00paTHO-CMEILEHHBbIN p-n-TIepexoll, Ha KOTOPOM Ma-
JaeT HampsKeHWe, MPUIOXEHHOE MEXIy CTOKOM M
ncrokoM. KoHueHTpauusl JIerupyroleid npuMecu u
TOJILIMHA ApeiipoBoii 001acTH OBLIM PAaCCUMTAHBI KCXO-
I U3 KPUTUYECKOTO MOJIsl JaBUHHOTO Mpo0ost Kapouaa
kpeMHus (3 MB/cMm) u HanpsixkeHus: mpoOosT MpoeK-
tupyemoro M/IIT-tpan3ucropa (1200 B) ¢ HekoTOpBHIM
3amacoM. YpOBEHb JIETUPOBaHUsS p-00JacTU Ompene-
JIsieTcsl TIyOMHOM ee 3ajieraHusl, JUIMHOM KaHajla 1 pac-
YETHBIM MPOOMBHBIM HAMpsDKEHWEM MpuOopa U pac-
CUMTHIBAETCSl TaKUM 0Opa3oM, YTOOBI M30eXaTh IIPO-
KoJ1a p-00J1aCTH B 3aKPHITOM COCTOSIHUM TPaH3UCTOPA.

SAueiika TpaH3UCTOPa MMeEJia TeKCaroHaIbHYI0 op-
My (puc. 2, a) ¢ pauHoit KaHana 1 mxm u JFET-o6ma-
CTBhIO LIIMPUHOUN 3 MKM, a IIIMPUHA OOJACTU MePeKpPhI-
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THSI 3aTBOpa 1 1! OOJIACTH MCTOKA COCTABISUIA | MKM.
Tpan3uctop 6bL1 chopMUpPOBaH U3 MacCUBa reKcaro-
HaJIbHBIX g4eeK M "TIaBaolInx’ KoJIell 110 IIepuMETPY
npubopa (puc. 2, b), odecreunBarOIIMX MJIaBHbIN Tpa-
JUEHT HaMpPSDKEHHOCTU MOJISl Ha Tiepudepun, YTo Mo-
3BOJISIET M30eXaThb MOBEPXHOCTHOrO MpoOost Mpubo-
pa. bbl1o UCMONB30BaHO BOCEMb "TIIABAIOIIMX" KOJIel]
IIUPUHON 2 MKM C TTOCTEIIEHHO YBEJTMYMBAIOLIIMCS
paccTosiHMeM MeXIy HUMU OT Ipudopa K nepudepun.
dotorpadus usroropiieHHoro cuiaosoro MJIIT-Tpan-
31CTOPA, COCTOAIIErO M3 6552 sgyeek M MMEIOLIEro
wiomwans | MM2, TIpUBeeHa Ha puc. 2, c.

TexHoJOrHYeCKHii MAPIIPYT M3rOTOBJIEHUS

CunoBoit MAIT-TpaH3ucrop Ha KapOuae KpeMHUS
ObL1 chOpMHUPOBAH HAa HU3KOJETMPOBAHHOM SIIMTaK-
CHAJILHOM CJIo€ TOJIIMHOM 11 MKM ¢ KOHLIEHTpaLuuen
aszora okono 7 - 101 CM_3, BBIpAllIEHHOM Ha KOMMeEp-
4YeCKOi1 BEICOKOIernpoBaHHoi 4-maioiimoBoit SiC (0001)
MOJIOXKE A-TUTIA C YIJIOM pazopueHTanuun 4°. P-00-
JIaCTh TJIyOMHOM 1 MKM C IpsSIMOYTOJIbHBIM MpoduieM
pacnpeielieHUs] IpUMECH C KOHLEHTpaluuei aatoMu-
rus 1+ 1018 cm™3 6bua copMHUpoOBaHA METOJOM MOH-
Holl nMIutanTauuu yepes SiO, macky ripu 500 °C. Ilo-




cie ynaneHus SiO, MAacKu C IOMOLIBIO KUIKOCTHOIO
TpaBieHUs] U (GOpPMUPOBAHUST HOBOW aHATOTUYHBIM
00pa3oM ObUIM MMIUIAHTUPOBAHEI nt-u p+—o6nacm
rnyounoit 220 u 300 HM ¢ KoHLeHTpaLueir dochopa
v amomuaust 6+ 10" u 1+ 1020 cm—3 cooreTcTBEHHO.
MMniaHTanums IuiaBaloliyMx KoJjell Obla IMpoBeneHa
OJHOBPEMEHHO C MUMILIaHTalUUel p-obnacTeil. AKTU-
Ballvsl UMIUIAHTUPOBAHHBIX MpHUMecel Oblia BBITTIOJ-
HEHa IyTeM BBICOKOTEMIIEPATYPHOIO OTXKMIa B aTMO-
cepe aprona. Jlajgee, MOA3aTBOPHBIM OUBJIEKTPUK
(opmMupoBasicsl C MOMOILbIO HAHECEHUsI ABYCIONHOM
CHCTEMBI 5 HM HUTpHIa KpeMHHS / 45 HM OuoKcHaa
KPEMHMST METOJOM I1JIa3MOXMMUYECKOTO ra3oha3Horo
ocaxaenus (PECVD) ¢ mocinenyoinuM oOKHUCIEHUEM
B aTMocdepe Ccyxoro Kucjiopoja INpU TeMIlepaType
1150 °C B Teuenue 1 4. JlerupoBaHHbBII (pochopoM mo-
JIMKPEMHUEBBIN 3aTBOP TOJIIMHOM 450 HM ObLI chop-
MMPOBAH METOJAOM XMMMYECKOIro razo¢a3sHoro ocax-
JleHus Mpu noHxeHHoM naBiaeHuu (LPCVD). ITocne
CyXOro TpaBJIeHUS MOJMKPEMHUS yepe3 (oTopesu-
CTUBHYIO MacKy U €€ yaajeHusi ObUl HaHeCeH MeX-
CJIOMHBIN IUBJIEKTPUK (IMOKCUI KPEMHUSI) TOJIUHON
I MKM METOIOM HU3KOTEMMEPATYPHOTO XUMUYECKOTO
razogasHoro ocaxaeHus (LTO). Hanee, MeTooOM Cy-
XOTO TpaBJIeHUs OGN chOPMUPOBAHBI OKHA K p ' - 1
nt-o6mactsiv ¢ nocjaeayrmuM ¢GopMUpOBaHUEM OMU-
YeCKHMX KOHTAKTOB K CTOKY, 1 - U p' -06IaCTSIM C IO-
MoIlLIbIo HanblUieHus cyiost Ni toamuHon 100 HM ¢ mo-
CJIEIYIOIIUM OBICTPBIM BHICOKOTEMIIEPATYPHBIM OTXKU-
rom. ITocne cyxoro TpaBjieHMSI KOHTaKTHBIX OKOH K
MOJTMKPEMHUEBOMY 3aTBOPY uepe3 (hOTOPE3UCTUBHYIO
MAacKy Ha HUKeJIEBble OMUUECKNE KOHTAKThl K UCTOKY
1 TTOJIMKPEMHMEBbIE JOPOXKKH 3aTBOpa ObLJIa HaHEeCeHa
nBycioitHasa Metannu3anus TiW/Al tonuHoit 120 HM
U 3 MKM COOTBETCTBEHHO. JIMIIHUWIT MeTaT ObLI yaa-
JIEH yepes elle oaHy GoTope3ucTUBHYIO Macky. B 3a-
BEpIlIEHUE MOJIyUeHHbIE CTPYKTYPbl ObLIU OTOXKEHbI
B CMeCHU BoJopoja ¢ a3oroM Ipu temrmeparype 400 °C
B TeueHue 30 MUH, ITOCIe YeTro ObUI HAaHECEH CI0I N30~
JIALMY, cocToAlni u3 ciost SiO, TommuuHoi 1 MKM,
HaHeceHHoro merogoM PECVD, u cinost momunmuna
TOJILIMHOM 6 MKM, HAHECEHHOI'O METOAOM LIEHTpUdY-
TUPOBAHMSI, C MOCJIEAYIOLIUM CYyXUM TPaBJeHUEM OKOH
K KOHTAKTHBIM IIIOIIAAKaM MCTOKa M 3aTBOpa depes
¢doTope3nucTuBHYO MacKy. IlocaegHUM 3TanoM U3ro-
ToBJieHusT cuiaoBoro MJIII-Tpan3ucropa SIBISIIOCH
HaHEeCeHHUE TpeX CJI0eB MeTajlyla Ha KOHTaKT CTOKa,
TiW/Ni/Au tonmmuoii 200, 500 u 50 HM COOTBETCT-
BeHHO. Bce nurorpacduyeckue orepaluy BBIIOJIHSI-
JIUCb METOJOM MPOEKLUMOHHON (oTonuTorpaduun c
JUIMHOM BOJIHBI SKCIIOHMPOBaHMS 436 HM (g-JIMHUs).

DuU3MKO-TEXHOJOTHYECKHE 0COOEHHOCTH
t¢opmuporanns MJIII-Tpan3ucropos Ha SiC

B Hacrosiee Bpemst cunoBbie MJIIT-TpaH3ucTOpHI
Ha SiC uMeloT ropasno 0ojiee HU3KOEe COIPOTUBIIEHUE
BO BKJIFOUEHHOM COCTOSIHUM, YEM KPEMHHUEBBIE aHAJIO-

T, OJHAKO CYIIECTBYET psll MpPoOJeM, CYLIECTBEHHO
OrpaHUYMBAIOIIMX JajibHEellee YMEHBIIEHUEe UX CO-
MPOTUBIIEHNS, @ UMEHHO — HHU3Kasl TTOABUKHOCTb HO-
cuTesieit 3apsiga, MPeuMYIeCTBEHHO OOYCJIOBIEHHAs
BBICOKOH TJIOTHOCTBIO TMTOBEPXHOCTHBIX COCTOSIHMM Ha
rpanuue pasgena 4H-SiC/SiO, [1]. Kpome Toro, Hus-
Kasl MMOJBUXHOCTh HOCUTEJIeH 3apsiia B KaHaje TpaH-
3MCTOpa TaKXkKe MPUBOAUT K CYIIECTBEHHOMY OTpaHU-
YEeHMIO ero pabouyero auanaszoHa yacTtoT. [leicTBu-
TeJIbHO, compoTuBieHnue MJIII-TpaH3ucropa ckia-
JIbIBACTCSl U3 COMPOTUBICHUSI KOHTAKTOB K MCTOKY U
CTOKY R,,, (cM. puc. 1, a), CONPOTUBIEHUS AKKYMY-
JNSUMOHHOTO €108l B 11 -0671acTH R .., CONPOTUBIEHHUS
KaHana R, conporusnenust R;ppr J-FET-o6nacru,
OTpaHUYEHHOM IBYMS p-n-TIepeXonaMu, COMPOTUBIIE-
HUs apeiidoBoli obaacTu Rdriﬁ, COTMPOTUBJIEHUSI TIO/-
JOXKH Ry, ;. CONPOTUBIEHNE OMUYECKUX KOHTAKTOB K
CTOKY M MCTOKY NMPEeHEOPEeKUMO MaJIo MO CpaBHEHUIO
C OOIIIMM COMPOTUBJIEHWEM TPAH3UCTOPA U COCTABIISIET
1072...1073 MOM - cM2, KaK u COTPOTHBIICHHE 1 -00-
nactu. Comnporusienue Ryppp obmactu J-FET mna
ONKCAHHOM BBIILIE CTPYKTYPbl SYEWKU TPaH3UCTOpa
coctasisier 0,2 MOwm * CM2, COIIPOTUBJICHUE Apeiido-
Boil obnactu Ry =1 MOM - cM?, a COMpPOTHBIIEHME
BBICOKOJIETUPOBAHHOM MOMIOXKM TOMIIMHON 350 MKM
R, He npesbiiiaer 1 MOM * cM?. BKJIazt Xe COnMpoTHB-
JIEHUs1 KaHaJla MPaKTUYECKU TOJHOCTbIO OMpenesieT
o0uiee cornpoTuBieHue TpaH3uctopa. [loaToMy Bax-
HOW 3aJa4eil BJISIETCS yBEJIUUEHUE MOABUKHOCTU HO-
cuTesiell 3apsiia B KaHalle TpaH3UCTOopa.

Haubonee muypoko pacrnpocTpaHeHHbBIM METOIOM
(hopMupoBaHUsI MOA3aTBOPHOIO AUBJIEKTPUKA SIBJISIET-
Cs TEepPMHUYECKOE OKUCIIEHNE B a30TOCOepXKallleil cpe-
ae (NO, N,O0) [2, 3]. A30T nacCUBUPYET IIOBEPXHOCT-
HbIe cocToAHMA Ha rpanuue pasgena 4H-SiC/SiO, un
TEM CaMbIM YBEJWYMBAET IMOABMXHOCTb HOCUTEJCH
3apsaa B KaHaje TpaH3ucTtopa [4]. Hamu Obu1 paspa-
0OTaH aJIbTepHATUBHBIA MeTOA (GPOPMUPOBAHUS IMOAI-
3aTBOPHOTO JU3JEKTPUKA C MOMOIIbIO BBEACHUST TOH-
KOTO CJI0S HUTpMIA KPEMHUS Ha TpaHUIly pasielia
4H-SiC/SiO, u mocieayoIero OKUCJAeHUS B aTMO-
cdepe cyxoro kuciaopoza [5]. B xome okucieHus: ato-
MBI Kucjopoaa tud@yHaMpyIOT yepe3 CI0i TMOKCHIa
KPEMHUSI U OKUCIISIIOT TOHKWUW CJIOM HUTPpUAA KPEM-
HMS, a 3aTEM TOHKUI MTPUIIOBEPXHOCTHBIN CJIOM Kap-
Ouma KpeMHMsI. ATOMBI a30Ta, OCBOOOXIEHHBIE B pe-
3yJIbTaTe peakilMi OKWUCIEHUSI TOHKOTO CJIOS HUTPpUIA
KpeMHMSI, JAOCTYIHBI AJisl TMacCUBallMd TTOBEPXHOCT-
HBIX cOCTOsIHUI Ha rpaHuue pasnena 4H-SiC/SiO,.

Xapakrepuctuxku MJIII-Tpansucropa

Hannbrii Meton (AGON) no3BosieT NOJIYYUTh B TPU
pa3za 6oJree BEICOKYIO TTOABIKHOCTD HOCHUTEIIEH 3apsiaa B
KaHajie TpaHaucTopa (puc. 3, a) IO CpaBHEHHUIO C
okucienueM B arMmocdepe N,O mpu 1250 °C (N,0), a
TaKXXe YMEHBIIUTL HaIpsKeHWe BKIIOUEHUS 3a CUeT
0oJiee HU3KOM TIJIOTHOCTU cocTostHMit (puc. 3, b). Jlate-
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pajbHbIE TPAH3UCTOPDI C IUMPUHOM U IJIMHOM KaHajia
40 n 250 MKM COOTBETCTBEHHO ObLIM CPOPMUPOBAHBI
Ha OJHOM TOMJIOXKE C BEPTUKAJIBHBIMU CHJIOBHLIMU
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Puc. 3. IloaBuxuHOCTh HOCHTENEH 3apsaa B KaHAJIe TPAH3UCTOPA B 3aBUCHMOCTH OT HANpS-
JKEeHHs Ha 3aTBope (@) W mepeaaToYHble XapaKTepUCTHKH JaTtepanbhbix MJITI-Tpan3ucro-
POB, CHATBbIC NP KOMHATHOM TeMIepaType M HanpsuKenun crok—ucTok Vo = 0,1 B (b)

Fig. 3. Mobility of the charge carriers in the transistor channel, depending on the gate voltage (a),
transfer characteristics of the lateral MOSFETs at the room temperature and drain—source
voltage Vo = 0,1 V (b)

Puc. 4. Ilepenarounbie XapaKTepUCTHKA CHJIOBOro BepTuKaabHoro M/III-Tpan3ucTopa mis
Pa3IMYHBIX Temnepatyp (a), BHIXOJHbIE XapAKTEPUCTHKH, CHATbIE NP KOMHATHOM Temme-
parype (b)

Fig. 4. Transfer characteristics of the power vertical MOSFET for various temperatures (a), the

output characteristics at the room temperature (b)
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Puc. 5. Temneparypnas 3aBucuMocTb conpotuBjenus cuiosoro MJITI-Tpansucropa Bo
BKJIIOYEHHOM COCTOSIHHM, HOPMHPOBAHHAS HA CONPOTHBJIEHHE NPX KOMHATHO# TeMmeparype

(29 MOmMm 'CMZ) (a) ¥ BOJBT-aMIepHas XapaKTePHCTHKA CHJIOBOrO BepTukajbHoro MJIII-
TPAH3UCTOPA HA KapOuIe KpeMHUsI B 3aKPbITOM COCTOSIHMM NPH KOMHATHOI Temneparype (b)

Fig. 5. Temperature dependence of the resistance of the power MOSFET in the on state,

normalized for resistance at the room temperature (29 m + cmZ) (a), volt-ampere characteristic
of the power vertical MOSFET on silicon carbide in the off-state at the room temperature (b)
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MJIII-TpaH3ucTopaMu Ha MMILUIAHTUPOBAHHOM p-00-
JJaCTUM ¢ KOHLEHTpauuei amroMuHug 1 - 1018 cm3.
TomuyHa MOA3aTBOPHOIO OMAJIEKTPUKA COCTaBJIsIA

50 HM 1151 06enX TEXHOJOTUA.

INepemaTouHble XapaKTepUCTUKN
MpM pa3IMYHBIX TeMreparypax (1o
275 °C) u BBIXOJAHBIE XapaKTepu-
CTUKM MPU KOMHATHOI TeMIIepaTy-
pe I BEePTUKAJIbHBIX CHJIOBBIX
MJIII-TpaH3ucTOpOoB MpeacTaBie-
Hbl Ha puc. 4. HanpsixeHue BKIIIO-
YeHus TpaH3ucTopa coctaBuio 1,8 B
(V4 =2 B, 1;,= 10 MKA), a compo-
TUBJICHWE TpPaH3UCTOpPa BO BKIIIO-
YCHHOM COCTOSTHUM R g o0 ( o) OBLIO
BBIYMCJICHO M3 HAKJIOHA BBIXOTHBIX
XapakTepucTuK npu Vgs = 20 B u co-
cTaBwio 29 MOM * ¢cM2 TIpy KOMHAT-
Hoi1 TeMmmeparype. [LTOTHOCTb KOM-
MYTUPYEMOTI'O TOKa IMpU KOMHATHOMI
Temrieparype npesbicuia 120 A/CM2
npu V,, =5 B. TemneparypHas 3a-
BUCHUMOCTD TIepeAaTOYHBIX XapaKTe-
PUCTHUK ONpenessieTcsl YMEeHbIIEH -
€M POJIM TTOBEPXHOCTHBIX COCTOSIHUI
Ha rpanuue pasgena 4H-SiC/SiO,
MPU MOBBIILIEHHOI TeMIlepaType, 3a
CYET 4Yero cHavaja yMEHBIIaeTCs
COINPOTUBJIEHUE TpPaH3UCTOpa BO
BKJIIOUEHHOM COCTOSTHUU (pHUC. 5, a)
U TiepeJaTovyHas XapaKTepucTHKa
CTAaHOBUTCS MEHee TIOJIOTOM B paii-
OHE HANPSKEHMST BKITIOYEHMS C Ofl-
HOBPEMEHHBIM YMEHbIIIEHUEM Be-
JINIUHBI HATIPSDKeHUST BKITIOYEHUS,
a TpM JOajJbHeWIIeM yBeJIUYEHUU
TeMITepaTyphl TTPOUCXOIUT YMEHb-
IIeHWEe TIOABMXKHOCTM HOCHUTEJeH
3apsama B KapOwae KpeMHUsI, U CO-
MPOTUBJICHWE HaYMHAeT TIUIAaBHO
pacTu.

IIpoGoiiHoe HampsKeHHEe TpaH-
3UCTOpAa MPU KOMHATHOW TeMrepa-
Type coctaBwio 900 B (puc. 5, b).
VYBenunueHue npo0oMHOTO HaIpsKe-
HUS TPAH3UCTOPA BO3ZMOXKHO 3a CYET
yBEJIMUEHUSI KOJIMUECTBA 'TUIaBalo-
X" KOJIEIl JUTST CO3MaHUST TUTABHOTO
rpaldeHTa TOTeHIIMaja Ha TMepu-
¢epuu npubopa, U COOTBETCTBYIO-
IIET0 YBEIWYECHUS TOJNIIMHBI W
YMEHbIIEHNSI KOHIEHTpAllUU TpU-
Mecu B apeiidoBoit obnactu. Ilpu
3TOM BKJIAI COIPOTUBJICHMS Ipeii-
(oBoit 06sacTU B 0011IEe COMPOTHB-
JIEHUE TPAH3UCTOPA YBEIUIUTCS He-
3HAYUTEIBHO.




3akioueHune

e BrnepBbie B oTeuecTBEeHHOM TTpaKTUKE TIpEACTaBIe-
Ha KOMIUIEKCHas pa3paborka cwmioBoro MJIII-
TpaH3UCTOpa Ha KapOuae KpeMHUsI.

e DKCIEpUMEHTAIbHO OIpeaeeHbl OCHOBHBIE TeX-
Hojormyeckue mnpobsemMsl cozmanust MIII-tpaH-
3UCTOPOB Ha KapOuae KpeMHUs, 00yCJIOBJICHHBIE
HU3KOM MOABUKHOCTBIO HOCUTEJIEH 3apsiaa B KaHa-
JIe U1 BBICOKOW IUIOTHOCTHIO MOBEPXHOCTHBIX CO-
crostHuit Ha rpaHuue pasaena 4H-SiC/SiO,.

o [lpoBeneHa (pu3MKO-TeXHOJOTUUYECKAST ONTUMM3a-
ousT TIpoliecca (opMUPOBaHUS KaHajla M ITI0A3a-
TBOpHOro aumanekrpuka SiC MJIII-TpaH3uctopa,
obecreuuBlilasl JOCTUXEHUE BBICOKON MOABUXKHO-
CTU HOCHUTEJICH 3apsiia B KaHaJe.

e [IlpencraBieHbl 6a30Bast CTPYKTypa BepTUKAITHHO-
ro kapoumokpeMHueBoro MJ/II1-Tpan3ucropa, 3e-
MEHTBI €ro TeXHOJIOTMYECKOI0 MaplLIpyTa U OCHOB-
HbIe XapaKTepPUCTUKHM, YKa3bIBAOIINEe Ha TIPeBOC-
XOACTBO CO3JaHHOTO TpMOOpa Hal KPEeMHUEBBIM
CWJIOBBIM KOMIIOHEHTOM IO COBOKYITHOCTU Tapa-

METpPOB, BKJIIOYas pabodee HampsLKEHUE U COIMPO-
TUBJICHUE aKTUBHOI 00JIACTH.
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Russian Silicon Carbide Electronic Component Base — Power SiC MOSFET

The article presents the results of development and experimental studies of power SiC MOSFET. An advanced gate oxide fab-
rication technology was developed for tailoring the electronic properties of the SiC MOSFET channel, the key element for a low re-
sistance high speed SiC power MOSFET. Its achieved field-effect mobility value was 3 times higher than that of the standard gate
oxide formation by N,0 oxidation. Transfer, output and blocking characteristics measured at a room temperature demonstrated su-
perior performance of the developed SiC power MOSFET compared with the Si analogs. The manufactured SiC MOSFET had spe-
cific on-state resistance Rds spec(on) of 29 ms2 cm?, threshold voltage Vth of 1,8 V (at Vy, = 2V and 1;, = 10 uA) and blocking
voltage of 900 V at a room temperature. Stable performance of the SiC MOSFET in a wide temperature range and high temperature
operability of the SiC power MOSFET were demonstrated. Temperature dependence of the transfer characteristics and the on-state
resistance revealed effect of the electron traps at 4H SiC/SiO, interface.

Keywords: power electronics, silicon carbide, MOSFET, interface, gate oxide

Introduction

There is no doubt, that the necessity for formation
in Russia of the silicon carbide industry is one of the
priority directions of import substitution in the elec-
tronic component base (ECB), ensuring parity in the
technologies, which determine the scientific-techno-
logical superiority and safety of the state. However, ac-
tually, there was no a system approach to formation of
the industrial production of the semi-conducting sili-
con carbide and domestic ECB on its basis.

In the history of the technologies for production of
basic electronic materials there are fixed points char-
acterising transition to introduction of new materials.
Among them, certainly, is the stage of formation con-
nected with development of the monocrystals technol-
ogy of acceptable sizes and quality, epitaxial (hete-

roepitaxial) structures for the integral-group produc-
tion, and also the technological realisation of the de-
manded transistor element as a functional basis for the
new industrial ECB.

In 1976 LETI was the first in the world to develop
and implement the method of growing of voluminous
large monocrystals of the silicon carbide, which proved
feasibility of transition to the industrial production of
the silicon carbide ECB in the world practice.

The aim of the article is presentation of the next
landmark in the silicon carbide history of LETI and de-
velopment of the domestic technology of the semi-con-
ducting silicon carbide — of the field transistor with the
isolated gate (MOSFET) on the silicon carbide as the
basic amplifying ECB element for the extreme modes of
operation.
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In the foreign semi-conductor industry the silicon
carbide has resolutely occupied the niche of a material
for power high-voltage electronics. Appearance of the
silicon carbide power modules was also declared in the
domestic practice, however, the basic ECB was bor-
rowed from abroad and, consequently, the given de-
sign-technological solutions cannot be recognised as
import-substituting products.

With reference to the real our own silicon carbide
ECB it is necessary to mention the design and devel-
opment work, realised to the order of Minpromtorg of
Russia "Development and mastering of manufacture of
a line of the switching elements with the nanosecond
and picosecond times of switching and working voltages
of 30...3000 V (the code number is "Device 10"). The
basic R & D was done in the Center of Microtechnol-
ogy and Diagnostics of LETI, and the main result of the
work was organisation in Russia on the basis of Svetlana
Co. of a serial production of the devices of power high-
voltage electronics on the silicon carbide.

With the aim of development of the domestic ECB
in the area of the silicon carbide transistor electronics
LETI implemented a complex of the initiative research
works for development of MOSFET.

The silicon carbide components of the power elec-
tronics have a number of advantages in comparison
with the silicon ones: a high breakdown voltage, low re-
sistance of the active area, high working frequency, low
losses during switching, high maximal working temper-
ature and density of the switching power. This allows us
to reduce the volume, weight, costs and noise level of
the power electronic systems due to an increase of the
efficiency and working frequency, and use of the pas-
sive components of smaller sizes, while giving up of the
compulsory cooling of the components.

In a short-term prospect the power MOSFETs on
4H-polytype of silicon carbide can replace the silicon
ones, the bipolar transistors and bipolar transistors with
the isolated gate in the range of the breakdown voltages
of 0,6...4 kV, because they are more high-frequency de-
vices with controlled voltages and low static and dy-
namic losses.

The aim of the work was development of a power
vertical MOSFET on silicon carbide.

For achievement of the set aim the following prob-
lems had to be solved:

e development of the design of a power vertical SiC
MOSFET;

e carrying out of a complex of research works of the
electrophysical properties of the gate oxide, formed
by various technologies on the SiC surface;

¢ technological realization of the power MOSFETSs on
silicon carbide;

o research of the characteristics of the power vertical
MOSFETs.

The key problems with the development of a high-
speed power MOSFET on 4H-polytype of silicon car-
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bide with a low channel resistance are the electric
properties of the gate oxide and the section borders of
4H-SiC/SiO,, which worsen the operating character-
istics of the device.

Structure of a field transistor

The general structure of the power MOSFETs and
section of the designed transistor are presented in fig. 1, a
and fig. 1, b. The active part of the device is a low alloy
n -layer with; p -, n' - and p+—areas. P* area plays the
role of the contact to p-area and is formed for leveling
out of the potential between the in p-area and the source
(H) for neutralization of the parasitic n-p-n-transistor.
In an open state, when a positive in relation to the source
voltage is applied to the gate (3) the current passes
through the contact to the source, n+—area, the transis-
tor channel, J-FET-area limited by two p-n-junctions,
low alloy drift area, high alloy substrate and the contact
to the drain. In the closed state the transistor is the
back-shifted p-n-junction, on which the voltage applied
between the drain and the source falls. The concentra-
tion of the alloying additive and thickness of the drift
area are calculated from the critical field of the ava-
lanche breakdown of the silicon carbide (3 MV/cm)
and the breakdown voltage of the projected MOSFET
(1200 V) with a certain reserve. The level of doping of
the p-area is determined by the depth of its occurrence,
the length of the channel and the calculated breakdown
voltage of the device, and is calculated to avoid a break-
down of the p-area in the closed state of the transistor.

The transistor cell had a hexagonal form (fig. 2, a)
with the length of the channel of 1 pm. The transistor
was formed from a mass of the hexagonal cells and the
rings "floating" on the device’s perimeter (fig. 2, b),
which ensured a smooth gradient of the field intensity in
the periphery, which allowed to avoid a surface break-
down. Eight "floating" rings with the width of 2 um and
a gradually increasing distance between them from the
device to the periphery were used. A photo of the power
MOSFET consisting of 6552 cells and having the area
of 1 mmz, is presented in fig. 2, c.

Technological route of manufacturing

A power MOSFET on silicon carbide was formed on
a low alloy epitaxial layer with thickness of 11 um and
concentration of nitrogen of about 7 - 1012 cm , grown
up on a commercial high alloy 4-inch SiC (0001) sub-
strate of n-type with a 4° angle of misorientation. P-area
with the depth of 1 um and a rectangular profile of dis-
tribution of the additive with concentration of alumi-
num of 1-10'"® cm™3 was generated by an ionic im-
plantation through a SiO, mask at 500 °C. After the
SiO, mask was removed by liquid etching and forma-
tion of a new one by a similar way n" - and p+—areas with
the depths of 220 and 300 nm and concentration of phos-
phorus and aluminum of correspondingly 6 - 10" and
1102 cm™3 were implanted. Implantation of the float-




ing rings was done simultaneously with implantation of
p-areas. Activation of the implanted additives was done
by high-temperature annealing in the argon atmos-
phere. Then, the gate oxide was formed during depo-
sition of a two-layer system of 5 nm of silicon nitride
and 45 nm of silicon dioxide by the method of the plas-
ma-enhanced chemical vapor deposition (PECVD)
with the subsequent oxidation in the atmosphere of dry
oxygen at 1150 °C during 1 h. The phosphorus-alloyed
polysilicon gate with thickness of 450 nm was generated
by the chemical vapor deposition at a low pressure
(LPCVD). After a dry etching of polysilicon through
a photoresistive mask and its removal an interlaminar
dielectric (silicon dioxide) with thickness of 1 um was
formed by the method of the low-temperature chemical
vapor deposition (LTO). Further, by the method of dry
etching windows to p+— and n"-areas were formed with
the subsequent formation of the ohmic contacts to the
drain, n"- and p+—areas during deposition of Ni layer
with thickness of 100 nm and subsequent fast high-tem-
perature annealing. After the dry etching of the contact
windows to the polysilicon gate through a photoresistive
mask, on nickel ohmic contacts to the source and poly-
silicon paths of the gate a two-layer metallization of
TiW/Al was done with thickness of 120 nm and 3 pm,
accordingly. Superfluous metal was removed through
one more photoresistive mask. In the end, the received
structures were annealed in a mix of hydrogen with ni-
trogen at 400 °C during 30 min, after which SiO, in-
sulation layer with thickness of 1 um was deposited by
PECVD, and polyimide layer with thickness of 6 pm
was deposited by centrifugation, and subsequently a dry
etching was done of the windows to the contact sites of
the source and the gate through the photoresistive mask.
The last stage of manufacture of the power MOSFET
was deposition of three layers of metal on the drain con-
tact, TiW/Ni/Au with thickness of 200, 500 and 50 nm,
accordingly. All the lithographic operations were car-
ried out by a projective photolithography with the wave-
length of exposure of 436 nm (g-line).

Physical-technological features of formation
of SiC MOSFETs

Power SiC MOSFETs have much lower resistance in
the on state, than its silicon analogues, however, there are
certain problems limiting the further reduction of their
resistance, namely — low mobility of the charge carri-
ers, mainly explained by high density of the surface
state on the section border of 4H-SiC/SiO, [1]. Besides,
a low mobility of the charge carriers in the transistor
channel leads to an essential restriction of the working
range of frequencies. Indeed, resistance of MOSFET
results from resistance of the contacts to the source and
the drain R, (see fig. 1), resistance of n*-area R, re
sistance of the channel R, resistance R;pppof J-FET-
area limited by two p-n-junctions, resistance of the drift
area R4, and resistance of substrate Ry,,. Resistance

of the ohmic contacts to the drain and the source is in-
significantly low in comparison with the total resistance
of the transistor and is equal to 1072..1073 mQ - cm?,
just like the resistance of n*-area. Resistance F;ppy of
J-FET-area for the circumscribed in the structures tran-
sistor cell is 0,2 mQ - cmz, resistance of the drift area —
Rypip =1 mQ- cm?, and resistance of the high alloy
substrate with thlckness of 350 mm R, does not ex-
ceed 1 mQ - cm?. The contribution of the resistance of
the channel practically completely determines the total
resistance of the transistor. Therefore, an important
task is an increase of the mobility of the charge carriers
in the transistor channel.

A widespread formation of the gate oxide is the ther-
mal oxidation in the nitrogen-containing environment
(NO, N,O) [2, 3]. Nitrogen passivates the surface states
on the section border of 4H-SiC/SiO, and increases
mobility of the charge carriers in the transistor channel
[4]. We developed an alternative method for formation
of the gate oxide during introduction of a thin layer of
silicon nitride on the section border of 4H-SiC/SiO,
and the subsequent oxidation in the atmosphere of dry
oxygen [5]. During oxidation the atoms of oxygen dif-
fuse through the layer of the silicon dioxide and oxidise
a thin layer of silicon nitride, and then the near-surface
layer of silicon carbide. The atoms of nitrogen, released
as a result of oxidation of the thin layer of silicon ni-
tride, become available for passivation of the surface
states on the section border of 4H-SiC/SiO,.

Characteristics of MOSFET

The method (AGON) allows us to obtain a three
times higher mobility of the charge carriers in the tran-
sistor channel (fig. 3, @) in comparison with oxidation
in N,O atmosphere at 1250 °C (N,0), and also to re-
duce the turn-on voltage due to a lower density of the
states (fig. 3, b). The lateral transistors with the width
and length of the channel of 40 and 250 um, accord-
ingly, were generated on one substrate with the vertical
power MOSFETs on the implanted p-area with con-
centration of aluminium of 1-10'® cm™3. The thick-
ness of the gate oxide was 50 nm for both technologies.

The transfer characteristics at various temperatures
(up to 275 °C) and the output characteristics at the
room temperature for the vertical power MOSFETS are
presented in fig. 4. The on state transistor resistance
R spec(ony Was calculated from the output characterls—
tic slope at V = 20 V and was equal to 29 mQ * cm? at
the room temperature. The density of the switching
current at the room temperature exceeded 120 A/cm2
at V=5 V. The temperature dependence of the
transfer characteristics was determined by the reduc-
tion of the role of the surface state at the section bor-
der of 4H-SiC/SiO, at a raised temperature, due to
which, at first, the resistance of the transistor in the on
state (fig. 5, a) decreased and the transfer characteristic
became less flat in the area of the turn-on voltage with
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a simultaneous reduction of the turn-on voltage, while
with the further increase of temperature there was a re-
duction of the mobility of the charge carriers in the sil-
icon carbide, and resistance began to grow smoothly.

The breakthrough voltage of the transistor at the room
temperature was 900 V (fig. 5, b). Its increase was pos-
sible due to an increase of the number of the "floating"
rings for creation of a smooth gradient of the potential in
the device periphery, by the corresponding increase of
the thickness and reduction of the concentration of the
additive in the drift area. Thus, the contribution of the re-
sistance of the drift area to the total resistance of the
transistor would increase insignificantly.

Conclusion

o For the first time in the domestic practice a complex
development of a power MOSFET on silicon car-
bide was presented.

o The basic technological problems were experimental-
ly defined concerning the development of MOSFETs
on the silicon carbide, determined by a low mobil-
ity of the charge carriers in the channel and high
density of the surface states on the section border
of 4H-SiC/Si0,.

o Physical-technological optimization of the process
of formation of the channel and gate oxide of SiC

MOSFET was done, which ensured achievement of
high mobility of the charge carriers in the channel.

e The base structure of the vertical silicon carbide
MOSFET was presented, as well as the elements of
its technological route and the basic characteristics,
proving the superiority of the developed device over
a silicon power component by a set of parameters,
including the working voltage and resistance of the
active area.
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MEXAHU3Mbl AETPAAALIMU BY MOMC-KAIOYEN

Ilocmynuna ¢ pedaxyuro 25.08.2015

Paccmompensbt mexanuzmol 0eepadauiu 8biCOKOYACMOMHbIX KAOYel HaA 0CHO8e MUKPO3LeKmpomexanuteckux cucmem. Onu-
CAHbl OCHOBHbLE CNOCOObL peuleHUs nPooaeMbl 3apA0KU OUINEKMPUYECK020 CA0S 8 eMKOCMHbIX Karouax. [Ipoanaasusuposana 3ada4a
6blOOpa mamepuana 043 KOHMAKMHOU 061acmu 8 KOHMAaKmHulx Kaouax. [1okazano, 4mo 0CHOBHbIM MeXAHUIMOM 0e2padauuu em-
xocmHolx MOM C-nepexarouameneli seisemcs 3apadka 0usseKmpuka. B KoHmakmHuix KAo4ax umeem mecmo yeavlil KOMHAeKC
MEXAHU3MO08, 0OMUHUPOBAHUE €20 COCMABAAIOUUX ONPedeNsiemcs KOMMYMUPYemMoi MOUHOCMbIO.

Karoueevie caoea: B4 MOMC-karou (nepekarouamens), KOHMAKmMHbLU, eMKOCMHOU, 0e2padauus

Bsenenune

Hanexxaocte MOMC-kimoueif 0coOeHHO BakHa
MPU UX JUTUTEILHOM MCIONb30BAaHUU U IIOTOMY B Ha-
cToslee BpeMsl OHa SIBJISIETCS IIPeAMETOM MHTEHCHB-
HBIX KcciaenoBaHuil. HageXHOCTh KOHTAKTHBIX KITIO-
Yyeil B OCHOBHOM OIIpeNeJIsIeTCs MaTepUaaoM MeTal-

316 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016

JINYECKOTO KOHTaKTa. HaleXXHOCTh eMKOCTHBIX Tepe-
KJII0YaTesiel OrpaHUYMBAETCS 3apsAKOM IUBJIEKTPUKA.
B o6oux ciyvasx Ha ctabuiibHOCTh paboTet MOMC-
KJIIOUYEW CUJIBHO BJIMSIET MOIIIHOCTb KOMMYTHUPYEMOIO
curHajga. MexaHudeckas aerpaaaius (yCTaaiocTb Me-
TajlJla WM U3JIOM) MUKPOMEXaHUYECKOM MOABUXKHOM
OCHOBBI OCOOEHHO OII[yTHMa MPU BBICOKHUX TEMIEpa-




Typax. B pabote [1] MOMC-nepexiaoJyaTean TeCTU-
poBajvMch B HOPMaJbHbIX yciaoBMsIX Ha 100 mupa nuk-
Jlax, ¥ TP 5TOM MEXaHW4YeCKOTO M3JIOMa BOKPYT aH-
KepoB (MECTO MaKCUMAJIbHOIO HANpsDKEHUsI) HEe Ha-
OJrr01aTOCh.

MexaHu3MBbl JErpaganid eMKOCTHBIX
MODMC-kiouei

HanexxHocTh MaJOMOIIHBIX €MKOCTHBIX TIepe-
KJIoyaTesieil omnpeaessieTcsl CTaTUUECKUM TpeHUEM
MEXIy CIIOSIMM IM3JIEKTPUKA M MeTalJla BCIEICTBUC
HaM4us OOJbIIONW KOHTAKTHON o6JlacTu (mopsiaka
100x 100 MxM). B ocHOBHOM TpeHHE OOYCIOBJICHO
MpolieccaMy HaKauykM W 3axBaTta 3apsifia B JUDJIEKTPU-
yeckoM ciioe. I[Tocneanue 20 jeT MexaHU3MBbI 3axBaTa
3apsiia aKTMBHO MCCIIEOYIOTCS, TOCKOJBKY 3TOT 3(-
(hekT uMeeT BaxKHOEe 3HaUEeHUE JIJIsT KOPPEeKTHOI pabo-
Tl MOII-Tpan3ucTopoB. M3BeCTHBI TpU THUIIA JIOBY-
1IEK 3aXBaThIBAIOLIMX HOCUTEJIEl 3apsiia B EMKOCTHOM
MBMC-nepekiaouaTese: JOBYIIKM Ha I'paHUIE pas-
Jiea MeXIy CJIOSIMU MeTajlla M TU3JIeKTpUKa, JTOBYIII-
KU B o0beMe AudJeKTpruKa (00beMHbIe JIOBYLIKM) U
JIOBYILIKM Ha MOBEPXHOCTU MUIJIEKTpUKa (ITOBEPXHO-
CTHbIE JIOBYLIKHK) (puc. 1).

BoimensioT cnenylolye oCOOEHHOCTHU 3apsLIKu M-
BJIEKTPUKOB [2]:

e 3apsjaKa MOXET ObITh OOYC/IOBJI€HA pPa3IMYHBIMU
BO3IECUCTBUSIMU: MEXaHUYECKUM, NOHU3UPYIOILLUM,
TETUIOBBIM WJIU 2JIEKTPUUECKUM;

e OTpHMLATEJIbHbIE 3apsAbl 3aXBaThIBAIOTCS B CIAObIX
nossix (2...5 MB/cMm) 1 BBICBOOOXIAIOTCSI B CUJTb-
HBIX TIOJISIX, a 3aXBaT MOJIOKUTEIbHBIX 3apsIOB Ha-
Omomaercs nipu cuiibHBIX ToJisix (7...10 MB/cwm) [3];

e 00JIACTIMU TIPEUMYIIECTBEHHOTO 3axXBaTa 3apsioB
SIBJISTIOTCSI TIOBEPXHOCTU M MHTEpdEChl ¢ HAUOOIb-
LLIMM CKOILJIeHHEeM J1e(heKTOB;

e DJIEKTPOIIPOBOJHOCTh AUDJIEKTPUKA HE OTNpeaesi-
€T HaIlpsSIMyl0 €ro CIOCOOHOCTh 3apsiXaThbcs. 3a-
XBAUEHHBIM 3JIEKTPOCTATUYECCKUI 3apsi CBSI3aH HE
TOJBKO C M3OJUpPYIOLIEH NpUpPOAOH MaTepuasa
(MOHHOW MM KOBaJIEeHTHOI), HO TakKXe ¢ aedek-

XeT TpeBbIath 2...4 MB/cM. B ycrnoBusix Bo3mencT-
BUSI TAKOTO MOJISI BO3pacTaeT BEPOSTHOCTb TYHHEU-
pOBaHMA 3apsaa B IM3JICKTPUK 110 MexaHn3my PpaH-
kens — [lyna [5, 6] wiu no apyrum mMexaHusmam [7].
MMeHHO Mo 3Tol MpUYMHE KaK TOJbKO MepeKioya-
TeJb OKaXeTCsl B HUXKHEH MO3ULIMK, TTIogaBaeMoe Ha-
NpsKeHUEe IOJKHO OBITh YMeHbIIeHO 10 8...12 B
(puc. 1, b). Korga 3apsin nomamaeT B MMOBEPXHOCTHbBIE
U OOBEMHBIC JIOBYIIKM AUDJAEKTPUYECKOIO CJIOSI B
CHJIBHOM 3JICKTPMUYECKOM II0JIe, €T0 TepeHOC BHYTPU
JIM2JIEKTPUKA MOXXHO OMKYCaTh HA OCHOBE MOJIEIH MPO-
BonuMocTH [6]. BpeMst peKoMOMHALIMY TAKKX 3aPsIIOB
OYEHb BEJIMKO — OT CEKYHJ J0 HECKOJbKHUX JTHEH.

M3BecTHBI 1Ba MexaHM3Ma Aerpagaluyi Mpu eMKo-
CTHOM TIepeKJtoueHun [8].

Ilepsviii  Mexanuzm peanusyeTcs, Korga Oanka
(MeMOpaHa) IpUXKKUMaeTCs M 3aTeM BO3BpalllaeTcsl B
BEepXHee COCTOsTHUE (HE3aBUCHUMO OT TMOJISIPHOCTHU MpU-
JIOXKEHHOTO HaIpsiKeHUs ). DTO SIBJIEHUE MOXHO 00b-
SICHUTb TIOBEPXHOCTHBIMM COCTOSIHMSIMU MHTepdeii-
COB "MeTalI—IN3JIEKTPUK' U "MU3JIEKTPUK—BO3IYX"
(puc. 2). 3apsanm IepeHOCUTCSI U3 METAIMYECKOM
0ajKM Ha MTOBEPXHOCTHBIE COCTOSIHUS AUAJIEKTPUKA,
¥ CWJIa, TIPUJIOXKEHHAs K OalKe, yMEHbBIIAeTCs, B pe-
3yJbTaTe yero Oajka BO3BpaIllAeTCs B MCXOAHOE CO-
croguue. [locne OTKIIOUEHUST HATIPSIKEHUS 3apsina
OCTaeTcsl Ha IMOBEPXHOCTHBIX COCTOSIHUSX, MOTOMY
3HaYeHNE HATIPSLKEHUS, HEOOXOIMMOE IJIST aKTIOALIN U,
BO3pacTaer.

Bmopoti mexanusm nerpanaiiiu CBsI3aH C WHXKEKIIM -
€M 3apsima B IMAJIEKTPUUYECCKUIA CIIOM, B pe3yJibTaTe ye-
ro 6aJika 0CcTaeTcsl B HUXKHEM MOJIOXKEeHUU JaXe TOora,
KOTIa HampspKeHUe ITOJHOCTBIO Mcye3aeT (3aaurma-
HUE), WK He MepeMellaeTcsl Moj AeiCTBUEM yIpaB-
JISTIONIETO HANPSDKeHMS. 3axBar 3apsiaa B IUDJIEKTPUKE
MPUBOIMT K MOSBAECHUIO 3¢pKaJbHOIO 3apsiia Ha Me-
TaJJIMYECKOM TIOBEPXHOCTU BepxHel MeMOpaHbI
(MDMC-MocTuk uinu koHconb) 1 BU nuuuu (puc. 3).
DnekTpocrtatuyeckasi cuna F, neiicTBylollass Ha MOC-
TUK, OMpeAeseTcss BoipaxkeHuem [1]

’ Fo OF
TaMH, OOYCJIIOBIEHHBIMU KpHUCTAJJIOrpahuuecKoi 5
CTPYKTYpO#, uiau c nedekramu,
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CTEXUOMETPUH); : g““fy""‘” JHOTeKTpHKe = 20-200 s |
urface traps ; ;

e JMBJIEKTPUKM TIPOOMBAIOTCS B I P f:;ifs dielectric |
JI00OM CHJIBHOM BJIEKTPUYECKOM | :
MoJjie Mpu YCJIOBUM JOCTATOYHO I !

o | |

JIUIATEIbHOTO BO3AEMCTBUS, TIpU- | - |
yeM MpoOoil OymeT MpOUCXOAUTh ! Metal !
| |

MpU OMNpeIeIEHHOM KOJIWYECTBE | Bpems |
| b) Time |

WHXEKTUPOBAaHHOIO 3apsiga [4].

st HamnpsikeHusl BKJIIOUYEHMS
30...60 B ¥ TOMIMHBI AU3JIEKTPUKA
150 HM HanpsSIKEHHOCTD 2JIEKTpUYEC-
CKOTO TOJIs B CJIOE AUAJIEKTPUKA MO-

Puc. 1. 3apsaaka nuaieKTpMka B €eMKOCTHOM Kioue: @ — obyiactu 3axBata; b — dopma
YIPaBJSIIOLIET0 CUTHAIA, MUHUMU3UPYIOLIAsl 3apsiIKy AUJIEKTPUKA

Fig. 1. Charging of the dielectric in a capacitor key: a — capture areas; b — form of the control
signal minimising charging of the dielectric
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Puc. 2. EMKOCTHOI1 K104 B HIDKHEM MOJIOXKEHHH: ¢ — CXeMa CTPYKTYphI; b — pacrpe-
NleJIeHre 3apsia Mpy nojaye HarpspKeHUs! U 1ocse ero cHsITus [§]

Fig. 2. Capacitor key in the bottom position: a — structure; b — charge distribution, when
the voltage is supplied, and after its removal [8]
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Top metal
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Dielectric
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Puc. 3. 3epkanbHbie 3apsiibl eMKOCTHOTO KJII0YA B HIJKHEM MOJIOKEHHH: d — cXeMma
CTPYKTYpBI; b — pacrpenejieHre 3epKaJIbHBIX 3apsiIOB HA METATMYECKUX TTOBEPXHO-
ctsx MOMC-moctuka u BY nmuHum [1]

Fig. 3. Mirror charges of the capacitor key in the bottom position: a — structure; b —
distribution of the mirror charges on the metal surfaces of the MEMS bridge and the HF

rme Q= CV+ Ql.mag, E=V/g+ Qimag/s,
Qimag = Qa’ieQrat'

3necy Q — 3apsn Ha Oanke; £ — Ha-
NPSDKEHHOCTh  SJIEKTPUYECKOTO  TIOJIS,
COOTBETCTBYIOILASA IOJABAEMOMY Ha-
npspkeHuio V; C — eMKOCTb CUCTEMbL
0anKa — yIpaBISIONIMMA 3JEKTPOT;, & —
3a30p MEXIy OaJKoM M 3IIEKTPOAOM;
& — JMBJIEKTPUYECKas TIPOHULIAEMOCTb;
Qimag — 3CPKAJIbHBII 3apsiji HA OBEPX-
HOCTM MEeMOpaHbI, 3aBUCSAIUMI OT I10-
JoxeHuss MeMOpaHbl, Qy, — 3apsal B
IUDJIEKTPUKE; Q,,, — 3aps Ha MeTa-
JIMYECKO MeMOpaHe, BbIPaXEHHBIH B
OTHOCHTEJIbHBIX eaHKLaX. sl paBHO-
MEPHOIO pacrpeleeHus 3apsaaa B Iu-
anextpuke 0,,,< 0,5 1 MOXeT ObITh pac-
CYMTAHO B TPEANOJOXKEHUH, YTO CIION
3apsa COCPENOTOUEH B LIEHTPE AUDJIEK-
TPUKa.

Torzma
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b
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rae Cy,, — eMKOCTb MEXIy CJI0eM 3apsiia
U TOBEPXHOCTbIO MeMOpaHbl; Cpoom —
€MKOCTb MEXIY CJIOEM 3apsfla U HUX-
HUM 3JIEKTPOIOM.

Korma ximou HaxomuTcss B BEPXHEM
TIOJIOXKEHUH, 3HAYEHUE 3EPKATIbHOTO 32~
psAla Ha TIOBEPXHOCTU MEMOPAHEI OYEHb
mano (nockonbky Cy,, < Cpyryop), HO
OHO CTaHOBUTCSl CPABHUMBIM CO 3HAYe-
HueM Q;;,/2, KOra K04 OKa3blBaeTcs

B HIMDKHEM TTOJIOXKEHUH, a 3apsii paBHO-
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Puc. 4. Pacyetnas BOX MDOMC-Kioua 6e3 3apsiia v ¢ INIOTHOCTbIO
nosymex D, = 0,3+10'2/cm u 1,2+ 10'2/cm [8]

Fig. 4. Calculated capacity-voltage characteristic (CVC) of the MEMS
key without a charge and with the density of traps D, = 0,3+ 10 2/cm

and 1,2+ 10"/cm [8]
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MEpHO pacmpeneieH B IUIJICKTPUKE.

151 mocenoBatebHbIX KJII0Ueil ¢ BO3-
JYLIHBIM 3a30poM 0,5 MKM MexXay MeMOpaHOW U HUX-
HuM sektpoaoM Q,,, < 1, u, ciaenosarenbHO, 3ep-
KaJBHBIN 3apsii U pe3yJbTUPYIONIasl Cuia, IeiCTBYIO-
1asi Ha MeMOpaHy, He3HAUUTEJIbHBI.

Hcmonb3yss nByMepHOE 3JIeKTpOMeXaHUUECKOe
MOAeAMpOBaHuEe, aBTOp padoThl [8] paccumTan, 4To
notHocTH JoBymek D, = 10'%2/cM? nocratouno mis
nepexona eMmkoctHoro MOMC-kitouya B HUXHeEE T10-
JnoxeHue. PacueTHast BosbT-(hapagHasi XapakTepu-
ctrka (B®X) nmokaszana Ha puc. 4. [LIOTHOCTB JTOBY-
1IeK B OOJIbIIMHCTBE C0€eB SizsNy IM2IEKTPUKA, U3-
TOTOBJIEHHBIX TIO PECVD]—TCXHOJ'[OFI/H/I, COCTaBJISIET
0,4...5) - 1012/CM2 [9], u, Takum 0Opa3oM, KauecTBO
cnos SizNy ABIAETCA ONPENEAIOIIUM I HaleXKHON
paboTHI.

B ciryyae monenu ®pankens—Ilyna MHXeKIUS 3a-
psila 9KCIIOHEHIIMATHHO 3aBUCUT OT HANPSIKEHUS, W

I PECVD (plasma-enhanced chemical vapor deposition) — oca-
XIeHUe U3 Ta30BOM (has3bl, YCUIICHHOE TUIa3MOIA.
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Puc. 5. VIamepeHHOe YMCIIO IMKIOB PA0OThI EMKOCTHBIX KJIIOYeil B 3a-
BHCHMOCTH OT IIPHIIOKEHHOro Hanpsokenns (Tommuaa SizNy 100 am) [5]

Fig. 5. The measured number of the operation cycles of the capacitor keys
depending on voltage (thickness of Si3N,is 100 nm) [5]

IIpY YMEHBIIIEHUY HaNPsDKeHMST BKITIOYeHMS Ha 6 B Bpe-
Ms XKU3HU KJIo4a AECSITUKpaTHO Bo3pacTaeT (puc. 5)
[5]. OngHako 3TO He O3HAyYaeT, YTO HEOOXOAUMO CO3-
JIaBaTh KJIIOYM C MaJIbIM KO3(PDOUIIMEHTOM KECTKOCTU
1 HU3KUM HamNpsDKEHUEM BKJIIOYEHMSI, TaK KaK Takue
BIIEKTPOCTATUIECKINE KOHCTPYKIIMM WMEIOT HU3KOe
3HAYEHME CUJIbI YIIPYTOCTH, KOTOpasl BO3BPAILAeT KOH-
CTPYKIIUIO B UICXOTHOE COCTOsTHHE. ONTUMAaIbHOE 3Ha-
YeHUe HalpsiKeHUs BKIIOUeHUs coctapsiet 25...35 B.

Cnoco0bl pemeHns nNpooJaeMbl 3apsiaKu
JADJIEKTPHIECKOTO CJIOSI

Hcnoavzoeanue paszauunsvix ousaexmpuros. pdekr
3apsIIKA MOXET OBITh MUHUMU3UPOBAH TPU UCITOJb-
3oBanuu SiO, B KayecTBe AuanekTpuka. M3BecTHo,
4ro Si0,, monyyeHHslit o PECVD-texnonoruu, nme-
eT ropasno 0ojiee HU3KYIO IUIOTHOCTH JIOBYLIEK, YeM
Si3Ny, MoJy4YeHHBI 10 TO Xe TeXHoynoruu [6], aTo
MPUBOIUT K YMEHBILIEHUIO 3apsiia AUDJIEKTPUKA B M-
koctHbIX B4 MOMC-ximouax. K He-

nocratkaM  SiO; MOXHO OTHECTH P - - - - - -

yBeJIMYEHNE EMKOCTH B HIKHEM CO-
CTOSSHUM BCJIEACTBUE O0Jiee HU3KOM
JHUDJIEKTPUYECKOM  MPOHMIIAEMO-
CTH OKCHAa. DTO TIPUEeMIIEMO ISt
yactor 10...120 I'Tu, rme oTHolle-
Hue eMKocteii, pasHoe 30...40, mpu-

HHXKHee MONoKeHHe
J/ down-state

XOIMMO C(HOPMUPOBATh M3 BBICOKOJETMPOBAHHOIO
noaukpeMHus 11 coBMectuMocTt ¢ LPCVD-cinosamu
[1]. B pesyabTaTe moayyaroTcs AMAJAEKTPUUECKUE CIIOU
C OYEHb HU3KOM MJIOTHOCTHIO JIOBYIIEK.
Hcnoavzoeanue Ounoaspnoii axmrwoayuu. pyrum
pelieHreM MpoOJeMbl 3apsSaKy  IUAJIEKTPUYECKOTO
CJI0S1 TIPEICTaBISIETCSl UCIMOJIb30BAaHUE JJIs1 yIpaBJe-
HUST eMKOCTHBIM MOMC-Ki1o4yoM OMIOJISIPHOTO Ha-
npskeHust (puc. 6). DnekrpocTaTudeckas cuia, Aei-
CTBYIOILIAs1 HA MOCTUK (MJIM KaHTUJIEBED), TTPOITOPLIMO-
HaJlbHA KBaapaTy HampsDKeHUWs, W, CJIeIOoBaTebHO,
OuMoIsipHOE HaMpskeHue OyJeT Bcerna MpUBOAUTh K
MOCTOSIHHON cuiie MpUTSLKeHUsT oOkiamnok. Ilonsip-
HOCTb HaIpPSDKEHUS CIEAYET U3MEHSTH MPU KaXIOM
cpabaThlBAaHUM MepeKoyaTessl Uid BO BpeMsl yaep-
JKaHMS KJII0Ya B HIDKHEM IoyioxXeHuu (puc. 6). Mexa-
HUYECKasl CUJla YMEHbIIAETCS 10 HYJsl B MOMEHT Me-
pexona mexny ypoBHsaMmu (+V) u (—V), Ho nonBuKHas
MBMC-cTpyKTypa He yclieBaeT pearmpoBaTb Ha 3TO
U3MEHeHMe, ecliv niepexol rpoucxoaut 3a 20...100 Hc.
Ecnu Meanap BbIOpaH Tak, YTO €ro Mepuoj HaMHOTO
MEHbIIIEe, YeM BpeMsl 3apsiIKU AUIJIEKTPUIECKOro CIIos,
TO IWBJICKTPUK He OymeT 3apssKaThbCs, U HAIeXKHOCTh
nepexsoyaTesnsi OyaeT 3HaYUMTEIbHO MOBbIIeHA. Tu-
MUYHAsI YacTOTa MeaH/pa IS TaAKOTO CJIydasl COCTaB-
astet ~5...20 xI'a, a Bpemsa mepexoga — 20 Hc. CTout
OTMETUTh, YTO MEXaHU3Mbl MHXXEKIINHU,/paccachblBaHUS
3apsijia B cllyyae IMOJIOKUTEJbHOTO U OTPULIATEILHOIO
HanpsDKeHUsT CMEleHUsT He MIEHTUYHBI. B KoHeuHOM
WUTOTe 3TO TPUBEIET K MHXEKIINU Pe3yIbTUPYIOLIETO
3apsiia BHYTpb IMAJIEKTpUKa. TeM He MeHee COTpyI-
HUKU 13 JabopaTtopun JIMHKOIbHA U U3 YHUBEPCUTETA
MuuuraHa [1] nokazanu, 4To OUMONSIpHAsT aKTIOALIMS
MPUBOIUT K 3HAYUTEIHLHOMY TTOBBIIIEHUIO HAAEXKHO-
CTU B cllyyae UCIOJIb30BaHMSI (DOPM CUTHaIa, u3o0pa-
>KEHHBIX Ha pUC. 6, a U puc. 6, b COOTBETCTBEHHO.
ITpu ucnonb3oBaHuM (OpMbI CUTHANIA, U300pa-
KEeHHOH Ha puc. 6, b, BO3HUKaeT psaa npobiaem. Um-

HIWKHee MoNoKeHHe
down-state

Hanpaxenue
Voltage

BEpPXHEE MONOKEHHE

/ up-state

BOAUT K MOCTAaTOYHO XOPOIIE M30-
s, KpoMe Toro, Ipy UCITOTb30-
BaHMU TEXHOJIOTUH "TiepeHoca" IO -
J0XKM cnoii SisNy win SiO, Moxer
OBITh HaHECeH Ha YIPaBJISIONINI
3JIEKTPOJ MO0 BBICOKOTEMIIepaTypHOI
LPCVD!-rexsonornn. B srom cIy-
yae ynpabJISIIOlIMIA 3JEKTPO HEOO-

BCPXHES MOJOKCHHE
up-state

Puc. 6. Ucnoab3oBanne OMIOJISPHOrO HANPSIKEHHS KAK CHOC00a peuieHds mpooJeMbl 3a-
PAIKH JUIJIEKTPHYECKOrO CJI0s: @ — pa3paboTka Jabopatopun JIMHKOIBHA; b — pa3paboTKa

I LpCcvD (low pressure chemical vapor
deposition) — ocaxaeHue U3 ra3oBoii (asbl
MPY TTIOHMKEHHOM JTaBJICHUM.
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yHuBepcuTeTta Muunrana [1]

Fig. 6. Use of the bipolar voltage as a method to solve the problem of charging of the dielectric
layer: a — Lincoln Laboratory; b — University of Michigan [1]
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| Ymop /
Bump

|
Puc. 7. Yayumennas kouctpykuus BUY MOMC-Kio4a ¢ MUHUMAJTb-

HOW BEPOSITHOCTBIO 3apAAKM JuajekTpuka [1]

Fig. 7. Improved design of the RF MEMS key with a minimal probability
of charging of the dielectric [1]

nynbc ToKa I = CAV/AT 6yner nonagats B BU nuHuio
Kaxblii pa3 npu cmeHe nosspHoctu. st C; = 2 nd,
|AV| =30 Bu AT = 60 HC HaBeneHHbIN TOK |I| = 1 MA.
HMmnynbe Toka 1 MA neauTtcest TOpoOBHY MEXy JIEBOM 1
npaBoii yactsMu BY jauHuM U hopMHUpPYET UMITYJbC
HarnpsikKeHus amIiutyaoi 25 mB st Harpysku 50 Om.
IMTockonbky yactora MeaHapa cocrtasisteT 5...20 kI,
9TO NPUBOAUT K 3HaUUTENbHOU reHepauy HY rymon
B PaAVOJOKALIMOHHOM VIV TeJIEKOMMYHHUKAIIMOHHOM
cucteme. TeM He MeHee, €CIM YIPaBJISIOIIUE BJIeK-
TPOAbI U30MpoBaHbl OT BY auHUM, Hanpumep, ¢ mo-
MOIIIbIO ynopoB (puc. 7), TO OMMIOJSPHBIN CUTHAaJ
(puc. 6, b) MOXeT OBITh XOPOILKMM PEILICHUEM IS TIO-
BBILICHUS HAIEKHOCTU TTePEKITIOIaTe]Is.
Hcnoavzoseanue 60K06bIX ynpasAaowux 34eKmpooos
u opyzux Hemunoevlx xkoncmpykuyuii. Ha puc. 7 npen-
cTaBjieHa KOHCTPYKIIMS, KOTOPAsk MOXET PELINTD IPO-
OseMy 3apsiiKuM IMAJEKTPUKA. YIPaBISIOLIUE dDJIeK-
TPOABLI PACIIOJIOXEHBI MO OOKaM "e€MKOCTHOI" KOH-
TaKTHOM 00JIaCTU, U HAa HMUX MOJAIOTCS KOMIUIEMEH-
TapHBIC HATIPSDKEHMUS CMeIeHus. B cmry cumMerpun
HanpsDKeHUE Ha eMKOCTHOM BJIEKTPOJE BCeraa paBHO
Hym0. IleHTpalbHBII INAIEKTPUYSCKUM CIIOM MOXET
cocroATh u3 cnos SizNy, momyyennoro no PECVD-
TEXHOJIOTVIM WJIW JI00O0TO IPYroro MaTepuaia ¢ BbICO-
KOU NUAJIEKTPUUECKON MPOHUIIAEMOCThIO U OOJIBIION
IUTOTHOCTBIO JIOBYIIEK. JMaIeKTpUyecKuil ciioii Ha
VIPABJIAIOIINX 2JI€KTpoaax coctout u3 SiO,, mony-
yeHHoro o PECVD-texHonoruu (U BHICOKOTEM-
nepatrypHoit LPCVD-TexHoyioruu, eciu nepekiaoda-
TeJdb (popMUpPYETCST HA KPEMHMEBOM
IiacTuHe). B Takoil KOHCTpyKUUU
MeMOpaHa JOJDKHA OBITh JOCTATO4-
HO XECTKOM, YTOObI TSHyIAs cuja
Ha YIPaBJISAIONIMX 3JeKTpomax 3¢-
(hekTMBHO TMpeoOpa3oBbIBaIacCh B
CUJTYy HaJl LICHTPAITbHONW KOHTAKTHOU
00JIacTbl0. DTO MOXHO OCYIIECT-
BUTH C ITOMOIIBIO TOJICTON MeMOpa-
HbI C HU3KMMU OCTaTOYHBIMM HaIpsi-
KeHusiMu [1], pu 3TOM HeoOXoau-
MO, YTOOBI LIEHTpabHasi KOHTaKTHAs
00J1acTh OblIa pacrojioXeHa BhIlIIE,
YeM YIIPABIISIIONINE JIEKTPOabl. Ec-
JI1 TpedyeTcsl MaKCUMaJIbHO TUIOT-
Hoe KacaHue (mis1 oOecredeHus
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MaKCHUMaJIbHO BO3MOXHOI €MKOCTH), TO Ha LIEHTPaJlb-
HBI 2JIEKTPOA MOXHO IOAATh HEOOJIbIIOE HaIpsiKe-
Hue (4...6 B). Kpome Toro, Mmem0OpaHa MIu KOHCOJb
MOXET ObITb CKOHCTPYMPOBaHA TaKUM OOpa3oM, YTO-
Obl OHA He Kacajlach yIPaBJISIOLINX 3J€KTPOJIOB, KaK 1
B cjlyyae OOJIbIIMHCTBA MOCJIEI0BATEIbHBIX KOHTAKT-
Hbix MOMC-kmoueii. JIj1s1 3TOro MOXHO MCIOJIb30-
BaTh IUBJIEKTPUUYECKUE WIM METAIMUECKUE YITOPHI.

[TpobisieMy 3apsiiku TUINEKTPUKA MOXHO PELIUTH
TMPU UCIOJIb30BAHUU TETUJIOBOW, MATHUTHOMN WJIU TIbE-
302JIEKTpUYeCcKOil akTioauu. OJHAKO eciu TpedyeTcs
ylaepxXuBalliee HarpspkeHue (HarmpuMmep, YToObl yaep-
KaTh KJIIOY B HUKHEM TMOJIOKEHWUM TIPU OTKJIOUEHUU
noJauyy TEeIJIOBOM SHEPTUu), TO HEOOXOAMMO YUYUTHI-
BaTh 3apsaKy AW3JIEKTPUKA.

Ecnu mpobGneMa 3apsiiku AUBJIEKTpUKa pellieHa,
TO HaJEXHOCTb eMKOCTHbIX MOMC-nepexitouareseit
OTPAaHUYMBACTCS 3AJTUTIAHMEM KOHTAKTOB M3-3a HAJIU-
yusl BoAssHOro mnapa. IToBepXHOCTHOE HaTsKeHUe Ma-
POB BOIIbI Ha TMOJIOXKE OYEHBb BBICOKO, MO3TOMY HE-
00X0AMMO, YTOOBI KJIIOUM paboTanu B CyXOi BO3AYyLI-
HOI cpele WU MHEPTHOM cpefe (a30T, aproH U T. 1.).
B c¢Bs13u ¢ 3TUM 111 0GecTieueHrsT BbICOKOUM HaleKHO-
cTu eMKocTHoro MOMC-nepexiiouaresisi ero rnome-
IIAIOT B FEPMETUYHBIN Kopryc. M3nenus AOJKHBI
KOpNyCUPOBAaThCI B UYUCTBIX KOMHAaTax, MOCKOJbKY
OHM He OyayT paboTaTh, €CIM OpraHUYecKMe 3arpsi3-
HUTEIM TIPUCYTCTBYIOT IO TMEPEKIHOYAIOIIUM IO/ -
BUXKHBIM 3JIEMEHTOM WJIA BOKPYT HETO.

MexaHu3Mbl Aerpajalii KOHTAKTHBIX
MODMC-kmouei

MexaHU3MBI IeTpagalliil KOHTAKTHBIX KITIOYei Ma-
JIOII MOIIIHOCTU OOYCJIOBJICHBI OBPEXKICHUEM, TOUCY-
HOM KOppo3ueil M 3amy0iavBaHMEM OOJIACTH MEXIY
BEpXHUM W HIDKHUM METaJUIMYECKMMU KOHTaKTaMU
non AeiicTBrUeM yaapHbix cui (puc. 8). ToueuHast Kop-
po3usT U 3aayOaVBaHMe TIOSIBIIIOTCSI, KOTIA JABa Me-
TaJl/la KOHTAKTUPYIOT C OOJIBIINM YCHIMEM B OMHOM M
TOM € MECTe, YTO 3HAUMTEIbHO YMEHbIIIAET IUIOIIANb
KOHTaKTa W, CJICIOBATeIbHO, YBEIMYMBAET KOHTAKT-

Puc. 8. Konrakrnas odaactb kontakrHoro MOMC-Kmioua: ¢ — 6e3 nerpagaimu; b — ¢ To-
YeYHOU KOPpO3ueii; ¢ — ¢ 3aayoIMBaHIEM 30JI0TOr0 KOHTAKTA IOl BO3AECHCTBUEM HU3KUX
TOKOB M BBICOKMX HaMpsDKEHUI yIpaBieHUsT (KOHTYPBI Ha PUC. ¢ OTOOPaXaioT TBEPAOCTbD,
M3MEPEeHHYI0 ¢ nmoMolikio 30H1a ACM) [10]

Fig. 8. Contact area of the contact MEMS key: a — without degradation; b — with a dot corrosion;
¢ — with hardening of the gold contact under the influence of low currents and high control
voltages (contours in fig. ¢ display the hardness measured by means of AFM probe) [10]




HO€ CONpPOTHMBIIEHUE TepeKmouareis. Jpyrue mexa-
HU3MBbI IeTpajaliuy XapakKTepu3yloTcsl HaTUu4YUueM op-
TaHOTE€HHBIX OTJOXEHHWU M 3arpsI3HEHUIA BOKPYT 30-
Hbl KOHTaKTa, HO BJIMSIHUE JaHHBIX (PAKTOPOB MOXKHO
CHU3UTD, €CJIM KOPIMYCUPOBATh KIIOUU B UUCTHIX MO-
MelieHusaX. beuio yctaHoBiieHO [1], 4To MeXIy KOH-
TaKTUPYIOIIUMHU CJOSIMU METAIJIOB (DOPMUPYETCST TOH-
KM OUDJIEKTPUIYECKUI CIIOH, T. €. B LICNH IIOSIBJISICTCS
MocjeoBaTe/IbHO BKJIIOUEHHbBI KOHAeHcaTop. Mexa-
HU3M ITAaHHOTO SIBJICHUS CJIOXEH M JI0 CHX ITOp HaXo-
JIUTCSI B CTAIMU UCCIIECIOBAHMSI.

ATOMHO-cu0Boli Mukpockorn (ACM) u pactpo-
BBII 3JIEKTPOHHBIN MUKpocKoIl (POM) asnsttoTcs yno0-
HBIMU UHCTPYMEHTaMM IMAarHOCTUKU Jerpaaaliii KOH-
TaKTHBIX KJtouel. TBepAOCTb KOHTAaKTHON 00jacTh
MOXHO U3MepsTh ¢ TTomollbio ACM, a POM mno3Bo-
JISIET BBISIBISAITH TOYEUHYIO Koppo3uio. C MOMOIIbIO
Oxe-cneKTpoMeTpa MOXHO OIPEeAeuTb XUMUIeCKU
COCTaB MaTepUaJioB B 00JIaCTU Jerpajalvi.

Herpagaumsi xapakTepu3yeTcsl 3aMETHBIM BO3pac-
TaHWEeM KOHTaKTHOTO compoTuBjieHus — oT 0,5 mo
2 OM u mocienyluM 0ojiee pe3KUM BO3pacTaHUEM
oT 5 10 20 OM (puc. 9). Korna KOHTaKTHOE COMPOTUB-
JieHue mnpesbiliaeT 5 OM, BHOCUMbIE TTOTepU BO3pac-
tatot g0 —0,5 n1b. derpagamusi CONpoOTUBIECHUS, a 3HA-
YUT, W Aerpagalysi KOHTaKTa, He ONpeneisitoTcsl Mexa-
HU3MOM AaKTIOAallM1, a CWJIBHO 3aBHCHT OT KOHTaKTH-
pyIoLIMX MarepuasioB. B ciiyyae 3ieKTpocTaTUyecKoit
aKTI0AlMY HaJeXXHOCTh MOXHO MOBBICUTH MOACTPOI -
KO (OpMBI MMITYJIbCA HAMPSIKEHUST BKITIOYEHMST —
ISl CHUXXKEHUSI SHEepPruu yaapa M, Kak CJeACTBUE,
YMEHBIIIEHUSI TOYEYHON KOPPO3WHU U 3aXyOJIMBAHMS
KOHTakKTHOM objactu (puc. 10) [10].

B KOHTaKTHBIX KJII0Yax 4acTo HaOJI0daeTCsl 3aiu-
MaHue KOHTAKTOB. M3BECTHBHI IBa MeXaHM3Ma 3TOTO
siBfieHMs1. [Tlepeuiii mexanusm OOYCIIOBJEH DJEKTPOCTa-
TUYECKMM THUIIOM aKTIOAIlMd M IIOAPOOHO HM3JIOKEH
BbilIe. OMHAKO AJ1s1 OOJBIIMHCTBA KOHCTPYKIIMIA TO-
cliefoBaTeIbHBIX KJTI0Uel 3aqumnaHus He TPOUCXOINT,
MOCKOJIBKY YMPABJISIOIME 3JIEKTPOAbl HE KacaroTcs
MOJBEIIEHHOW OaJKu WiIK KaHTuJieBepa. Bmopoii me-
XaHu3M 3alNunaHusl odycaoBieH 3¢ deKTaMu MUKPO-
CBapKU U MepeHoca MaTepuajia B IPUKOHTAKTHON 00-
JIACTH TIPU KOMMYTAIIMX OOJIBIINX TOKOB.

Crporasg Mozelb KOHTAaKTHOIl o0JlacTu TpeOdyeT
TOYHOTrO Mpoujsi MOBEPXHOCTU B MOMEHT yAapa KOH-
TaKTOB. MOXHO MPEANOJ0XUTh, YTO BHICTYIOB 1IIEPO-
XOBAaTOCTH KOHTAKTHOM IMOBEPXHOCTU CKOpEe BCEro
oymer mano (meHee 10) u paguychl HAKOHEUYHHMKOB
oynyt paBHbl 50...200 um. Mccneayemast mopensb [11]
Mnmpo¢uisi KOHTaKTa COCTOUT JIMOO U3 OTHOTO BBICTYIA
(Moaeab 0IHOTO KOHTaKTa) ¢ paguycom 0,1 MKM U BbI-
coroit 0,25 MKM, 1100 M3 MATU BBICTYIIOB (pacroJjio-
KEeHHBIX TIpuMepHO B 0,2 MKM ApYr OT Apyra) ¢ pa-
nuycom 0,1 Mxm u Beicotoit 0,25, 0,23, 0,21, 0,19 u
0,17 MxM. Unclio KOHTaKTHBIX TOYEK B 3aBUCUMOCTU
OT MPUJIOXKEHHOM CHUJIBI MOXKHO OMpPENeIUThb, UCTIONb-

0 277 At 6eFT . Se+7
Yucno HKIOB
Number of cycles

Puc. 9. 3aBuCHMOCTD CONPOTHBJICHHS OT YHCJIA HUKJIOB NEePeKTI0YeHHs
JUISL KJII0YA C KOHTAKTHO# 00JIaCTBIO M3 30/10Ta npu ToKe 4 MA [10]

Fig. 9. Dependence of the resistance on the number of the switching cycles
for a key with the contact area from gold at the current of 4 mA [10]

Cranpaptsast popma
Standard form  Cnienmaibuas gopma
Special form

Hanpsxenue
Voltage

Bpems

Time

Puc. 10. IToacTpoiika opMbl MY/ IbCA HANPSIZKEHUS BKIIOYEHHS 1151
noBbleHus HaaexHocTu [10]

Fig. 10. Adjustment of the impulse form of the turn-on voltage for
increasing the reliability [10]

3ysl yIPYTOIJIaCTUIECKYI0 MOJIETbh KOHTAKTa IIIEPOXO0-
BaTOI MOBEPXHOCTU C IJIOCKOW MOBEPXHOCTbIO. DTa
MoJeNb Obula npeaioxeHa Duuo [12] u siBasgercs yTou-
HeHueM Moaeau I'punByma u BunbsMcona [13]. Bei-
CTYIMbl pacCMaTPUBAIOTCS HE3aBUCUMO APYT OT JApyra,
T. €. B MPEANOJOXEHUN, YTO HArpy3ka Ha OAUH BbI-
CTYI He BIUsieT Ha nedopmauuto apyroro. Ha puc. 11
MOKAa3aHO U3MEHEHHE PaaruyCOB 30JI0THIX KOHTAKTOB B
3aBUCUMOCTH OT KOHTAKTHOM CWJIbI JJIS1 MOACJIU C TIsI-
Tb0 BbicTynaMu. Cuna 100 MKH npuBoauT K moaHOMY
KOHTAaKTy BCEX ISTH BBICTYIIOB C KOHTaKTHBIMU pa-
nuycamu B 80 HM. B ciyyae ucnosnib3oBaHUST MOAEIU
OHOr0 KOHTakTa paguyc coctapisieT 0,125 mxm. [Ipu
200 MxH u BBIIIIE 3Ta MOAETb CBOAMTCS K ITPOCTOI MO-
JIeJIU KECTKOTO KOHTaKTa, KaK OymeT IMoKa3aHO HIIKE.

ITpy BO3ZHMKHOBEHUU OOJBIIMX KOHTAKTHBIX CHJI
MOXHO HCIIOJIb30BaTh YMCTO TUIACTUYECKYIO MOIEIb.
Jnsi KOHTakTHOM cuabl F U TBepaoCTU MaTtepuana H
TIOLLA b KOHTAKTHOU 06j1acTu A OyaeT onpenesiThes
BhIpaxkeHueM [1]

A=m? =

r
E’l’ (1)
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Puc. 11. KonrakTHas odaacts: a — POM-uzobpaxeHue; b — cxe-
MAaTUYECKOE M300pakeHUe MOIEIM; ¢ — pacyeTHas 3aBHUCUMOCTb
KOHTAaKTHOTO paJnyca OT MPUJIOKEHHOU CWIBI B Cly4ae 30JI0TOrO
KoHTakTa [11]

Fig. 11. Contact area: a — REM image; b — model image; ¢ —
calculated dependence of the contact radius on the applied force in case
of a gold contact [11]

IJle ¥ — KOHTAKTHBIN pagnyc; n — SMIIMPUIECKUIT KO-
93¢ dULIMEHT, KOTOPBIK OMNMpeaeseTcss MaTepuaioM U
cTpeMuTcs K 1 JJ1s1 YMCTBIX MMOBEPXHOCTEM.

YpaBHeHue (1) Takke SBIsSIETCS OIpeaeeHueM
TBEPAOCTU MaTepuaja rmo Meiiepy [14] u MoxXeT ObITh
MpeACTaBICHO B BUJE

_F
nA’

TBepaoCTh raiIbBAHM3UPOBAHHOTO U HAIbLIEHHO-
ro 30J10Ta cocTaBisieT coorBeTcTBeHHO 1 1 3 I'Tla (Tu-
NUYHOE 3HayeHMe B cripaBoyHuKax — 2 I'Tla). BaxwHo
OTMETHUTD, YTO 3HAYCHNE TBEPIOCTH TOHKOIUIEHOUHBIX
MaTepuagoB Ha MOMIOXKKE cKopee Orxke K 3HAaUeHUIO
TBEPIOCTU MOMJOXKHU, HEXeIM K 3HAYEHUIO TBEPIO-
CTH cCaMOTo MaTepuaja. DTo MPOMCXOIUT ITOTOMY, UTO
MoJIHas T1acTuyeckasl aedopmaliiusi 3aBUCUT OT TBEp-
JIOCTU TIOIJIOKKM Ha pacCTOSIHUU ~37, TOE ¥ — KOH-
TaKTHBIN paauyc. Takum oOpa3oM, ISl ONTUMAaTbHOMI
paboTOCIIOCOOHOCTA KOHCTPYKIIMU ¢ KOHTAaKTHOM CH-
ot 100 MxH m xoHTakTHBIM pagnycom 0,12 MKM Ha
KPEMHUEBYIO TTOMIOXKY CIEAYET HAHECTH 30JI0TOE TTO-
KphITHE TOMIIMHON He MeHee 0,4 MKM.

KoHTakTHOE compoTHBIIEHUE IS CITydas TIACTH-
yeckoi nmedopmanuu SBIASETCS CTaHAApTHBIM Mak-
CBEJUIOBCKMM COMNPOTUBJIEHUEM pacTeKaHUsl, KOTOPOe
TaKKe HA3bIBACTCS CXKMMAIOLIUM COIIPOTUBICHMEM [1]:

R= f—r ~ A0 )
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Iae p — YAeJbHOE COMPOTUBIIEHME MeTa/la KOHTaKT-
HOM 00JIacTH.

Ecau cuna noctatoyHo Beauka JUisl co3naHus 60-
Jiee YeM OJHOW KOHTaKTHOW TOYKHU, TO HEOOXOIAMMO
HCIO0JIb30BaTh MOJIEIb MAKCBEIOBCKOTO COIPOTUBIIE-
HUSI pacTeKaHUsl, TaK Kak 00J1acThb CTAHOBUTCS JOCTa-
TOYHO 00Jbi0M. CONPOTUBIECHUE HECKOJbKMX KOH-
TaKTOB MOXHO PacCYMTaTh, €CJIM MPEAIOI0XUTb, YTO
KaXXIblii U3 HUX paboTaeT He3aBUCHMO U ITapajuIeJIbHO
(oLleHKA CHM3Y) WM C YYEeTOM 3KBUBAJIEHTHOM IJIO-
1aau KpPyrjaol KOHTaKTHOW 00JlacTU, paBHOW CyM-
MapHOM TIJIOIIAIM BCEX MPOBOASIIMX TOUEK (OlleHKa
cBepxy). CorjacHO MIacTUYeCKOW MOJENU TIPU CUJie
100 MmxH nj1 HaNmbUIEHHOTO 30J10Ta KOHTAaKTHBIN pa-
nuyc coctapisieT 0,127 MKM MPpU KOHTAaKTHOM COTIPO-
tuBiaeHud 80 MOM. DTO XOpOIIO coIIacyercs C yII-
pyromiactTuyeckumu pacyetamu [11]. g cuisl B
1 MH KOHTaKkTHBINM paguyc HaIlbLIEHHOTO 30J0Ta CO-
crapisier 0,4 MKM, a KOHTaKTHOE CONPOTHMBJICHUE —
25 MOM. UM3MepeHHOe KOHTAaKTHOE COMpPOTUBJICHUE
TOJICTOTO CJIOSI TAJIbBAHM3UPOBAHHOTO 30J10Ta COCTaB-
nstet 10...15 MOm nipu cuite 1 MH BcaeacTBue cBoeit
HU3KOU TBepaoctu [13].

KoHTakTHOE CONpOTHUBIEHNE CBA3aHO C KOHTAKT-
HOW CUJION BBIpA>KEHUEM

R~ F7) (3)

Tak Kak BBICTYNbl TMOBEPXHOCTU MPUKUMAIOTCS
IPYT K APYTY, co3daBasl SJIEKTPUIeCKUI KOHTAKT (YII-
pYTUii cly4aii), TO COTJIACHO MOJEIN KOHTAKTOB XOJ-
ma napameTp b = 1/3. B miactuueckoMm cilydae, Kak
BuaHo u3 (1) m (2), b = 1/2. I1pu 6oree BEICOKUX 3HA-
YEHMSIX CUJIbI COTPOTHUBIIEHUE OMpEIesieTCs 3arps3-
HEHUEM TMOBEPXHOCTU U KOI(PPULUMEHT b CTpeMUTCS
K 1 [14]. DTo Tak Ha3bIBaeMblil CXXUMAIOLLIUIA CITy4aid.
OH xapakTepeH IUISI KPYITHBIX CHJIOBBIX TBEPIOCIIIAB-
HBIX BBIKJIIOUYATENIe, KOTOPble UMEIOT TEHIAEHIIMIO K
POCTY OVBJIEKTPUIECKUX TUICHOK M 3KCIUTYaTUPYIOTCS
B HerepMeTUuHOM cpene. B pabdorax [16, 17] coo6-
uiaercs, 4ro 1 coenuHenus AuNis b = 1/3 Bo BceM
JIurarna3oHe (BILUIOTh 10 MUJUIMHBIOTOHOB). OHAKO aB-
TOpBl paboThl [18] yeTKo ompenenvim Jjs 30J0TOTO
KOHTaKTa TIEPEXOI MEXIy YIPYroil W TUIACTHIECKOU
MozesisiMU. PasHouTeHUs, BEpOSITHO, CBS3aHbI C Kavye-
CTBOM ITOBEPXHOCTH MCCIIEAYEMBIX MaTePHAJIOB.

Ha puc. 12 u 13 nipencraBiieHbl 3aBUCUMOCTH 13-
MEpPEHHOTO CONPOTHMBJICHUS KOHTaKTa M3 30JI0Ta, U3
AuNis 1 U3 poaus OT NPUIOKEHHON cuibl. KoHTakT-
HOE COITPOTHUBIICHHUE 30JI0Ta OBIJIO U3MEPEHO TIpU pa3-
JIMYHBIX YPOBHsIX ToKa U cocTtapisieT 70...100 MOM mist
KOoHTakTHOM cuibl Beimie 80 MxH [19]. Y3mepeHHOoe
KOHTaKTHOE COMNPOTUBIIEHUE 30J10Ta OYEHb MEIJICHHO
YMEHBIIIAeTCI ¢ M3MEHEHNEM KOHTAaKTHOW CWIIBI, UTO
He cOOTBeTCTBYeT ypaBHeHMIO (3). CKopee Bcero, 3To
CBSI3aHO C MOP(OJIOTHEH TTOBEPXHOCTH KOHTAKTHOM 00-
sactu [19]. CornacHo [17] 3HaueHrMe KOHTAaKTHOTO CO-
nporusieHus 3o10ta U AuNis npu cute 100...500 MxH
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Puc. 12. 3aBucuMOCTb H3MEPEHHOr0 KOHTAKTHOIO CONPOTHBJICHHS OT
NPHIOKEHHO#M CHJIbI 11 30J0Ta [16]

Fig. 12. Dependence of the contact resistance on the applied force for gold
[16]
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Puc. 13. 3aBucuMoCTb H3MEPEHHOTO KOHTAKTHOTO CONPOTHBIICHHS OT
KOHTAKTHO# CHJIbI 114 301012, AuNis 1 pogus [16]

Fig. 13. Dependence of the contact resistance on the contact force for
gold, AuNis and rhodium [16]

ropaso Huxe, 4YeM 3HaueHUsl, IPUBOJUMbIEC B JIUTE-
patype. OTO MOXeET ObITh CBSI3aHO CO CIIELIOTICpALIMSI-
MM OYUCTKM OOJIACTM KOHTAaKTa Mepel U3MepeHUeM
cornpoTtusieHus. OueBUIHO, 4TO 30710TO U AuNis noa-
XOIAT I Iuana3doHa KOHTakTHBIX cuit 80...500 MxH,
a poAuiA XOPOIIO MOAXOAUT JJIsl KOHCTPYKUUH ¢ 60JIb-
MU 3HAYCHUSIMU KOHTAKTHOM CUJIBI.

B 1enom, n3MepeHHOE KOHTAKTHOE COIMPOTHBIIC-
HUE Tepekioyareseil Ha OCHOBE 30J10Ta COCTaBJIsIeT
0,15...0,4 Om 1ipu cme 80...200 mxH. ITpuumHa sTOTO
yBeJIMUYEHUs] He OYeHb XOPOILIO M3yYeHa, HO OHO BO3-
HHUKAaeT BO Bcex uaMepeHussx. Criocod OYMCTKM 30J10-
TBIX KOHTAKTOB, HAJIMYME 3arpsI3HSIOLIMX BEIIECTB U
T. Il. — BCE€ 3TO BJMSIET HA KOHTaKTHOE COMPOTUBJIE-
Hue. BeposiTHBIMU TpUUMHAMU MOTYT ObITh TakkKe ad-
copOLusl yriieBogopoaoB B KOHTaKTHOM cioe [20] u
HaJIMYKMe MOBEPXHOCTHBIX 3aTPsIBHEHMI Jaxe Ha "JuC-
ThIX" 30JI0TBIX MOBEPXHOCTSX. [Ipyroe oobsicHeHUE 3a-

KJIIOYAETCsl B TOM, UTO IJIOLIAAb KOHTaKTa ObICTPO TO-
KPBbIBa€TCS TOHKWM CJIOEM IUBJEKTPUKA WIU B TOM,
YTO TIPOMCXOIUT MIEPEHOC MaTepuaia MeXIy KOHTAKT-
HBIMU CJIOSIMU, B PE3yJIbTaTe Yero IIolagb KOHTAKTa
CTaHOBUTCS HaMHOro Menbliie 0,1 MKM mpu MajaoMm
3HAYE€HUM KOHTAKTHOM CUJIbl. XOpOIIO IpopadboTaH-
HOM yHMBepCaJbHOU MOAEIN A1 KOHTAaKTHOM 00Jac-
TU TIPOCTO HE CYILIECTBYET, U NTOTOMY 3Ta TéMa B Ha-
cTosilIee BpeMsl aKTUBHO MCCIIENYeTCSl.

s MeTaTMuyeCKMX KOHTAKTOB XOPOIIO MOIXOAST
peHMI 1 30JI0TO-TIaJUIaAMeBhIN cruiaB [21]. DTu mare-
pUaJIbl HAMBUISIOTCS WJIM OCaXAA0TCs TaJIbBAHUYECKU
MOBEPX 30JI0TOr0 UK BoJIbdpamoBoro noaciosi. OHu
>KECTUYe YMCTOrO 30J10Ta U UMEIOT 00J1ee BHICOKYIO TeM-
nepaTtypy IUIaBlieHMs1. XapaKTepUCTUKU BTUX COEAM-
HEHUI CUJIBHO 3aBUCSIT OT METOJOB ocaxaeHus. B pe-
3yJIbTaTe MOXHO TMOJYYUTh KOHTAKTHOE COMPOTUBIJIE-
Hue 0,5...3 OM mnst koHTakTHOM cuibl 0,2...2 MH.
BriObop Marepuasa KOHTAKTOB CUJBbHO 3aBUCHUT OT
KOHCTPYKIIMY MUKPOMEXaHUYECKOTO KJlroua U obac-
TU €ro UCIOJIb30BAHMUSI.

IIpo6aema BBIOOpa MaTepHaia IS KOHTAKTOB

Ipn KOHCTPYMPOBAaHWN KOHTAKTHBIX KITIOUEi He00-
XOJIMMO 00paTUTh 0C000€ BHUMaHUE Ha 00J1aCTh KOH-
TaKTOB. boJibllIe KOHTAaKTHBIE 00JIACTU COOTBETCTBY-
10T 00Jiee HU3KUM 3HAUEHUSIM COMPOTUBJICHUSI U TEM-
rnepaTypbl KOHTakTa. PeajibHasi muiolliaab KOHTaKTa B
3TOM clTydae OIpeaesiaeTcs MPexXae BCero MPUIoXKeH-
HOW CWJIOM M TBEPOOCTHIO MaTepuaja KOHTAKTOB BO
BpeMsI TUIaCTUYECKOM AehopMaliiM, a TAaKKe ero yCTom-
YHUBOCTHIO K (DOPMUPOBAHUIO TTOBEPXHOCTHBIX CJIOEB.
Kax OblJ1O0 MoKa3aHO BbIlllE, paCCUUTAHHBIN paguyc
KOHTAaKTHOM 0O0JIACTH MEXIy IBYMS YHUCTBIMU TIO-
BEPXHOCTSIMU 30JI0Ta C KOHTAKTHBIM COMPOTUBJICHUEM
70 MOM cocrapnsieT 0,125 MKM, 4TO SIBJISICTCSI HUUTOXK-
HOI yacTbhlo Bcell 00acTh (pU3UUYECKOTO KOHTAKTa.

BTopbIM BaxKHBEIM OOBEKTOM aHAJIN3a SIBISETCS CHU-
Jla aire3uyd KOHTaKTUPYIOILIUX MeTallioB. Ee HeobOxo-
IVMO CKOMIIEHCHPOBATh, YTOOBI pa3neuTh METaJLIbI
MocJjie OTKJIIOUEHHUS YITPaBJISIONIEro HanmpskKeHus. D1a
CUJIa 3aBUCHUT OT pexkuma padboThsl. Korma n1Be KOHTaKT-
HBIX TTOBEPXHOCTU COJIMKAIOTCS, TIepBOe B3aMMOAEH-
CTBME MPOUCXOIUT Ha BBICTyIAaX, KOTOPHIE pacrojiara-
I0TCSI BBILLE CPeaHEN MOBEPXHOCTU TUIOCKOCTU KOHTAaK-
ToB. IlepBoHayabHbBI KOHTAKT 3JaCTUYEH IO CBOEM
MpUpOAe U TPOSIBISIET XOPOLIO M3YYEHHOE 3JIeKTPO-
MexaHudeckoe noseneHue [14]. ITockoabKy TeMnepa-
Typa KOHTAKTHOM 00JIaCTH yBEJIUUUBAETCs (pa3msirye-
HUe MeTajljia), BHICTYIIbI TOBEPXHOCTU HAUYMHAIOT TO-
CTeNeHHO 1e(OPMUPOBATHCS, U UX TTOBEACHUE MOXKHO
oIrcaTh MOJIEJbIo "c1aboit” mmacTuaHocTr. Takoe mo-
BelleHUE SIBIISIETCS 0oJiee CIOKHBIM, YeM MPH YIIPYTOM
KOHTaKTe U, KaK MPaBUJIO, XapaKTEePU3YyeTCsl SIMITUPU-
yeckuMu mopaensimu [14]. ITockoabKy MIOTHOCTh TOKA
U TeMIlepaTypa IMpoJ0JKalT pacTh, MaTepuaa KOH-
TaKTOB HauMHAeT HEOOpaTUMO ILJIAaBUTHLCS U 1e(hOPMMU-
poBaThCsl. DTO SIBJIEHUE Ha3bIBAIOT "CUJIbHBIM" TUIACTU-
YECKUM IOBEJEHNEM, OHO I'YOUTEIbHO /11 KOHTAKTOB.
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WM3mepeHus: nmokas3blBaioT [1], 4TO Cujbl aare3uu,
BO3HUMKAWOIIKWE TOCJEe IJIacTUYeCcKOol aedopMaiuu,
MPEeXJe BCEro CBSI3aHbI CO CTPYKTYPOIl MeTallia U reo-
MeTpuell KOHTAaKTHOM 30HBbI. DTO T€ CUJIbI, KOTOpPbIE
TpebyeTcsl MpeoaosieTh, YTOObl pa3opBaTh aTOMapHO
CBSI3aHHBIE METaJUIbl B IJIACTUYECKU AeOPMUPOBAH-
HOl obOsnactu. TakuM oOGpa3oM, MOXHO cAeaaTh Bbl-
BOJI, YTO CUJIbI aJre3uu CBSI3aHbl C KPUCTAJUIMYECKOMU
CTPYKTYpPOI MCMOJIb3yeMOro MeTajlia. 30J10To obJiana-
€T ITpaHeleHTPUPOBAHHOM KyOM4YeCKOl KprcTauinye-
CKOW CTPYKTYpPOM, UTO IPUBOAUT K OUYE€Hb CUJIILHOM a-
re3ur (BTOpOM MO CuWiie MOCje TeTparoHajabHoIt). Tem
He MeHee, TeMmIleparypa IUIaBJAeHUs 30JI10Ta J10CTaTOU-
HO BBICOKA B CPAaBHEHUM C TEMIIEPATypOl TUIABJICHUS
JIPYTUX MSATKUX METAJUIOB (C TaKMM XK€ 3HaUeHHUEeM KO-
s dULMEHTa aAre3uun), 4To IO3BOJSIET KOMMYTHUPO-
BaTb OOJIbILLINE TOKMU.

B3auMocBs3b MeXny aToMapHOU CTPyKTypol Me-
Ta/UIOB U UX KOA(DULIMEHTAMU aAre3u U TBEPAOCTU
MPUBOAUT K TNPUOIMKEHUIO, OMMCAaHHOMY B paboTe
[14]: cuna agresun cocrasisieT nopsinka 40 % ot cuibl
MPKMMa, €CNIU JBMXKEHUE OCYIIECTBIISIEeTCS TepIieH-
TUKYJISIPHO KOHTAKTHOM moBepxHocTu. [lnoians mia-
CTUYECKU AeDOpPMUPOBAHHON KOHTAKTHOM 00JacTh
00paTHO MPOMOPIIMOHATIbHA TBEPAOCTH MaTepuaja, a
MPOYHOCTh Ha Pa3pblB — MPSIMO MPOMOPLIMOHATLHA
[22]. Takum obGpa3om, B IepBOM MPUOIKEHUU, ITpe/-
rmoJjiarasi, YTo AOCTUTHYT DPEXUM IIJIaCTUUYECKON Je-
dopmanu, MOXHO MCKIIOUMTb M3 PACCMOTPEHMS
TBEPIOCTh MaTepHuaia. DTO 03HAYAET, YTO IIPH COIOC-
TaBUMBIX PEXMMax 3KCIUTyaTallud MSTKUX M TBEPIbIX
METaJlJIOB TBEpAbI MeTa1 OyneT objianaTh 0ojiee BhI-
COKOM afre3neit, MOCKONbKY TpebyeTcs 6ObIast Cra
IUUIST BBITIOJIHEHUST YCJIOBUS TIIACTUYECKON medopma-
LIMM ¥ HU3KOTO KOHTAKTHOTO COIMPOTUBEHMUSI.

Bbi1o mokazaHo, YTO TBepAble MeTalibl (Takue,
KaK poAuii) UMEIOT MEHBIIIYIO aTe3HI0 TT0 CPABHEHUIO
C 30JI0TOM TIPU CPAaBHUMBIX YPOBHSIX CUJIOBOTO BO3-
neiictBus [23]. Ponuit, MmeTai ¢ rpaHeliIeHTpUpPOBaH-
HOI KyOMYecKo# peleTkoil, obsamaer 0oJiee BbICO-
KAM KOHTaKTHBIM CONpPOTHUBICHUEM. M3 OCHOBHBIX
CBOICTB MaTepualia BUIHO, UTO y POIMS BABOE OOJIbIIIE
TBEPAOCTb U YIAEIbHOE COMPOTUBIEHUE IO CPABHEHUIO
¢ 30J10TOM. B pesynbrare 3TOro KOHTaKTHOE COMPOTUB-
JICHWe B YeTBIPE pa3a BBIIIE TS TOH Ke CUIIbl. BMecTe
Cc TeM, y 30j0Ta KO3(ddULMEeHT aare3un B 3,6 pasa
OoJiblile, YeM Yy poausi. DTO MPUBOIUT K OUEHDb CXOXKe-
My TIOBEJEHWIO O0OMX MaTepuajoB B YCJIOBUSX ILia-
CTUYeCKOl aedopMaluu.

MBMC-nepexiioyareav co3naHbl U KCIIONb3YIOTCS
BEeOYIIUMU (pUpMaMU B ABYX JUATTa30HAX KOHTAKTHBIX
cwr: 1...2 mH ("Omron", "Cronos") n 50...200 mxH
("Rockwell", "Radant MEMS", "Motorola", "Michigan",
"Microlab", "Samsung"). ITpu 60oabLIMX cUIaX TIpHXKa-
TUS aAre3usi He UMeeT 3HaYeHUsI, TTOTOMY MOTYT ObITh
HCIIOJIb30BaHbI 0ojiee TBepable MeTaabl. Hemocrat-
KOM B 3TOM CJIyJae SIBJIIETCS YBEIUYEHUE COMPOTUB-
JIeHUs KoMMyTaTopa (IpH TOM Xe KOHTAaKTHOI cuiie),
YTO MOXET ObITh HEMPUEMJIEMO JUISl pabOThl Ha BbICO-

324 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016

Kol mMolnHocTU. OJHO M3 BO3MOXHbBIX PEIIeHUI CO-
CTOUT B MCITOJIb30BAHUHU ABYX WJIU TPeX MapajuieIbHbIX
KOHTaKTOB, KaK B Cjydyae C MepeksoyaTesieM KoMma-
Huu "Radant MEMS". BMecte ¢ TeM, B KOHCTPYKIIHSIX
C MaJIbIM YPOBHEM CHJIBI HY>KHO JIeJIaTh OOJIBIIHI YIIOP
Ha KOHTaKTHBIE CWJIBI U CUJIbI aare3uu. Heobxoaumo
yOEAUTHCS, UTO BBIMIOJIHSIETCS YCJIIOBUE CUIIBHOM YIIpY-
roil (May riacTuyeckoi) Aedopmaluu, Tak Kak 3TO
HMMeeT OoIpeessTiolIee 3HaYeHE 1T O0eCTICUeHUST HI3-
KOTO KOHTAKTHOTO COIIPOTMBIICHUsA. B 3TOM ciydae
JUIST TIepekiIoyaresieil ¢ HeOONbIIMMU CUJIaMU TIpe.-
MMOYTUTEIBHBI MSITKME METAJUIBI IJIST JOCTIDKEHUS Ma-
JIBIX aJIF€3MOHHBIX CUJI MPU TaKUX XKe 3HAYEHUSIX CO-
MPOTUBJICHUMA.

Takum 06pa3oM, B KOHCTPYKIHUSIX C OOJIbILIUMU CH-
JJaMM, HaIllp¥Mep B TPAAWIIMOHHBIX peJie, JIydllle BbI-
OupaTh TBepJble METaJIbl; TOLJA KakK JUISl KIIOUei ¢
MaJIbIMU CUJIaMM TIpU BBIOOpE MaTepuaja Hy>KHO y4u-
ThIBaTb €r0 TBEPAOCTb, AATE31I0, a TAKXKE PEXUMBbI pa-
0O0THI (TOKY U TeMIlepaTyphl). 30J0TO B JTaHHOM Cllydae
SIBJISIETCSl XOPOILUMM KOMITPOMHUCCOM, ITOTOMY UTO UMEET
MaJlyl0 TBEpAOCTb, HU3KOE KOHTAKTHOE COMPOTUBJIC-
HUE 1 BLICOKYIO TEMMEpaTypy IJIaBJIeHUS AJIsl MSITKOIO
MeTaJula U COIPOTHUBIISIETCS 00pa30BaHUIO TOBEPXHO-
CTHOTO CJIOSI. BOJIBIIMHCTBO KOMMYTaTOPOB C KOH-
takTHeIMU cuitaMu 40...100 MxH mcrmonb3yioT yncroe
30JI0TO WJIM 30JIOTOM CILJIaB, 32 UCKJIIOUEHMEeM KOMIa-
Hun "Radant MEMS", koTopast UCITOJIb3yeT TYrOIIaB-
KM CIIaB COOCTBEHHOI pa3paboTKM.

3aKkmoueHne

OCHOBHBIM MEXaHW3MOM JIeTpafaliui €MKOCTHbBIX
MbBMC-nepexiouaTeneil ABasieTcsl 3apsaKa TU3JIeK-
TpUKa. B KOHTaKTHBIX KJIIOYaX MUMEET MECTO LIECJIbII
KOMIUIEKC MEXaHU3MOB, IOMUHUPOBAHUE €r0 COCTAB-
JISIIOIIMX OTIPEAEISIeTCS] KOMMYTUPYEMOM MOIITHOCTBIO.

ITpy ManbIX MOLIHOCTSIX Ierpajalusi B OCHOBHOM
00ycJIOBJIeHa TOYEYHOU KOppo3uei, 3aayOJuBaHUEM,
yIapHOU MOHM3aLMell 1 00pa30BaHUEM AUAJICKTpUYIEC-
CKOrO cJIOS B 00J1aCTW KOHTaKTa MeTajuT — MeTajll. [1pu
CPeIHUX U BBICOKHUX MOIITHOCTSIX OTpaHUYEHUE HaaeX-
HOCTU CBSI3aHO C TIOBbILLIEHUEM TeMIiepaTyphl B o01ac-
TU KOHTAKTa, IEPEHOCOM MaTepuayia MeXay aHOJIOM U
KaTo/JO0M, a TaKXXe BbICOKOM MJIOTHOCTBIO TOKA B KOH-
TakTHOM objactu. CornacHo pabote [1] ocHOBHBIE 3(-
¢eKThl, MpUBOASIIME K Aerpafaliuu (3apsaKa IudJieK-
TpMKa, TOYEYHasi KOppo3usl, 3aay0oaMBaHue, 00pa3oBa-
HU€ AUBJIEKTPUYECKOIro CJI0S U JIp.), OOBIYHO MpPOSIB-
JISII0T ce0s Ha TepBOM MWUIKAPIE MEPEKIIIOYEHUN.

Y eMKOCTHBIX KJIIOUYEM TTPU KOMMYTAIIUX CPEAHUX U
BBICOKMX YPOBHE MOILIHOCTU POCT TeMIMepaTypbl MU-
HUMaJIeH, M03TOMY MX OTKa3bl CKOPee BCEro CBSI3aHbI
C BBICOKOH MJIOTHOCTBIO TOKAa B TOHKOW MeTauIdye-
CKOW MOJABUXHOU cTpyKType. KOHTaKTHBIE U €MKOCT-
HbI€ KJIIOUM OBICTPO BBIXOASIT U3 CTPOSI TIPU KOPIYCH-
pPOBaHMU B HETEPMETUUYHOM cpejie M3-3a MPUCYTCTBUS
BJIar M 3arpsi3HSIONIMX BellecTB. Eciu peluTs npo-
OsieMy 3apsIKU AUBJEKTPUKA WM BbIOpATh MOAXOMS -
LM KOHTAKTHBIA METAJLI M 3HAYEHUE KOHTAKTHOMN CU-




JIbI, TO TEPMETUYHO KoprnycupoBaHHbIT MOM C-kiou
Oyner cnocobeH Oe30TKa3HO paboraTh Oojiee yeM Ha
10" ukoax py HUBKMX YPOBHSIX MOLIHOCTH ¥ GoJiee
gem Ha 10° mukax MpU CPEeIHUX YPOBHSIX MOIIHOCTH.
AHann3 MeXaHU3MOB OTKa3a KOHTAKTHBIX KJIIOUel Ha
BBICOKMX MOIIIHOCTSIX IO CHX ITOP HAXOAUTCS B CTAIUU
UCCIIEJOBAHUA.

ITo cocrosihuio Ha koHeu 2014 1. KoMmmaHUs
"Radant MEMS" pa3paboTaina K104, ClIOCOOHBIN CTa-
OMJILHO paboTaTh Ha MPOTSLKeHUU OoJjiee 1010 LIMKJIOB,
MPU 3TOM KOMMYTHpPYeMasi MOIIIHOCTb B XOJIOJHOM pe-
XUMeE TepekJitoueHus: cocrapisieT 4 Br.
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Degradation Mechanisms of RF MEMS Switches

This article presents different degradation mechanisms of RF MEMS switches and describes the main solutions to the problem
of dielectric layer charging in the capacitive MEMS switches. It also analyses the task of selection of a material for the contact area
in DC-contact MEMS switches and shows that the main degradation mechanism of the capacitive MEMS switches is charging of
the dielectric. In DC-contact switches there is a number of degradation mechanisms, and domination of its components is determined

by the RF power level.

Keywords: RF, MEMS, switch, actuator, capacitive, DC-contact, degradation

Introduction

Reliability of MEMS switches is important for their
long use and it is a subject of intensive research. Reli-
ability of the switches is determined by the material of
the metal contact. Reliability of the capacitor switches
is limited by charging of the dielectric. Stability of op-

eration of the MEMS switches is influenced by the
power of the switched signal.

The mechanical degradation (metal fatigue, frac-
ture) of the micromechanical mobile basis is noticeable
at high temperatures. In [1] MEMS switches were test-
ed in normal conditions for 100 billion cycles — a me-
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chanical fracture around the anchors (place of the max-
imal voltage) was not observed.

Mechanisms of degradation of the capacitor
MEMS switches

Reliability of the low-power capacitor switches is de-
termined by the static friction between the layers of the
dielectric and metal owing to the big contact area (about
100x 100 pm). Basically, the friction is caused by
pumping and capture of a charge in the dielectric layer.
In recent 20 years the charge capture mechanisms have
been actively investigated, because the effect is of great
importance for proper operation of MOS transistors.

Three types of traps for capture of the charge carriers
in the capacitor MEMS switches are known: traps on
the border between the layers of metal and dielectric, in
the volume of a dielectric (volume traps) and on the
surface of a dielectric (surface traps) (fig. 1).

The following specific features of charging of the di-
electrics are singled out [2]:

e charging can be caused by various influences: me-
chanical, ionizing, thermal or electric;

e negative charges are captured in weak fields
(2...5 MV/cm) and released in strong fields, while
the capture of the positive charges is observed in
strong fields (7...10 MV/cm) [3];

o the areas of the primary capture of the charges are
the surfaces and interfaces with the greatest conges-
tion of defects;

¢ clectroconductivity of the dielectric does not deter-
mine its ability to be charged. The captured charge
is connected not only with the isolating nature of a
material (ionic or covalent), but also with the defects
caused by the crystallographic structure, or arising
after the processing (dislocation, deviation from sto-
ichiometry);

o dielectrics are disrupted in a strong electric field un-
der a rather long influence, at that, a disruption oc-
curs at a certain quantity of the injected charge [4].
For the turn-on voltage of 30...60 V and thickness of

the dielectric of 150 nm, the intensity of the electric
field in the dielectric layer can exceed 2...4 MV/cm. In
the conditions of such a field the probability of tunneling
of a charge into the dielectric via the mechanism of Fran-
kel — Pool [5, 6] or any other mechanisms [7] increases.
As soon as the switch appears in the bottom position,
the voltage should be reduced to 8...12 V (fig. 1, b).
When a charge gets into the surface and volume traps
of the dielectric layer in a strong field, its transfer inside
the dielectric can be described on the basis of the model
of conductivity [6]. The time of a recombination of the
charges is very long — from several seconds up to sev-
eral days.

Two mechanisms of degradation are known in case
of the capacitor switching [8].

The first one is realized, when a beam is pressed and
then comes back to the top state (irrespective of the po-
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larity of the applied voltage). This can be explained by
the surface states of the "metal—dielectric" and "dielec-
tric—air" interfaces (fig. 2). The charge is transferred
from the metal beam to the surface states of the die-
lectric and the applied force decreases, therefore, the
beam reverts to the original state. After switching-off of
the voltage the charge remains on the surface states, be-
cause the voltage, necessary for actuation, increases.

The second is connected with the injection of the
charge into the dielectric layer, and, as a result, the
beam remains in the bottom position, even when the
voltage disappears completely (sealing) or does not
move under the influence of the control voltage. Charge
capture in the dielectric leads to occurrence of a mirror
charge on the metal surface of the top membrane
(MEMS bridge or console) and HF line (fig. 3). The
electrostatic force F operating on the bridge, is deter-
mined by the following expression [1]

_ QF
F 5

where O = CV + Qjpyee £=V/g + Qippge/es Qimag =

= QdieQrat'

Here Q — the charge on the beam; F — intensity of
the electric field corresponding to the supplied voltage V;
C — capacity of the beam-control electrode system;
g — gap between the beam and the electrode; ¢ — di-
electric permeability; Q;,,,, — mirror charge on the sur-
face, depending on the membrane position; Qy, — a
charge in the dielectric; Q,,, — a charge on the metal
membrane in relative units. For a uniform distribution
of the charge in the dielectric Q,,; < 0,5 can be calcu-
lated in the assumption, that the charge layer is con-

centrated in the centre of the dielectric.

Then
C
Qrat = C ton >
top * Cbottom
where Ctop — capacity between the layer of the charge

and the membrane surface; Cp,;,,, — the capacity be-
tween the layer of the charge and the bottom electrode.

When the key is in the top position, the mirror
charge on the membrane surface is very small (because
Ciop < Chonom), but it becomes comparable with 0;,/2,
when the key appears in the bottom position, and the
charge is distributed evenly in the dielectric. For the
consecutive keys with the air gap of 0,5 pm between the
membrane and the bottom electrode Q,,; < 1, the mir-
ror charge and the resultant force operating on the
membrane, are insignificant.

Using 2D electromechanical modeling, the author
[8] calculated that the density of traps D, = 1012/cm2
is enough for transition of the capacitor MEMS key to
the bottom position. The calculated capacity-voltage
characteristic (CVC) is shown in fig. 4. The density of
the traps in most layers of Si;N, dielectric, made by




PECVD' technology, is (0,4...5)10'2/cm? [9], and the
quality of SisN, layer is the factor, which determines
the reliability of operation.

For Frankel—Pool model the injection of the charge
exponentially depends on the voltage, and in case of re-
duction of the turn-on voltage by 6V the service life of
the key increases 10 times (fig. 5) [5]. However, this
does not mean that it is necessary to create keys with a
small stiffness coefficient and low turn-on voltage, be-
cause such designs have low forces of elasticity, which
return the design to the initial state. The optimal turn-
on voltage is 25...35 V.

Ways to solve the problem of charging
of the dielectric layer

Use of various dielectrics. The effect of charging can
be minimized due to the use of SiO, as the dielectric.
It is known, that SiO,, received by PECVD technology
has a lower density of traps, than SizN,, received by
the same technology [6]. This leads to a reduction of
the dielectric charge in the capacitor RF MEMS keys.
Among the drawbacks of SiO, we can mention an in-
crease of the capacity in the bottom state owing to a
lower dielectric permeability of the oxide. It is accept-
able for 10...120 GHz, where the correlation of the ca-
pacities equal to 30...40 results in a rather good isola-
tion. Besides, when the technology of a substrate trans-
fer is used, the SizN, or SiO, layer can be deposited on
the control electrode by high-temperature LPCVD?
technology. The control electrode should be formed
from a high-alloy polysilicon for compatibility with the
LPCVD layers [1]. As a result we get dielectric layers
with a very low density of the traps.

Use of the bipolar actuation. Another solution to the
problem of charging of the dielectric layer is the use of
the bipolar voltage for control of the capacitor MEMS
key (fig. 6). The electrostatic force operating on the
bridge (cantilever) is proportional to the voltage square,
and, hence, the bipolar voltage always leads to a con-
stant force of attraction of the facings. The polarity of
the voltage should be changed with each operation of
the switch or during keeping of the bottom position of
the key (fig. 6). The mechanical force decreases down
to zero at the moment of transition between the levels
(+V) and (—V), but the mobile MEMS structure has
no time to react to the change, if transition occurs in
20...100 ns. If the meander is chosen so, that its period
is less, than the time of charging of the dielectric layer,
the dielectric is not charged, and the reliability of the
switch will be raised considerably. Typical frequency of
the meander for such a case is ~5...20 kHz, and the
transition time — 20 ns. It is necessary to point out that

I PECVD (plasma-enhanced chemical vapour deposition) —
sedimentation from the gas phase, strengthened by plasma.

2 LPCVD (low pressure chemical vapor deposition) —
sedimentation from a gas phase at the lowered pressure.

the mechanisms of injection/resorption of a charge in
case of the positive and negative displacement voltage
are not identical. In the long run this will lead to injection
of the net charge inside the dielectric. Nevertheless, Lin-
coln Laboratory and University of Michigan [1] dem-
onstrated that a bipolar actuation increased the relia-
bility, if the forms of the signals presented in fig. 6, a
and fig. 6, b were used.

The form of the signal presented in fig. 6, b causes a
number of problems. The impulse of current /= CAV/AT
gets into the HF line each time, when the polarity is
changed. For C =2 pF, |AV| =30V and AT = 60 ns,
the induced current |/| = 1 mA. The impulse of current
1 mA is shared in fifty-fifty proportion between the left
and the right parts, and forms a voltage impulse with an
amplitude of 25 mV for the load of 50 Q. Since the fre-
quency of the meander is 5...20 kHz, this leads to a con-
siderable generation of HF noises in a radar or telecom-
munication system. Nevertheless, if the control elec-
trodes are isolated from HF line, for example, by means
of stops (fig. 7), the bipolar signal (fig. 6, b) can be a good
solution for increasing the reliability of the switch.

Use of the lateral control electrodes and other un-
typical designs. Fig. 7 presents a design, which can solve
the problem of dielectric charging. The control elec-
trodes are located on each side of the "capacitor”" con-
tact area, and the complementary bias voltages are ap-
plied to them. Owing to the symmetry, the voltage on
the capacitor electrode is always equal to zero. The cen-
tral dielectric layer can consist from SisNy, received by
PECVD technology, or another material with a high di-
electric permeability and density of the traps. The die-
lectric layer on the control electrodes consists from
SiO,, received by PECVD technology (high-tempera-
ture LPCVD technology, if the switch is formed on a
silicon plate). In the design the membrane should be
rigid enough, so that the pulling force on the control
electrodes can be effectively transformed into a force
over the central contact area. This can be carried out by
means of a thick membrane with low residual voltages
[1]. The central contact area should be situated above
the control electrodes. If the maximal dense contact is
necessary (for the greatest possible capacity), then it is
possible to supply a low voltage (4...6 V) to the central
electrode. Besides, the membrane or the console can be
designed in such a way, that it would not contact the
control electrodes, just like in case of most of the con-
secutive contact MEMS keys. For this purpose it is pos-
sible to use a dielectric or metal supports.

The problem of dielectric charging can be solved
with the use of the thermal, magnetic or piezoelectric
actuation. However, if a sustaining voltage is necessary
(for example, for keeping a key in the bottom position,
when the thermal energy supply is switched off), the di-
electric charging should be taken into account.

If the problem of dielectric charging is solved, the
reliability of the capacitor MEMS switches is limited by
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sealing of the contacts because of the water vapor. The
surface tension of the water vapors on a substrate is very
high, therefore, the keys should work in a dry air or in-
ert environment (nitrogen, argon). For higher reliability
of the capacitor MEMS switch, it is placed in a tight
case. The products should be assembled in clean rooms,
because possible pollutants under the switching mobile
element or round it will not let them work.

Degradation mechanisms of the contact MEMS keys

Mechanisms of degradation of the low power con-
tact keys are caused by damage, dot corrosion and
hardening of the areas between the top and the bottom
metal contacts under the influence of the shock forces
(fig. 8). Dot corrosion and hardening appear, when two
metals contact each other with a big effort in the same
place, which reduces the contact area and, hence, in-
creases the contact resistance of the switch. The other
mechanisms of degradation are characterized by the
presence of the organogenic sediments and pollution
round the contact zone, but their influence can be low-
ered, if the keys are assembled in clean premises. It was
established [1], that between the contacting layers of
metals a thin dielectric layer was formed, i.e. an in-se-
ries condenser appeared in the circuit. The phenome-
non of the mechanism is complex and now it is still in
the research stage.

Atomic-force microscope (AFM) and raster elec-
tronic microscope (REM) are convenient tools for di-
agnostics of the degradation of the contact keys. The
hardness of the contact area can be measured by means
of AFM, while REM allows us to reveal the dot corro-
sion. By means of Auger spectrometer it is possible to
determine the chemical composition of the materials in
the area of degradation.

The degradation is characterized by an appreciable
increase of the contact resistance — from 0,5 up to 2 Q
and a subsequent even sharper increase from 5 up to
20 Q (fig. 9). When the contact resistance exceeds 5 Q,
the brought losses increase up to —0,5 dB. The degra-
dation of the resistance, and, hence, of a contact, is not
determined by the actuation mechanism, but depends
on the contacting materials. In case of an electrostatic
actuation the reliability can be raised by adjustment of the
form of the impulse of the turn-on voltage — for decreas-
ing of the impact energy and reduction of the dot cor-
rosion and hardening of the contact area (fig. 10) [10].

In the contact keys sealing of contacts is observed.
Two mechanisms of the phenomenon are known. The
first mechanism is caused by the electrostatic type of ac-
tuation and described in detail above. However in most
of the designs of the consecutive keys sealing does not
occur, because the control electrodes do not touch the
suspended beam or cantilever. The second mechanism of
sealing is caused by the effects of microwelding and
transfer of the material in the near-contact areas during
switching of high currents.
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A strict model of the contact area demands an exact
profile of the surface at the moment of blow of the con-
tacts. It is possible to assume, that most likely there are
only few ledges of roughness of the contact surface
(less than 10) and the radiuses of the tips are equal to
50...200 nm. Model [11] of the profile of the contact
consists of one ledge (one contact model) with the ra-
dius of 0,1 um and height of 0,25 um, or from five led-
ges (located approximately at 0,2 um distances from
each other) with the radius of 0,1 um and height of
0,25, 0,23, 0,21, 0,19 and 0,17 um. The number of the
contact points depending on the applied force can be
defined, using the elastoplastic model of contact of a
rough surface with a flat surface. This model was pro-
posed by Ezio [12] and it is a specification of the model
of Greenwood and Williamson [13]. The ledges are con-
sidered independently from each other in the assump-
tion, that a load on one ledge does not influence defor-
mation of the other. Fig. 11 presents changes of the ra-
diuses of gold contacts depending on the contact force
for a model with five ledges. Force of 100 uN leads to a
full contact of all the five ledges with the contact radiuses
of 80 nm. In the case of a one contact model the radius
is 0,125 pum. At 200 uN and over the model is reduced
to a simple model of the rigid contact, as shown below.

If big contact forces occur, it is possible to use a
purely plastic model. For the contact force Fand hard-
ness of material H the contact area A is defined by the
following expression [1]

__2_ F
A T E’l . (l)
where r — is the contact radius; » — empirically deter-
mined coefficient, which is defined by the material and
tends to 1 for the clean surfaces.
The equation (1) is also a definition of a material
hardness by Meyer [14] and can be presented as
_ F
H —
The hardness of the galvanized and deposited gold
equals accordingly to 1 and 3 GPa (typically — 2 GPa).
It is important, that hardness of the thin-film materials
on a substrate is more likely closer to the hardness of the
substrate, rather than to the hardness of the material.
This occurs because a full plastic deformation depends
on the hardness of a substrate at the distance of ~3r,
where r is the contact radius. Thus, for the optimal op-
erability of a design with the contact force of 100 uN
and radius of 0,12 um it is necessary to deposit a gold
coating with thickness not less than 0,4 pm on a silicon
substrate.
The contact resistance for a plastic deformation is a
standard Maxwell resistance of spreading, which is also
called a compressing resistance [1]:

R= f—r ~ 4703, )




where p — is the specific resistance of the metal of the
contact area.

If the force is great, for creation of more than one
contact point it is necessary to use the model of Max-
well spreading resistance, because the area is rather big.
Resistance of several contacts can be calculated, if we
assume, that each of them works independently and in
parallel (an estimation from below) or taking into ac-
count the equivalent area of the round contact area
equal to the total area of the conducting points (an es-
timation from above). According to the plastic model,
at the force of 100 uN for the deposited gold the contact
radius is 0,127 um at the contact resistance of 80 mQ.
This agrees well with the elastoplastic calculations [11].
For the force of 1 mN the contact radius of the depos-
ited gold is 0,4 pm, and the contact resistance is 25 mQ.
The measured contact resistance of a thick layer of the
galvanized gold equals to 10...15 mQ at force of 1 mN
owing to its low hardness [15].

The contact resistance is connected with the contact
force by the following expression

R~ Fb (3)

Since the surface ledges press themselves to each
other, creating an electric contact (an elastic case), ac-
cording to Holm model of the contacts, parameter
b = 1/3. In the plastic case, as seen in (1) and (2),
b = 1/2. At a higher force the resistance is determined
by pollution of the surface and coefficient b tends to 1
[14]. This is a compressing case. It is typical for large
power hard-alloy switches, which tend to the growth of
the dielectric films and are operated in an untight en-
vironment. In [16, 17] it was reported, that for com-
pound AuNis b = 1/3 in all the range (up to millinew-
tons). However, in [18] the transition between the elas-
tic and the plastic models for the gold contact was ac-
curately defined. The discrepancies are most likely due
to the quality of the researched materials.

Fig. 12 and 13 present the dependences of the re-
sistance of the contacts from gold, AuNis and rhodium
on the applied force. The contact resistance of gold was
measured at various levels of current and was equal to
70...100 mQ for the contact force exceeding 80 uN [19].
The measured contact resistance of gold decreases
slowly with a change of the contact force, which mis-
matches the equation (3). Most likely, this is due to the
morphology of the contact area [19]. According to [17],
the contact resistance of gold and AuNis at the force of
100...500 uN is much lower, than it is presented in lit-
erature. This can be connected with operations of
cleaning of the contact area before measurement of the
resistance. It is obvious, that gold and AuN is suit for
the range of the contact forces of 80...500 uN, while
rhodium suits well for the designs with great values of
the contact force.

In general, the contact resistance of the switches on
the basis of gold equals to 0,15...0,4 Q at the force of

80...200 uN. The reason for this increase has not so well
been studied, but it appears in all the measurements.
The method of cleaning of the gold contacts, presence
of polluting substances, etc. — all this influences the
contact resistance. The probable reasons can also be ab-
sorption of the hydrocarbons in the contact layer [20]
and presence of the surface pollution even on "clean”
gold surfaces. Another explanation is that the contact
area quickly becomes covered by a thin layer of a die-
lectric or there is a transfer of the material between the
contact layers, and as a result the contact area becomes
considerably less than 0,1 um at a small value of the
contact force. A well elaborated universal model for the
contact area simply does not exist, and consequently
this topic is being actively investigated.

Rhenium and gold-palladium alloy are very good for
the metal contacts [21]. These materials are sputtered or
deposited galvanically over a gold or tungsten interme-
diate layer. They are more rigid than pure gold and have
higher fusion temperature. Characteristics of the com-
pounds strongly depend on the deposition methods. As a
result it is possible to get contact resistance of 0,5...3 Q
for the contact force of 0,2...2 mN. The choice of a ma-
terial for the contacts strongly depends on the design of
a micromechanical key and the area of its application.

Problem of selection of a material for the contacts

During designing of the contact keys it is necessary
to pay attention to the area of the contacts. Big contact
areas correspond to the lower values of the resistance
and contact temperatures. The real contact area is de-
termined, first of all, by the applied force and hardness
of the contact material during the plastic deformations,
its stability to formation of the surface layers. As it was
shown above, the calculated radius of the contact area
between two clean surfaces of gold with the contact re-
sistance of 70 mQ equals to 0,125 um, which is an in-
significant part of all the area of the physical contact.

The second important object of the analysis is the
force of adhesion of the contacting metals. It has to be
compensated for in order to divide metals after switch-
ing-off of the control voltage. This force depends on the
operating mode. When two contact surfaces approach
each other, the first interaction occurs on the ledges,
which are higher than the average surface of the plane
of contacts. The initial contact is elastic and demon-
strates a well studied electromechanical behavior [14].
As the temperature of the contact area increases (metal
softening), the surface ledges are gradually deformed,
and their behavior can be described by the model of "a
weak" plasticity. Such a behavior is more complex, than
in case of an elastic contact and is characterized by the
empirical models [14]. Since the current density and
temperature continue to grow, the material of the con-
tacts irreversibly melts and is deformed. This is called "a
strong" plastic behavior, and it is pernicious for the
contacts.
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Measurements show [1], that after a plastic defor-
mation the forces of adhesion, first of all, are connected
with the structure of metal and the geometry of the con-
tact zone. It is necessary to overcome these forces in or-
der to break the atomic-bonded metals in the plastically
deformed area. Thus, it is possible to draw a conclu-
sion, that the forces of adhesion are connected with the
crystal structure of the metal. Gold has a face-centered
cubic arrangement of the crystal structure, which leads
to a very strong adhesion (the second by force after the
tetragonal one). Nevertheless, the temperature of fu-
sion of gold is rather high in comparison with the tem-
perature of fusion of the other soft metals (with the
same value of the adhesion coefficient), which allows to
switch big currents.

The interrelation between the atomic structure of
metals and their adhesion coefficients and hardness
leads to the approach described in [14]: the force of ad-
hesion makes 40 % of the pressing force, if the move-
ment is perpendicular to the contact surface. The area
of the plastically deformed contact area is inversely pro-
portional to the hardness of a material, while the break-
ing strength is directly proportional to it [22]. Thus, in
the first approximation, assuming, that a mode of the
plastic deformation is reached, it is possible to exclude
the hardness of a material from consideration. That
means that in case of comparable modes of operation
of the soft and hard metals, a hard metal will possess a
higher adhesion because a greater force is required for
the plastic deformation and low contact resistance.

It is demonstrated that the hard metals (such as rho-
dium) have lower adhesion in comparison with gold at
comparable levels of the power influence [23]. Rho-
dium, metal with a face-centered cubic lattice, possess-
es higher contact resistance. From the basic properties
it is visible, that in comparison with gold, the hardness
and specific resistance of rhodium are twice as high.

As a result of this, the contact resistance is four times
higher for the same force. At the same time, adhesion
coefficient of gold is 3,6 times higher than that of rho-
dium. This leads to a very similar behavior of the ma-
terials in the conditions of a plastic deformation.

The leading companies developed MEMS switches in
the two ranges of the contact forces: 1...2 mN (Omron,
Cronos) and 50...200 uN (Rockwell, Radant MEMS,
Motorola, Michigan, Microlab, Samsung). In case of
big pressing forces the adhesion is of no importance,
therefore, harder metals can be used. A drawback is the
increased resistance of the commutator (at the same con-
tact force), which is unacceptable for a high power op-
eration. One of the possible solutions is the use of two or
three parallel contacts, like in case with Radant MEMS
switch. At the same time, in the designs with a small level
of force a greater emphasis should be on the contact forc-
es and forces of adhesion. It is necessary to make sure,
that the condition of a strong elastic (or plastic) defor-
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mation is met, because this is of crucial importance for
a low contact resistance. In this case for the switches
with small forces soft metals are preferable for achieve-
ment of small adhesive forces at same resistances.
Thus, for the designs with big forces, for example in
the traditional relays, hard metals are preferable;
whereas for the keys with small forces in selection of a
material one should take into account its hardness, ad-
hesion, operating modes (currents and temperatures).
Gold is a good compromise, because it has low hard-
ness, low contact resistance and high temperature of fu-
sion for a soft metal, and resists to formation of the sur-
face layer. Most of commutators with the contact forces
of 40...100 uN use pure gold or gold alloys, except
Radant MEMS, which uses a refractory alloy of its own.

Conclusion

The basic degradation mechanism of the capacitor
MEMS switches is charging of the dielectric. In the
contact keys there is a whole complex of mechanisms,
and the dominating role of its components is deter-
mined by the switching power.

At low powers the degradation is basically caused by
the dot corrosion, hardening, shock ionization and for-
mation of a dielectric layer in the area of metal — metal
contact. At average and high powers the limited relia-
bility is connected with the rise of temperature in the
field of contact, transfer of material between the anode
and the cathode, and high current density in the con-
tact area. According to [1] the main effects, leading to
degradation (charging of the dielectric, dot corrosion,
hardening, formation of a dielectric layer, etc.), usually
reveal themselves during the first billion of switchings.

During switching of the average and high levels of
power the temperature growth of the capacitor keys is
minimal, therefore their failures most likely are con-
nected with a high current density in a thin metal mo-
bile structure. The contact and capacitor keys quickly
fail because of the presence of moisture and pollution,
if assembled in an untight environment. If we solve the
problem of charging of the dielectric or select a suitable
contact metal and value of the contact force, then the
tightly assembled MEMS keys will be able to withstand
smoothly more than 101! cycles at low power levels and
more than 10° cycles at average power levels. Now the
mechanism of failure of the contact keys at high powers
is still being analyzed.

By the end of 2014 Radant MEMS already developed
a key capable to withstand more than 1010 cycles at the
switching power in a cold mode of switching of 4 W.
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KAPBUAOKPEMHMEBBIE ®OTOAUOADbI YO AUATTA3ZOHA
AAS SKCTPEMAAbHBIX YCAOBUM SKCMNAYATALIMU

Ilocmynuna 6 pedaxuyuro 23.03.2016

IIpedcmaenenvt pesyromamol pazpabomxu u uccaedosanuii 4H-SiC gpomonpuemnvix 0uodoe YD uznyuenus Ha ocHose éep-
MUKAAbHBIX SNUMAKCUAAbHBIX D-N-CMPYKMYP U cmpyKkmyp ¢ 6apvepom Llommku, Komopsie umerom cneKkmpanvHulli OUana3on pa-
b6omot 230...360 Hm u MaKcumanbHyo mokoeyro yyecmeumensvrocms 50... 140 mA/Bm. Tlokazana 603mMoxucHOCMb YRPAGAEHUs ChEK -
MPanbHOL XAPAKMepUCMUKol KapoudoKpemuueaoeo omoouoda muna p” -p-n" nanpsocenuem o6pamuozo cmeuenus é duana-

sone 0...10 B.

Karouesnie caosa: yrompaguonemosoe uziyuenue, Kapouo Kpemuus, SNUMAaKCcuaibhsie CmpyKmypol, pOmonpueMHuK, p-n-ne-

pexod, bapvep lllommku

BBenenune

®oTonpuemunie auoasl (PI1J]) Ha ocHOBe rekca-
TOHAJbHBIX MOJUTUIIOB Kapouaa kpemHus (4H-SiC
n 6H-SiC) ansiorcs 3¢ @eKTUBHBIMI IeTEKTOPaMHU

yIbTpadroIeTOBOro uaaydeHust. [1py 1ocTaTouyHO BbI-
COKOIi (pOTOUYBCTBUTEILHOCTY OHU O0JIANAIOT PSIIOM
YHUKAJIbHBIX TOCTOMHCTB: HEUYBCTBUTEILHOCTh KO BCe-
My AMAana3oHy BUAMMOIO CBEeTa, OTCYTCTBHE Aerpaia-
LMK TIOJ IeWCTBUEM WHTEHCHBHOTIO YIbTpaduoseTo-
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BOTO OOJIydeHUsI, pamguallMOHHAs CTOMKOCTb, TEPMO-
CTOMKOCTh; BpeMeHHasi cTabuIbHOCTb. MHTEHCUBHBIE
paboThl IO co3maHuio U ucciaegoBaHuo SiC-doTo-
MPUEMHUKOB Benytcst 6ojiee 30 JieT U K HaCTOSILEMY
BpeMeHU HauboJiee monyasipHeIMU Tunamu Y ®-goro-
MPUEMHUKOB Ha OCHOBE KapOuaa KpeMHUs cTaiau ¢o-
TOAMOIBI C MEJIKMM p-A-TIEPEXOI0M U JAUOIBI C O6apb-
epom IoTTku [1—3], a Takke poTOorpreMHBIE TUOIBI
MSM-tuna [4]. PaogoM KoMImaHWii peaan30BaHO KOM-
MEpYECKOe IIPOM3BOJCTBO TaKux IpHOOpoB [5]. Dtm
doToaronsl 00ecreuynBalOT padoTy B CHEKTPATbHOM
nuarasose 200...380 HM ¢ MakcUMaJIbHOM (hOTOUYBCT-
ButTeabHOCThIO 0,1...0,15 A/BT.

Ilenblo gaHHOW CTaThU SIBASIETCS TpeACTaBJICHUE
pe3yNbTaTOB TocaeaHuX pa3padboTok JIDTHU B obnac-
TH CO3JaHMSI OTEUECTBEHHOM KOHKYPEHTOCIIOCOOHO
KOMIIOHEHTHOU 0a3bl yiIbTpadroaeToBoOi (HOTORIEK-
TPOHUKHK Ha OCHOBE IOJIYIIPOBOAHUKOBOIO Kapouaa
KpeMHUsT — JuHeiiku Y®-dDoToanoaoB Ha OCHOBE
P-N-CTPYKTYp U 11oa0B ¢ 6bapbepoM HHIoTTKM 115 3KC-
TpeMaJIbHBIX YCIOBUIA DKCIUTyaTallMU.

CrpykTypa doToauoa0B
H HX 3JIeKTpo(Hu3ndecKue napaMeTpbl

B ocHoBe koHCTpyKLMM paspaboraHHblx DI/
Jexar snuTakcuaibHble cTpyKTyphl 4H-SiC, momy-
YeHHbIE METOJOM ra3ogasHoi 3MUTaKCUU KapOuaa
KpeMHMS Ha MOAJI0XKKaX nt 4H-SiC (muameTp moj-
noxek 76...100 MM, ymeabHOE COTPOTHBIIEHNE He 00-
nee 0,025 Om cMm, TommmHa 350 MKM, OTKJIOHEHHE OT
HanpasieHus: (0001) — 4°). Yucno cnoeB, UX TOMIIM-
Ha, BUI M KOHIIEHTpalLMs JIETUPYIOILEH MpUMECHU B
CJIOSIX OTIPENEISIIOTCS TUTIOM (DOTOTIPUEMHOM CTPYKTY-
pbl. TONIIMHBL U YPOBHM JIETUPOBaHUS 0a30BbIX 00-
JlacTelt BbIOMpaau U3 pacueTa Ha MaKCUMaJlbHbIEe pa-
Oouure HamnpsKeHUs U06p < 15 B, npu KoTopbIX obec-
reyuBaeTcsl MojHoe oOemHeHue n(p)-0a3bl mpudopa,
T. €. LIMpKUHA 00JIACTA MPOCTPAHCTBEHHOTO 3apsiaa W
OyIeT paBHA TOJIIUHE SIMTAKCUAILHOTO CJIOS d:

2880(({) - kT/q— U06p)
q(Nd_Ng) ’

d= W= (1)

rome ¢ = 9,8 — nusIexTpuueckasg MPOHUIIAEMOCTh
4H-SiC; gy = 8,85 10712 d/M — OuaIeKTpUdecKast
IIOCTOSTHHAS, (¢ — KOHTAaKTHAas pa3HOCTb MOTEHIIMA-
JIOB JJIs1 AWOJOB C p-A-TIEPEXOJOM WJIM BBICOTA
b6aprepa IloTTKW; Uo6p — o0OpaTHOEe HaIpPSKEHUE;
g=1,6- 1071 Kn — 3apan anektpoHa; Ny — N, —
KOHIIEHTpaLNsI HECKOMIIEHCUPOBAHHBIX JOHOPOB (aK-
LIENITOPOB 1IJisl p-0asbl).

Ilpn momcTaHOBKE COOTBETCTBYIOIIMX 3HAUYECHUI B
dopmyne (1) moayyaem, 4to a1 POTOAUONOB C p-n-Tie-
pexonoM win 6apbepoM LIOTTKYM Mpy KOHIIEHTpaIIMN
HECKOMIIEHCUPOBAaHHBIX JOHOPOB (aKLENTOPOB) B
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Puc. 1. 3asucumocts mmpunasl OII3 B amonmax c¢ p-n-nepexonom
(¢ = 2,86 B) u 6apvepom IllorTku (¢ = 1,2 B) ot oOpaTHOro Ha-
NPSDKEHHs] NPU KOHUEHTPAMH HECKOMIIEHCHPOBAHHBIX IOHOPOB (aK-

IEeNTOPOB) B 0a30BBIX 00JacTax 7 * 104 em73

Fig. 1. Dependence of the width of the space-charge region in diodes with
a p-n junction (p = 2,86 V) and with a Schottky barrier (p = 1,2 V)
from reverse voltage at a concentration of uncompensated donors

(acceptors) in the base areas of 7+ 1 0% em™3

0a30BBIX O0JacTsX, paBHOM 6...7 * 1014 CM_3, 1 3Ha-

UYeHUH obpaTHOro HanpsbxeHust Uyg, = 15 B nonHoe
o0enHeHre 0a30BbIX #- WIM p-CJIOEB HACTyMaeT Mpu
d=5...6 Mmxm (puc. 1).

®ITJ1 ¢ 6aprepom ILIoTTKM OBUIM BBHIIIOJHEHBI B
BHII¢ BEPTUKAIBLHOU CTPYKTYPBI CO CITIOIIHBIM TTOJY-
MPO3payHbIM 3JEKTPOJOM WM C DIEKTPOIOM CeTya-
toro tuna. MarorosneHue takoro tuna Y ®-gporonpu-
eMHMKa TIIpemycMaTpuBaeT ucnoib3oBanume 4H-SiC
SMUCTPYKTYPBI TUMA N-AT C 3MUTAKCHAIBHBIM CIIOEM
TOJIIUHON d = 5 MKM M YpOBHEM JIETUPOBaHUS a30-
ToMm 6...7 - 101 cm 3.

Ha puc. 2 npuBeneHbl BapuaHThl KOHCTPYKIUU (Po-
TONPUEMHHUKA, IlIe B KAYE€CTBE BHIMPSIMIISIIOIIETO KOH-
TaKTa MCITOIb30BaHbI IUIEHKW HUKEJIS U TIJIATUHBI TOJI-
mwuHoi 10 HM, a B KauecTBe OMMYECKOIo KOHTaKTa K
n*-o6mactu — kommnosuumst Ti/Ni.

O6pa3supl (poTONpreMHUKOB ¢ KOHTakToM IlloTTKN
Ni-SiC xapakTepu30BaJIMCh BbICOTAMU TMOTEHLIMATb-
Horo Gapwepa 1,2...1,25 3B, a ¢ koHtakTom Pt-SiC —
BeicoTamu 1...1,05 »3B. I Bcex THIIOB CTPYKTyp 00-
paTHbIE TeMHOBbIE TOKU Ipu HampsekeHusx 0,5...1 B
He npesBbruanu S50 mA. ITo pe3yabrataM BoabT-(apa-
HBIX UBMEPEHUI ObUIO YCTAHOBJIEHO, UTO HACHIIICHUE
C- U-xapaKTepuCTMK HACTYIaeT TpU HampsLKeHUSIX
Usep = 8 B, 4TO COOTBETCTBYET MOTHOMY OGEIHEHHIO
0azoBoli 00sacTu (PoTONMpPUEMHUKA.

®I1 Ha OCHOBE CTPYKTYp C p-A-TIEPEXOI0M OBLIN
BBITTOJTHEHBI B BU/I€ BEPTHUKAIbHBIX ME3adMMUTaKCUaTb-




- 4H-SC subsfrate

/M

Puc. 2. Konctpykuus (cnesa) u dpororpadus kpucrajia (cnpaBa) KapouaokpeMuueBoii ¢o-
TONPHEMHOI CTPYKTYPbl HA OCHOBe 1uoia ¢ 0apbepoM LIIOTTKH €O CIUIOIIHBIM MOJYNPO-

3pavHbIM JIEKTPOIOM

Fig. 2. Design (left) and the crystals (right) of the silicon carbide photodetecting structure based
on the diode with a Schottky barrier with the solid semitransparent electrode

HBIX CTPYKTYp THra p -n-n" u pt-p-n". B 3aBucumo-
CTU OT THTIA TIPOBOIUMOCTH aKTUBHOTO 6a30BOTO CJIOS
BBICOTA Me3bl BapbUpoOBaach. Tak, MpU MCMOJb30Ba-
HUM CTPYKTYPHI TUTIA p+—n—n+ ryouHa tpasieHus SiC
METOIOM PEaKTMBHOTO MOHHO-IIJIA3MEHHOTO TpaBJie-
Hus (PUIIT) npeBbiliazia TOJIIMHY p+ SMUTTEPHON
obmacti u cocrapasiaa 2.3 MM (puc. 3, a). das
CTPYKTYpbI C p-0a30BOii 00J1aCTbIO TpaBI€HUE MTPOBO-
JUJIN Ha TyOouHy 8...9 MKM CO CTOPOHBI p+ SMUTTEPA
(puc. 3, b). MarepuanaMu OMUUYECKUX KOHTAKTOB K
HU3KOOMHBIM obuacTsiM n'-SiC u p'-SiC siBisunch
komrmo3unmu metamioB Ti/Ni u Al/Ti/Ni, cooTBeTcT-
BEHHO.

M3mepeHus BOJIbT-aMIIepHBIX XapakTepucTuk OI1/]
Ha OCHOBE p-n-Tiepexona ObUIU MPOBEACHBI IJ1s1 000UX
TUMOB (POTONPUEMHBIX CTPYKTYP. BBIJIO ycTaHOBJIEHO,
yTo npsimble BeTBU BAX CTpyKTyp p+—p—n+ u p+—n—n+
He omimyarotcs. IIpakTuyeckum BO Bcex claydasix Ha-
MpsiKEHUEe OTKPBITUSI p-n-CTPYKTYp cocTaBwio 2,5 B.
BAX Ha 2KCIOHEHUMAJbHOM Yy4YacTKe MOXKET ObITb
oIrcaHa B pamMKaxX pPeKOMOWHAIIMOHHOW MOZIEIH TO-
KoIepeHoca, NMpU KOTOPOM POCT TOKa MPOIOPLIHMOHA-
neH exp(qU/2kT). O6patHbie BeTBH BAX mmMeroT He-
CYyILIECTBeHHbIE OTIMYMA. OOIIUM IJIs1 000MX THUIIOB
CTPYKTYD SIBJISIIOTCSI OTHOCUTEJIBHO Majible 3HAYCHMS
TEMHOBBIX TOKOB B (DOTOAMOAHOM pexXrMe pPabOThl

- 4H-SC subsirafe

npubopa. Tak, mpu HaNpPSKEHUSIX
Usep = 20...25 B obpaTHble TOKH
WMeNIN 3HAuYeHUs, He TIPEeBBIIIA0-
mue /. = 10 nA. Kak nokasanu us-
MepeHUs BOJbT-(hapagHbIX XapaKTe-
puctuk, 4H-SiC p-n-dortonpuem-
HUKOB, IIOJIHOE OOegHeHue cJiabo-
JIETUPOBAaHHOU o00JacTu n- WU
Pp-TUTIa JOCTUTAJIOCH TIPU HaIpsiKe-
Husx go 10 B. ITostomy 3aMeTHBII
pocT . HaGJIIONAIU TIPUA HaIpsiKe-
HuAX 6oiee 65...70 B, yTo 00yciOB-
JIEHO TIOBEPXHOCTHBIMM yTeUKaMU
M0 Me3acCTPYKTypaM.

Takum o0pa3oMm, mMOoIyYeHHBIE
®I1d MOXHO WCIOJIB30BaTh KaK B
pexkruMe KOPOTKOTO 3aMbIKaHUsI, TaK U B HOTOAMOIHOM
peXuMe 10 HANPSDKEHUN U06p <20 B, uTo cyuiecTBeH-
HO TpeBbIIIaeT 3HAUYEHUSI MaKCHMMaJbHbIX Hampsixe-
Huit st SiC—®I1J] Ha oCHOBe KOHTAaKTa METall —
MOJYTPOBOAHUK.

DoT03JIeKTPHYECKHE CBOMCTBA

DoTO3IEKTPUIECKIE CBOKCTBA 00Pa3IIoB UCCISI0-
BaJIu B crieKTpasibHOM AuanadoHe 200...500 um. U3me-
pEHUSI POBOAWIN B PEXHMME KOPOTKOIO 3aMbIKaHUs, a
st GOTOAMOIOB HA OCHOBE P -p-n' -CTPYKTYp — B
(oTroguomHOM pEeXUME 10 U06p = 10 B. Ha puc. 4
TIPpUBEACHBI CIIEKTPAIbHBIE XapaKTePUCTUKI YYBCTBU-
teapHOCTH 4H-SiC ®I1/I. Ha 3TOM Xe puCyHKe s
CpaBHEHMS TIPEACTaBIcHA CIEKTpadbHasl XapaKTepH-
ctuka Kommepueckoro 4H-SiC ¢otoauona SGO1D-18.
®otonpueMHas CTpykKTypa Ha ocHoBe SiC-muona
Lotk o6namaeT yAOBIETBOPUTEIbHOW YYyBCTBU-
TEJBHOCTBIO B UCCIIEAYEMOM CITEKTPAIbHOM IMAara3o-
HE U SIBJISIETCSI MOYTU ONTUMAIbHON IJISI TAKOM TOJI-
LIMHBI TTOJYIIPO3pavyHoro 3JeKTpoaa. BeposTHo, mep-
CIEKTUBHBIM BapUaHTOM peaiu3allii IIOTTKOBCKOTO
¢doronprueMHUKa OyIeT CTPYKTypa C CETYaThIM 3JIEK-
TPOJIOM U CIUIOIIHON METaJIU3ALMEN CETKU IS UC-
KJTIOYEHMST PE3MCTUBHBIX MOTEPb HA COMPOTHUBICHUU
KOHTaKTa.

- 4H-SU substrate

1]

/N

Puc. 3. Koncrpykuumn, Tonosiornss u ¢ororpadusa kpucramia 4H-SiC ¢oronpueMHbIX CTPYKTYp HA OCHOBE p-n-IAMOAA: p+-n-tfr (@) m

p-p-n* (b)

Fig. 3. Design, topology and image of the 4H-SiC crystal of the photodetecting structures based on p-n-diode: p*-n-n* (a) and p*-p-n* (b)
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Puc. 4. CnekrpajibHble XapakTepUCTUKH (DOTONPHEMHDBIX CTPYKTYP
(u3mepenus nposenensl B pexxume K3)

Fig. 4. Spectral characteristics of the photodetecting structures (meas-
urement in short circuit mode)

Puc. 5. CnekrpaibHbie xapakrepuctuku p* -p-n" 4H-SiC doronpu-
€MHBIX CTPYKTYP MPH Pa3HYHbIX 3HAYEHHAX 00OPATHOIO HANPSKEHUS

Fig. 5. Spectral characteristics of pt-p-n* 4H-SiC photodetecting
structures at different reverse voltage

Jna @I tumna p+—n—n+ Ha JJIMHE BOJIHBI 295 HM
HaOMogaeTcss MakKCUMYM  (POTOUYBCTBUTEIHHOCTH
S = 0,138 A/BT. Ilpu 3TOM MakcUMaJlbHOE 3HAUYCHUE
YYBCTBUTEIBLHOCTH KapOUAOKPEeMHUEBOro (oTonpu-
emHuka SGO01D-18 (I'epmaHusl) NpUXOAUTCSI TaKXkKe
Ha 295 HMm u cocraisieT 0,13 A/Bt. Kommepueckue
doToaMOoaBI MO CPABHEHUIO CO BCEMU TMITAMM U3rO-
TOBJIEHHBIX (DOTONIPUEMHBIX CTPYKTYp UMEIOT OoJiee
BBICOKYIO 4YYBCTBUTEJIBHOCTb B KOPOTKOBOJHOBOM
Y®-o6macty. DT0 CBSI3aHO C MCIOJIB30BAHUEM B 3THUX
JMOAaX AHTUOTPAXKAIOLIMX ITOKPLITUIA Ha OCHOBE SizNy,
a Takxe C NMpUMEHeHueM 0oJjiee TOHKUX 3MUTTEPHBIX
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SIMTAKCHATBHBIX p ' -CJIOEB, YTO MO3BOJISIET MAKCHU-
ManbHO nipuom3nuTh OI13 k noBepxHocTH. I1o Ham
OLIEHKAM TIPY YMEHBLICHUN TOMLIMHBL p ' -3MUTTEpa
10 0,15 MKM MakCMMYM CIEKTpajbHOI UyBCTBUTEJb-
HOCTHU (hOTONPUEMHMKA OYIeT HaXOAUThCS Ha JJIMHE
BOJIHBI 270 HM.

dotonpyreMHble CTPYKTYpbI THIA p* -p-n" mokasbi-
BalOT OYeHbh HU3KYIO 4yBcTBUTENbHOCTH B "C" 1 "B"
YO obnactsix, Ho HaYMHAast oT 330 HM UX YyBCTBUTEb-
HOCTB COBITaZIa€T C YYBCTBUTEIBHOCTBIO BCEX MCCIIEIO-
BaHHBIX (oTonpueMHUKOB. HabmomaeMblit 3ddexT
00BbsICHsIETCS OOJIbLLION MTYOMHON 3ajieTaHus p—n+—ne—
pexona, Kotopast coctapisieT 5 MKM. [lormonieHue Ko-
POTKOBOJTHOBOTO YD-U3JIydyeHUs IMPOUCXOIUT B TIPU-
MOBEPXHOCTHOW 00JIaCTU CTPYKTYpPhl, a TeHepupye-
MBbI€ CBETOM HOCHUTENIM HE JOXOMISIT IO p-A-TIepexoa.
CnenyeT OTMETUTb, UTO JaHHbIN 3PeKT HabIoaaeTCs
MpA M3MEPEHUSIX B PEXMME KOPOTKOTO 3aMBIKAHMSI.
IIpu momavye HanpsoskeHUST Ha (POTOIIPHEMHHK MOKHO
peryiMpoBaTh IMUPUHY 00JIACTU MPOCTPAHCTBEHHOTO
3apsia ¥ TeM caMbIM YITPaBJISATh CIIEKTPaIBHOM XapaK-
Tepuctukoit. I3 puc. 5 BUAHO, YTO UYyBCTBUTEJIb-
HOCTB TaKOM (hOTONMPUEMHOU CTPYKTYPHI COIMTOCTaBH-
Ma C YYBCTBHUTEJBHOCTBIO p ' -n-n" -poTonpreMHIKa
npu U06p > 5 B, Tak KaK mpu TakoM HampsKeHUU TIpo-
HMCXOIUT MPAKTUYECKU MOJHOE 00eIHEHUE HOCUTES-
MU 3IUTAKCUAIBLHOTO cJiosl (cM. puc. 1).

3akiouyeHue

Ha ocHoBe snutakcuanibHbix cioeB 4H-SiC co3-
panbl oopasusl DI Y®-guamazoHa. BeprTukaib-
HbIe BIMUTaKCUAIbHBIC p-A-TUOABI U AUOIBI C Gaphe-
poM HIOTTKM XapaKTepHU3YIOTCS AUAITAa30HOM CIEK-
TpanbHOI yyBcTBUTENbHOCTH 230...360 HM M Makcu-
MaJIbHBIMU 3HAaY€HUSIMU TOKOBOW YYyBCTBUTEJIBbHOCTU
50...140 mA/BrT. ITokazaHa BO3MOXHOCTb YIIPaBJICHMUS
CHEKTPAJIbHON XapaKTepUCTUKOU KapOMZOKpeMHUeE-
Boro ®I1JI tuma p -p-n* Hanpsokenuem oGpatHOro
cMelleHus B auanasone Uy, = 0...10 B.
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Silicon Carbide UV-photodiodes for Extreme Conditions

The results of research and development of UV radiation 4H-SiC photodetectors based on the vertical epitaxial p-n and the
Schottky diodes are presented. UV-sensors had the working spectral range A = 230...360 nm and the maximum values of current
sensitivity of 50...140 mA/W. The possibility to control the spectral characteristics of p*-p-n" type 4H-SiC photodiode by reverse

bias voltage in the range of 0...10 V was shown.

Keywords: UV-radiation, silicon carbide, epitaxial structures, photodiode, p-n junction, Schottky barrier

Introduction

Photodiodes on the base of the hexagonal poly types
of silicon carbide (4H-SiC and 6H-SiC) are effective
UV-detectors. Along with high photosensitivity, they
have a number of advantages: insensitivity to the entire
range of visible light, no degradation under the action
of intense ultraviolet radiation, radiation and heat re-
sistance; temporal stability. Work on creation and study
of SiC photodiodes are conducted over 30 years. Pho-
todiodes with small pn-junction and the diodes with a
Schottky barrier [1—3], MSM type photodiodes [4] be-
came and the most popular types of the UV-photodi-
odes based on silicon carbide. Their serial production [5]
was organized by a number of companies. These photo-
diodes ensure operation in the range of 200...380 nm
with a maximum photosensitivity 0,15...0,1 A/W.

The purpose of the article is to present the results of
LETI developments to create Russian competitive com-
ponent base of UV photonics-based photoelectronics
based on semiconductor silicon carbide (a line of UV
photodiodes on the basis of p-n structures and the di-
odes with a Schottky barrier for extreme conditions).

The structure of photodiodes
and its electrical parameters

The designed construction of photodiodes is based
on epitaxial structures 4H-SiC, obtained by gas-phase
epitaxy of silicon carbide on the substrate n* 4H-SiC
(a diameter of the substrate is 76...100 mm, a resistivity
is not over than 0,025 Q- cm, a thickness is 350 mi-
crons, a deviation from the direction (0001) is 4°). The
number of layers, their thickness, the type and concen-
tration of the dopant in the layers are determined by the
type of photodetecting structures. The thicknesses and
doping levels of the base areas were selected on the base
of the maximum operating voltage U, < 15 B, which
provide a complete depletion of n(p)-base of a device,
i.e., the width of the space-charge region Wis equal to
the thickness of the epitaxial layer d-

d= W= JZseo(Q—kT/q— U.y)
q(Nd_Na) ’

(1

where ¢ = 9,8 — the dielectric constant of 4H-SiC;
gp = 8,85 10712 F/m — the dielectric constant; ¢ —
the difference of the contact potentials for diodes with
p-n junction or the height of a Schottky barrier; U, —
the reverse voltage; g = 1,6 - 10712 ¢ — charge of an
electron; N, — N, — the concentration of the uncom-
pensated donors (acceptors for p-base).

Substituting the corresponding values into the for-
mula (1) we can find, that the total depletion of the base
n- or p-layers occurs at d = 5...6 um for photodiodes
with a p-n transition or a Schottky barrier at a concen-
tration of uncompensated donors (acceptors) in the ba-
sic areas of 6...7 - 1014 cm_3, and the value of the re-

verse voltage U, = 15V (fig. 1).

The photodiodes with a Schottky barrier are formed
as a vertical structure with a continuous semi-transpar-
ent electrode or a mesh-type electrode. Manufacture of
such a UV-photodiode provides the use of 4H-SiC epi-
taxial structure of n-n" type with the thickness of the
epitaxial layer d = 5 um and the doping level with ni-
trogen of 6...7 - 101 cm 3.

Fig. 2 shows the constructions of the photodiode
embodiments, where the nickel and platinum films type
with the thickness of 10 nm are utilized, and the Ti/Ni
composition — as an ohmic contact to n+—region.

The samples of photodiodes with a Schottky contact
of Ni-SiC are characterized by the potential barrier
heights of 1,25...1,2 ¢V, and of Pt-SiC — of 1...1,05 eV.
The reverse dark currents at the voltages of 0,5...1 did
not exceed 50 pA for all such structures. As a result of
capacitance-voltage measurements, the saturation of
the C-U characteristics occurs at the voltages U, > 8,
which corresponds to the complete depletion of the base
area of the photodiode. The photodiodes based on struc-
tures with p-n-junction are designed as vertical mesa-epi-
taxial structures of p+—n—n+ and er—p—nJr types. The
height of a mesa varied depending on the type of con-
ductivity of the active base layer. Thus, when the struc-
ture of er—n—nJr type was used, the depth of SiC etching
by reactive ion plasma etching was greater than the pJr
thickness of emitter region and was 2...3 um (fig. 3, a).
For a structure with a p-base region, the etching was
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carried out to a depth of 8...9 um from the side of p*
emitter (fig. 3, ). The metal compositions of Ti/Ni and
Al/Ti/Ni were the materials of resistance contacts to the
low ohmic regions n"-SiC and p*-SiC, respectively.

The measurements of current-voltage characteristics
(CVCO) of photodiodes on the base of p-n-junction were
made for both types of photodetecting structures. It was
found that the direct CVC branches of p*-p-n* and
pt-n-n" structures do not differ. In almost all cases, the
opening voltage for p-n structures was 2,5 V. The cur-
rent-voltage characteristic in the exponential area may
be described in terms of recombination model of charge
transport, in which growth of the current is proportion-
al to exp(qU/2kT). Inverse CVC branches have insig-
nificant differences. The relatively low values of the dark
currents in photodiode operation mode are the same for
both structures. At the voltages of U, = 20...25 V, the
reverse currents have value not exceeding I, = 10 pA.
As it was shown by the capacitance-voltage measure-
ments of 4H-SiC p-n photodiodes, the total depletion
of the lightly doped area of n- or p-type were achieved
at the voltages of up to 10 V. Therefore, a significant
growth of /. was observed at the voltages of more than
65...70 V, which was caused by surface leakage along
mesa-structures.

The resulting photodiodes can be used in short-cir-
cuit mode and in the photodiode regime to the voltages
of up to U, <20V, which significantly exceeds the val-
ue of maximum voltages for SiC-photodiodes based on
metal-semiconductor interface.

Photoelectric properties

The photovoltaic properties of the samples were in-
vestigated in the spectral range of 200...500 nm. The
measurements were carried out in a short circuit mode,
and for the photodiodes on the basis of p*-p-n* struc-
tures — in the photodiode regime up to U, = 10 V.
Fig. 4 shows the spectral characteristics of sensitivity
for 4H-SiC photodiode. For comparison it shows the
spectral characteristic of the commercial 4H-SiC pho-
todiode SGO1D-18. The photodetecting structure of
SiC-based Schottky diode has a satisfactory sensitivity
in the investigated spectral range and is almost optimal
for such a thickness of the translucent electrode. Prob-
ably, a structure with a reticular electrode and a solid
metallization of a mesh to avoid resistive losses in the
contact resistance can become the promising construc-
tion of the Schottky photodetector.

The photodiode of p’L—n—nJr type at a wavelength of
295 nm has a maximum photosensitivity S= 0,138 A/W.
In this case, the maximum sensitivity of silicon carbide

photodiode SG01D-18 (Germany) at the same 295 nm
counts 0,13 A/W. The commercial photodiodes com-
pared with all types of the designed photodetecting
structures have a higher sensitivity in the short-wave-
length UV region. This is due to the anti-reflection
coatings based on Si;Ny used in it, as well using of a
thinner emitter epitaxial p+—1ayers, which allows to
bring the space-charge region near the surface. Accord-
ing to our estimates, by reducing the thickness of the
p+—emitter to 0,15 um, the maximum spectral sensitiv-
ity of the detector will be at a wavelength of 270 nm.

The photodetecting structures of p“L-p-nJr type show
very low sensitivity in the "C" and "B" UV areas, but
starting from 330 nm the sensitivity matches the sensi-
tivity of the investigated photodiodes. The observed ef-
fect is caused by great depth of p—n+ junction, which is
5 um. Absorption of the shortwave UV radiation occurs
in the subsurface region of the structure, and carriers
generated by light do not reach the p-n junction. It
should be noted that the effect was observed in meas-
urements in the short circuit mode. By applying of volt-
age to a photodiode you can adjust the width of the
space charge region and thus can control the spectral
response. From fig. 5 it is evident that the sensitivity of
such photodetecting structure is comparable to the sen-
sitivity of p*-n-n"-photodiode at U,y = 5, since the al-
most complete depletion of the epitaxial layer by the
carriers occurs at this voltage (see fig. 1).

Conclusion

The samples of photodiodes of UV-range were cre-
ated on the basis of epitaxial layers of 4H-SiC. The ver-
tical epitaxial p-n diodes and the Schottky barrier di-
odes are characterized by the spectral sensitivity range
of 230...360 nm and the maximum current sensitivity
of 50...140 mA/W. The possibility to control the spec-
tral characteristics of silicon carbide photodiodes of
p+—p—nJr type by the reverse bias voltage in the range of
U., = 0..10 V was shown.

rev

References

1. Blank T. V., Goldberg Yu. A. Semiconductor Photoelec-
tric Converters for the Ultraviolet Region of the Spectrum, Sem-
iconductors, 2003, vol. 37, no. 9, pp. 999—1030.

2. Blank T. V., Goldberg Yu. A., Kalinina E. V., Konstanti-
nov O. V. 4H-SiC-Based Photodetector of Carcinogenic UV Ra-
diation, Technical Physics, 2008, vol. 53, no. 1, pp. 81—84.

3. Afanasiev A. V., Ilyin V. A., Korovkina N. M., Saven-
ko A. Yu. Features of the technology and properties of photode-
tectors based on metal-porous silicon carbide structures, Techni-
cal Physics Letters, 2005, vol. 31, no. 8, pp. 629—631.

4. Afanasiev A. V., Ilyin V. A. Photodiode and MIS UV-sen-
sors Based on Monocrystalline and Porous Silicon Carbide, Nano
and Microsystem Technique, 2007, no. 8 (85), pp. 13—16.

5. IFW Optronics, GmbH — www.ifw-optronics.de.

Anpec penakiyu xypHana: 107076, Mocka, CtpombIHCKUit Tiep., 4. TenedoH penakimu xypHana (499) 269-5510. E-mail: nmst@novtex.ru
JKypHan 3apeructpupoan B DeiepaibHOI ClyX6€ Mo Haa30py 3a COOJIONEHUEM 3aKOHOIATENILCTBA B C(hepe MacCOBBIX KOMMYHUKALIMIA 1 OXpaHE KYJIBTYPHOTO HaC/IEINsI.
CauzeTenbeTBO 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.

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

Cpano B Ha6op 21.03.2016. [Moanucaxo B mevars 25.04.2016. @opmat 60x88 1/8. 3akaz MCO0516. LleHa noroBopHast
OpuruHan-mMakeT OOO «AnBaHcen comoiH3». Orneyarano B 000 «AnBaHcen commoniH3». 119071, r. Mocksa, JleHnHckwmit nip-T, a. 19, ctp. 1. Caiit: www.aov.ru

336 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 5, 2016




