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MPOHUKU, YAYYUEeHUs CIMPYKMYPHOU 00HOPOOHOCHU U CHUdICEHUs pa3opoca ho moaujute dusnekmpuyeckux nokpsimui. Onpede-
JeHbl YCA08UsL (POPMUPOBAHUS PABHOMEPHBIX HO MOAWUHEe U 00HOPOOHBIX NO cmpyKmype oussekmpuueckux nokpsimuii. Iloxazaro,
umo obecneverue Ka4ecmea U HA0eICHOCMU OUINeKMPUYecKUx NOKpuimui 0ocmueaemces covemanuem Mamepuailog Memaniiu3a-
Uuu u OUdNeKmpUKa, ycao8ull ux NOAY4eHUs U nocAe0yrouWux mepmooopabomox, HU3KO0U HAOMHOCMbI0 MUKDONOD 8 MeNCCAOUHOM
duanekmpure, KOmopas onpeoensemcs: Kayecmeom Ho020MO8KU NO8EPXHOCU NOOAONCKU U MOAUUHOU camoe0 OUsNeKmpuKa.
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pedylouumucs caoamu memania u oussekmpuxa. Iloxasarno, umo ceoiicmea OusneKmpu4ecKux nAeHOK 3a8UCIm Om YCA08Ull UX
NOAYHeHUsA, CEOUCME HUJICHe2O0 CA0 MeNCCOeOUHEeHUTl U Onpedeastomes makKice Mamepuaiom U pejicuMamy NOAyHeHUs epXHe20

€051 MeHcCoeOUHeHUil.
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BBenenune

OCHOBHBIE HaIpaBJIeHUs paboOT W YCUJIUSI Ha MpPO-
U3BOJICTBEHHBIX TPEANPUATUAX HampaBlieHbl Ha pe-
IIEHWe 3a7a4 IOBBILIEHWS KayecTBa M HaIeXKHOCTU
n3nenuii. [ToBEIIIeHHBIE TpeOOBaHMSI K KayeCTBY U
HAAEXKHOCTU M3AENUl MPUOOPOCTPOCHUSI BBI3HIBAET
HEOOXOIMMOCTh X 00ecIeYeHNs ¢ Havayia pa3paboT-
KM — BBIOOpAa MCXOOHBIX MATEpPUAJIOB, CTPYKTYpHI,
KOHCTPYKLIWMH, TIPUHIIATIOB MOCTPOEHUS W TpOBeEIe-
HUS TEXHOJIOTMYECKOro Ipoiecca. PaboTel 1o obecrme-
YEHMIO KayecTBa M HANEXHOCTH IPOBOISTCS Ha BCEX
CTaJVSIX U3TOTOBJICHUS MU3ICTUA.

Hns mpeanpusTUil MpUOOPOCTPOSHUS XapaKTEePHBI
CJIOKHOCTB, OOJTBIIOE YMCIO (PU3NIECKUX U XUMUIEC-
KUX OIlepalinii, 6oJIbIast YyBCTBUTEIBHOCTD K OTKJIO-
HEHUSIM B MIPOBEICHNN TEXHOJOTMYECKHX TPOIIECCOB
[1, 2]. CooTBeTcTBUE MapaMeTPOB MHTETPATIbLHBIX 3Jie-
MEHTOB TIPEIbSIBISIEMBIM TPEOOBAHUSIM B TEXHOJIOTH-
YECKOM IIPOLIECCE MX M3TOTOBJIEHUSI MOXHO obecIie-
YUTH IyTeM (DOPMHUPOBAHUST PABHOMEPHBIX 10 TOJIIIIH -

HE€ U OJHOPOIHBIX IO CTPYKTYPE IUIJIEKTPUUYECKUX
MOKPBITUI U TEXHOJIOTUUECKUMU PEXMMAMU TIPOBEIE-
HUS OMEepaLui.

AHAIIA3 yCJIOBHiA MOJTYYeHHSI OJHOPOIHBIX
10 CTPYKTYpe IHIJIEKTPHIECKNX MOKPBITHIA
HA TMOBEPXHOCTH MOIJI0XKKH

HanexxHocth MeXcoeqUHEHUIA TTPUOOPHBIX CTPYK-
TYp CYILIECTBEHHO 3aBHCUT OT KayeCTBa IUAJIEKTPHU-
KOB, KOTOpBIE€ HOJKHBI 00JIamaTh BBICOKOM AUIIEKT-
pUUECKOI TPOYHOCThIO, HU3KUM MEXaHMYECKHM Ha-
NpSLKEHUEM, XOpolleid aare3meit, ObITh XOpOIIO COB-
MECTUMBI C JPYTUMU MaTepralaMy ITPUMbBIKAIOIINX K
HUM CJIOEB MHOTOYPOBHEBBIX MEXCOCANHEHMI, OBITh
TEXHOJOTUUYHBIMU IPU HAHECEHUU U MOCJIeIYIOLIE NX
o0pabotke. TpeboBaHUE TEXHOJIOTMYHOCTU SIBJISIETCS
0COOEHHO KPUTUYHBIM JUISI COBPEMEHHBIX 3JIEMEHTOB
WHTErpajibHOM 3JeKTPOHUKU [3, 4], B KOTOPBIX YUCIO
KOHTAaKTHBIX OKOH MEXXIY YPOBHSIMU MEKCOCAUHEHUIA
K Au(p@GYy3MOHHBIM 00JacTSIM JOCTAaTOUHO BEIUKO.
Bricokoe KauecTBO KOHTAaKTHBIX OKOH MOXKET OBITh ra-
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PaHTHMPOBAHO TPU TLIATEIBHOM BBIITOJHEHUU TpebO-
BaHUI K TpoueccaM (oToaurorpaduu U MoCaeayro-
IIETO TpaBJIEHUs OKOH |5, 6]. Ocoboe BHUMaHWE TIpU
9TOM YIEJSIOT MOJy4eHUI0 OJHOPOIHOTO MO CTPYKTY-
pe M paBHOMEPHOIO IO TOJIIUHE AUBJIEKTPUUECKOTO
MOKPBITUS Ha TTOBEPXHOCTU MOMJIOXKH CO CJIOXHBIM
pelibedoM.

OcyliiecTBeHUE JaHHONW TeXHUYECKOM 3a1auu 3a-
TPYIHEHO MO CJeAYIIIUM MNpuuyuHaM. Bo-TiepBbIX,
MPY MCMOJb30BAaHUU METONAa OCaXKIEHUSI U3 Ta30BOM
¢a3pl, 00eCHeYnBaIIEer0 BHICOKYI0 paBHOMEPHOCTH
MOKPBITUS, HEOJHOPOJHOCTD IO TOJIIUHE COCTABISET
okoJto 20 %. DTo MOXeT OBITh CBSI3aHO C TPYIHOCTEHIO
yIpaBJieHUs! TTIOTOKaMM Ta3000pa3HbIX MCXOMHBIX Be-
LLIECTB B 30HE peakluy 0ONbIION MPOTIKEHHOCTH, Xa-
paKTepHON JJISI COBPEMEHHBIX BbICOKOMPOU3BOAM-
TEJIbHBIX YCTAHOBOK OCaXJICHUS AUIJIEKTPUKOB.

Bo-BTOpBIX, CKOPOCTb OCAXIEHWS TUIEHOK Ha TIO-
BEPXHOCTHU CO CJIOXHBIM CTYMEHYaThIM peibedoM He
SIBJISIETCS] BEJIMMMHOM MOCTOSIHHOM Ha TOpU30OHTasb-
HbIX U BEPTUKAJbHBIX Y4YacTKaX MOBEPXHOCTU CTYy-
NneHeil. DTo sBJieHWE HE CBSI3aHO C XMMUYECKUMU
MPUYMHAMU TIPY MOJYYEHUU TUJIEHOK M pa3jinyveM B
TeMmIiepaTtypax npu MeTauiM3aluuu U MoJydyeHUueM Au-
aJIeKTpruuecKoro ciuosi. KomOuHauus 3tux (pakTopoB
MPUBOJAUT K TOJYYEHUIO NURJIEKTPUUECKOU TIJIEHKU,
HEOJHOPOIHOM IO TOJIIMHE U TIJIOTHOCTH.

B-TpeTrbux, Ha MpoduIb IUAAEKTPUIECKON MJIEHKU
BJIMSIIOT MaTepUaibl MOJTOXKKU U METaJTM3aLMKd HUX-
HEro YpoBHSI MEXCOEIUHEHU I, MPODUIb METATUTUYEC-
KHUX TOPOXKEK, a TAKXKE T€OMETPUS W TOJILIMHA CaMO
OKCHUIIHOM TUIEHKHU.

ToHKME MIEHKU XOPOLIO MOKPHIBAIOT CTYIIEHU Me-
TaJlJIM3allMK, OTHAKO UX IUBJIEKTpHUUYecKast MPOYHOCThb
MaJia M3-3a BBICOKOW mopucTtocTu. IIpoBeneHHbIe UC-
clleJOBaHWS U aHAJIM3 MOKAa3bIBAIOT, YTO MPU OTHOLIE-
HUU TOJIIMH IUIEHOK IURJIEKTPUKA U METAJUIM3AlIUY B
npenenaax ot 1 10 2 MOKPBITHE SIBJISIETCS] CILIOLIHBIM,
U Takou TMpoduab MO3BOJSET MOJYYUTh PAaBHOMEP-
HBIA CIUIOIIHOW CJIOM METaJUIU3alluu MEXCOEIUHE-
Huil. Kpome TOro, CHUXEHUE CKOPOCTU OCAXKIECHMUS
NUBJIEKTPUKa U IIpenBapuTe/bHas 00paboTka rmoBepx-
HOCTU MeTaJlJIM3alluu ISl CIJIAXKUBAHMSI KPOMOK CTY-
MNeHeW TakXe NPUBOAUT K YAYUYIICHUIO CTPYKTYPHOM
OJHOPOJHOCTA W CHUXEHMIO pa3dpoca Mo TOJIIMHE
JMIUBJIEKTPUYECKUX TTOKPBITUHA.

®opmMupoBaHrHe PABHOMEPHBIX MO TOJNIIMHE
H OJHOPOIHBIX IO CTPYKTYpE AUIICKTPHYECKHUX
MOKPBLITHIA

Oo0ecrieueHre KauecTBa M HAAEXKHOCTU JU3JICKTPU -
YECKUX MOKPBHITUI JOCTUTAETCSI COYETAHUEM MaTEPH-
aJloB MeTAJJIU3alM U IU3JIEKTPUKA, YCIOBUM UX TO-
JIy4EHUS M TTOC/IeAyIonnX TepMoodpadorok. IIpodire-
Ma pacTPeCKMBAHUST MEXCIIOMHOTO TM3JIECKTPUKA SIB-
JISIETCST OAHOW M3 HauOoJjiee CIOXHBIX MPUA CO3MaHUHU
BBICOKOHAEXXHBIX MHOTOYPOBHEBBIX MEXCOEIUHEHMUI.

PacTtpeckuBaHue TU3JIEKTPHUKA 3aBUCUT OT CKOPO-
CTU €ro OXJAaXIEeHHUs IIocje IIpoliecca OCaKICHUS.
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IIpu MenIeHHO CKOPOCTH OXJIaXIEeHUs B AMAIla3oHe
temrmiepatyp 750...420 K pacTpeckuBaHue TU3JIEKTPU-
Ka MpakTUYECKU OTCYTCTBYET. JlJisd moayyeHust KauecT-
BEHHBIX MHOTOYPOBHEBBIX MEXCOCAWHEHMI BasKHBIM
SIBJIIETCS 0OecTieueHne HU3KOM INIOTHOCTU MUKPOIIOP
B MEXCJOMHOM IMAJEKTPUKE IS MCKITIOYEHUST BO3-
MOXHOCTH 3aMbIKaHWM MEXIY YPOBHSIMU MeTaJlIM3a-
vy, [1710THOCTE MUKPOTIOp B ITU3JIEKTPUKE OIIpEIe-
JISIETCSl Ka4eCTBOM ITOATOTOBKM ITOBEPXHOCTH MOITOXK-
K1 1 TOJIIIMHON CaMOTO IMBJIEKTPUKA.

s pa3HBIX MaTepUaIOB IMOITOXKN KPUTHIECKAsT
TOJIIIMHA pa3ldyHa, TaK IJisg KPEeMHMSI OHAa COCTaB-
nger okoio 0,6 - 1076 M, a JIMOKCHIAa KpeMHUS
(0,75...0,85) - 107 m. Takoe Bo3pacTaHue nedeKTHOC-
TH OUBJICKTPUKA CBSI3aHO C IIpolleccaMy PeKpHUCTall-
JIU3alMU Y yBEJWYEHUEM pa3Mepa 3epHa aJTIOMUHUS
BO BpeMs IIpoliecca ocaxiIeHus auanektpuka. Ilo
9TOI Xe MPUYNHE BO3pacTaeT Ie(PeKTHOCTb TUIITEKT-
pUKa TIpU YBEIMUYCHUW TeMIIEpaTyphl eT0 OCaKIeHUS
TIPYA MaJIbIX TOJIIMHAX TUICHOK.

TiareabHasT TTOATOTOBKA MOBEPXHOCTH TTOIUTOKKI
MO3BOJISIET CHU3UTD ITOPUCTOCTD TUIEHOK ITPY TOJIIM-
He okcuaa 0,2 1070 m. ITpu HekauecTBEeHHOM 0Opa-
0OTKE MOBEPXHOCTU U MaJIbIX TOJIIMHAX OKCUAA TIOT-
HOCTh MUKPOTIOP CHUJIBHO Bo3pactaeT. [Ipu TomimmHe
IUIeHOK okouio 0,4 100 m MMOPUCTOCTh MPAKTUIYECKU
OTCYTCTBYET.

TepmooOpaboTKa AU3IEKTPUIECKMX IIJICHOK IOCIe
OCaXXJACHMS BIMSET Ha MX XapaKTePUCTUKU BCIEACT-
BUE U3MEHEHUS BeJIMINHBI BHYTPEHHUX HATIPSDKEHU.
HccnemoBanue BHYTpeHHUX HATIPSDKEHUN TUBJICKTPU-
YeCKUX TJICHOK IT0Ka3ajI0, YTO OHM BHI3BIBAIOTCS TJIaB-
HbIM 00pa30M TEPMUYECKUMU U CTPYKTYPHBIMU (hak-
TOpaMHu.

TepMuueckue HampsLKEHUsT BO3HMKAIOT BO BpeMst
OoCaxIleHUsl TJICHKU W pacrpeneseHbl HepaBHOMEPHO
10 BCEH TOJIIMHE CUCTEMBI TUIEHKA — TTOUTOXKa. X
3HaYeHNEe MaKCMMAaJILHO Ha TpaHUIIe pa3nesa IieHKa —
MOUIOXKKA U MMHUMAJIbHO Ha BHEIIHEH TOBEPXHOCTU
mieHku. OHO ompenessieTcsl pa3jiuuueM TeMIlepaTyp-
HBIX KO3(D(OUIIMEHTOB pacIIUpeHUs TUIEHKU W TIOM-
JIOXKKH, JUISI MHOTUX DURJIEKTPUUECKUX TUICHOK Tep-
MMUYECKME HAMpPSDKEHUST TPSIMO TIPONOPIIMOHAIBHBI
TOJILMHE IJIeHKU. ClieayeT OTMETUTb, YTO COOTHOILIIE-
HHUE TEMIIEpaTypHBIX KO3(D(OHUIIMEHTOB pacIIUpeHUS
TJICHKY ¥ TTIOUTOKKY HE TOJTBKO BIMSIOT Ha BETUYUHY,
HO 1 Ha 3HaK TePMMYECKMX HATIPSKCHUI.

CTpyKTypHBIC HAIIPSIKEHUS B TUICHKE TUAICKTPU-
Ka BO3HMKAIOT B TIPOLECCE OCAXKIEHUS TUIEHKU U
ONpEIESIOTCS YCIOBUSIMU €ro MpOoBeAeHUs (TeMIie-
paTypoi TOIIOXKH, CKOPOCTBIO OCaXXIEeHUS W T.I.).
Hampumep, Tipn BBICOKMX TTapIIMAIbHBIX TaBJICHUSIX
KHCJIOpOJa B peakIIMOHHOM KaMepe B TUIEHKaX Ha0JTt0-
JalTCsl HampspkeHust cxkatus. [lo Mepe CHUKeHUS
KOHIICHTpAIIUM KUCIIOpOAa BeJIWYMHA HAIPSKEeHUN
YMEHBIIIAETCS IO HYJISI, ¥ 3aTeM TTPOMCXOINUT TIEPEXO.T
B pacTATHUBAIOLINE HAIIPSDKEHUS, CHIDKEHUE KOTOPBIX
HabJogaeTcsl Takke IMPY MOBBILIEHUM TeMIlepaTyphl
MOUIOXKKKU. BeposTHO, 3TO CBA3aHO C yBEJIMYEHUEM




CTPYKTYPHOT'O COBEPLIEHCTBA MJIEHKU MPU €€ OCAKIE-
HUU BCJIEACTBUE MOBBILIEHUS MOABUXKHOCTUA aACcoOpOu-
POBaHHBIX aTOMOB.

YMeHbIIIEHUE CTPYKTYPHBIX HAMpsSKEeHU Tocie
TepMOOOPAOOTOK CBSI3aHO CO CHUXKEHWEM TUIOTHOCTU
TOYEYHBIX J1e(DEKTOB U yBeIMYEHUEM TUIOTHOCTH TLjie-
HOK. JleiicTBUe 3TOTO 3(p(heKkTa yCUInBaeTcs 1o Mepe
YBEJIMYEHUS TeMIepaTypbl 00pabOTKM B 3aBUCUMOCTH
OT TIPUPOJBI MaTepuaia AWIJIEKTPUYECKON TUICHKH.
AHanu3 Mmokasaj, 4To TepMooOpaboTKa AUBJIEeKTPU-
YECKHUX IJIEHOK, CKJIIOHHBIX K KpUCTa/UIM3alMU TIPpU
MOBBILIEHHBIX TeMIIepaTypax, MPUBOAUT K 3HAYUTEb-
HOMY YBEJMYEHUIO TJIOTHOCTU TOP U MUKPOTPELINH,
HapyLIEHUIO CBSI3U MEXAY TIJIEHKON U IMOMIOXKOM.

MexaHu3M BO3HUKHOBEHMSI CTPYKTYPHBIX HaIpsi-
KEHUI B AUBJIEKTPUUECKUX IUICHKAX JOBOJBHO CJIO-
KE€H U ompenelsieTcss MHOTMMU (pakTopaMu: 3pdek-
TaMU MOBEPXHOCTHOTO HATSXKEHWS B IUJIEHKaX, MpU-
pPOIOil KPUCTAUIMYECKUX Ne(PeKTOB, PAaBHOMEPHOCTHIO
KPUCTAIUYECKON CTPYKTYPHI MO TOJIIMHE TJIEHKU U
T.4. Tak, eciy IJeHKa COCTOUT U3 OTAEJbHBIX KpUC-
TaJlJIOB, TO HauboJyiee BEPOSITHBIM SIBJISIETCSI BO3HUK-
HOBEHUE HANpPSXKEHUH CXaTusg B IUIEHKE, KOTOpbIE
BbI3BaHbI MMOBEPXHOCTHBIM HATSIXKEHUEM B OTIEIbHBIX
Kpucrasiax. Ho eciiv paaMepbl MyCTOT MaJibl, T.€. KPUC-
TaJJIbl PACTIOJOXEHBI TOCTATOYHO OJIU3KO, TO MEXIY
HUMM IE€UCTBYIOT CWUJIbI B3aUMOJAECHCTBUS, BbI3bIBAIO-
LIME MOSIBJIEHUE B TJIEHKE HAIPSXKEHWN PaCTSIKEHUS.
Takum oOpa3zoMm, HaNpsKeHUST B JUAJIEKTPUYECKOMN
TUIEHKE OMPEeNesIIOTCSI COOTHOILIIEHMEM HaIpPSKeHU I
cxXaTtus U pacTskeHus. CTerneHb BIAMSHUS CUJT B3au-
MOJEWCTBUSL HA BHYTPEHHUWE HAIPSKEHUS B IUIEHKE
YMEHBIIAETCS TPU YBEJIUYEHUU €€ MOPUCTOCTH.

B MHOrocioilHbIX CTpyKTypax ¢ 4YepeaylolmnMUcCs
CJIOSIMUA METaJlJla U AM3JIEKTPUKA CBOWCTBA JUDJIEKT-
PUUYECKUX TIJIEHOK CYILECTBEHHBbIM O0pa3oM 3aBUCST
HE TOJBKO OT YCJIOBUM UX TIOJIyYCHUS Y CBOUCTB HUX-
HETO CJIOSI MEXCOENUHEHUI, HO OMPENEIISIIOTCS TaKXKe
MaTepuaaoM U peXUMaMM TMOJYyYEHUS BEPXHETO CIIOS
MexXcoenuHeHui. MI3MeHeHus1 CBOMCTB KaXIOro OT-
JIeJIBHOTO CJIOSl, J1aXKe He3HauyuTeJbHble Mo abCoJIoT-
HOW BEJIMYMHE, B MHOTOCJIOMHBIX CTPYKTypax MOTYT
KOMIIEHCUPOBAThCS WIW CKJIAAbIBAThCS, IPUBOAS TEM
caMbIM K OoTKa3zy. OcoO0eHHO B ciyyae, KOraa BHYT-
peHHUE HanpsIXKEeHUS B OTAEIbHBIX IJIEHKAX CUCTEMbI
WMEIOT OIMH 3HAaK HE3aBUCHUMO OT TOTO, SIBJISSIOTCS JIU
OHM UCXOAHBIMU COOCTBEHHBIMU HAIPSIKEHUSIMU WU
U3MEHSIOT CBOIO BEJIWYMHY U 3HAK T0J NE€HUCTBUEM
TepMooOpaboToK. B 3T0i1 cucremMe mpoucxXoauT ckJja-
JIbIBAHUE HamnpsLkeHui. B pesynbTaTe MOXeT ObITh
MPEBBILIEH Mpeies MPOYHOCTU COEAUHEHUS HUXKHETO
CJI0S1 C TIOJUIOXKKOM, U NMPOU30MUIET HapyllIeHWEe ajare-
3UU ITOTO CJIOS.

HdpyrumM BapuaHTOM JEUCTBUSI BBICOKMX BHYTPEH-
HUX HaIpsKEeHUI sIBIsSeTCs] MeTallsiu3alsl BEpXHETo
YPOBHS B 00JIaCTSIX ¢ MAKCUMAaJIbHOM KOHILIEHTpallei
HanpsikeHuid. [IpumMeHeHue crielralbHbIX TEXHOJIO-
TMYECKUX MTPUEMOB, HAIIPUMEDP, MEJIEHHOE OXJIaX/e-
HUE MOCJIE MPOLIECCa OCAXKIECHUS BEPXHETO CII0SI MEX-

COeNMHEHUI, TPUBOIUT K 3HAUUTEJLHOMY CHIDKEHUIO
BHYTPEHHUX HaNpsDKEHWi, BBI3BAHHBIX pasHUIIEH B
TeMIIepaTypHbIX Koa(duimeHTax pacluupeHust MeTai-
JIMYECKON U ITU3JIEKTpUUEeCKOi TeHOoK. Ocobo BaxKHO
MPOBeIeHNEe MEIUIEHHOTO OXJIAXKICHUS TIOCTE JIIOOBIX
TepMOOOPa0OTOK aTIOMUHIEBOI MeTa/uIn3auuu. B aTux
YCJIOBUSX 00eCTIeurMBaeTCsl HU3Kask CKOPOCTh PEKpUC-
TaJM3aluy U, ClieaoBaTe/ibHO, MUHUMAaJbHOE Hapy-
IIEHNEe OTHOPOTHOCTU TIOBEPXHOCTU METAJTM3aAlINH,
CHMXXEHHWE BHYTPEHHUX HANpPSDKEHUN B IUDJIEKTPU-
YECKOW TUIEHKE.

3akimoueHue

st mojrydeHusi Ka4yeCTBEHHBIX MHOTOYPOBHEBBIX
MeXXCOeTMHEHU BaXKHBIM SIBJISIETCST oOecriedyeHre HU3-
KO TJIOTHOCTWM MHUKPOIOP B MEXCIOWMHOM IUJIEKT-
puke. ITIIOTHOCTL MUKPOIIOP B IU3JIEKTPUKE OIIpE.Ie-
JISIETCSI KA4€CTBOM ITOATOTOBKM ITOBEPXHOCTU ITOIIOXK -
KM Y TOJILMHOM camoro auanekTpuka. CTpyKTypHBIE
HaIpsDKeHUsI B TUICHKE OMAJIEKTPUKA OIIPEIEISIIOTCS
YCJIOBUSIMM TIPOIIeCCa OCaXKIECHUs TIJICHKM.

B MHOTOCIIOMHBIX CTPYKTYpax CBOMCTBA JTUIJIEKT-
PUYECKUX IJICHOK 3aBUCST OT YCJIOBUI UX IMOJIYYSHUS
M CBOMCTB HMXKHETO CJIOS MEXCOEIMHEHHMM, a TaKxKe
OIPENEISTIOTCS MaTepUaIOM M peXXruMaMU TTOJIy4eHU S
BEPXHETO CJI0SI MexXcoeanHeHnii. [IpruMeHeHe TeXHO-
JIOTUYECKMX IIPUEMOB OOECIIeYMBAaeT MMHHMAJIbHOE
HapylleHWe OJHOPOAHOCTU ITOBEPXHOCTU MeTajLind3a-
UM, CHUKEHNE BHYTPEHHUX HATIPSZKEHUI B TUDJICK-
TPUYECKOU TUIEHKE.

IIpennoxeHHbIE MOAXOAbl M CHOCOOBI MO3BOJISIOT
MHOJIYYUTh OJHOPOIHEIE MO CTPYKTYPE U PaBHOMEPHBIE
10 TOJILLMHE AU3JIEKTPUIECKHE TTOKPHITHS, 00eCIIeun-
BaoIIMe TpeOyeMoe KaueCcTBO 1 HaJIeXKHOCTh IpHUOOp-
HBIX CTPYKTYpP Ha MX OCHOBE, a TaKxKe cO3IaTh mpubo-
PBI BBICOKOI'O Ka4yecTBa C TPeOyeMbIMU ITapaMeTpaMu.
IIpn mpousBoACTBEe U3AEAMIA OOecreyeHHe KadecTBa
TpeOyeMBIX ITapaMeTPOB OCYIIECTBIISIETCS IyTeM KOH-
TPOJUPOBAHUS U PETYIMPOBAHUS IIPOLIECCOB, a TAKXKE
MOPUHITUEM MEP IO CHUXKEHUIO 1e(PEKTOB CTPYKTYPHIL.
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An analysis was done of the conditions for obtaining of a homogeneous structure of the dielectric coatings on a substrate surface. The
discussed problems concerned obtaining of dielectric coatings during formation of the integrated electronic device structures, improvement
of the structural homogeneity and reduction of the thickness variations in the dielectric coatings. The conditions were determined for for-
mation of the dielectric coatings with the uniform thicknesses and homogeneous structures. It was demonstrated that the quality and re-
liability of the dielectric coatings was achieved by a combination of the metallization materials and a dielectric, the conditions of their
preparation and the subsequent heat treatment, low density of the micropores in the interlayer dielectric, which was determined by the
quality of preparation of the substrate surface and the thickness of the dielectric itself. Opportunities were discussed for obtaining of high-
quality multi-level interconnections in the multilayer structures with the alternating layers of a metal and a dielectric. It was demonstrated
that the properties of the dielectric films depended on their production conditions, properties of the lower layer of the interconnections,
and they were also determined by the material and the production modes of the upper layer of the interconnections.
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Introduction

The basic directions of work in the industrial enterprises
are aimed to increase the quality and reliability of products.
The quality and reliability of products demand, first of all, de-
velopment of the initial materials, structure, design, principles
of construction and carrying out of the technological proc-
esses. The works intended to ensure the products’ quality and
reliability are realized at all the production stages.

The instrument making enterprises are characterized by
complexity, a big number of physical and chemical operations,
and high sensitivity in carrying out of the technological proc-
esses [1, 2]. During the technological process manufacturing of
the integrated elements it is possible to ensure conformity of
their parameters to the requirements by formation of the uni-
form thicknesses and homogeneous structures of the dielectric
coatings, and by the technological modes of operations.

Analysis of the conditions for obtaining of the dielectric
coatings, homogeneous by their structure,
on the substrate surface

Reliability of the interconnections of the instrument struc-
tures depends on the quality of the dielectrics, which should
have a high dielectric durability, low mechanical stress, good
adhesion, they should also be well compatible with the other
materials of the adjoining layers of the multilevel intercon-
nections, and be technological for deposition and the subse-
quent processing. The requirement for adaptability to manu-
facture is especially critical for the elements of the integrated
electronics [3, 4], in which the number of the contact win-
dows between the levels of the interconnections to the diffu-

134 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017

sion areas is great enough. High quality of the contact win-
dows can be guaranteed, if the requirements to the photoli-
thography and the subsequent etching of the windows [5, 6]
are met. Special attention is given to reception of the homo-
geneous by structure and uniform by thickness dielectric coat-
ing on the substrate surface with a complex relief.

Realization of the technical task is complicated by the fol-
lowing reasons.

Firstly, if a deposition from the gas phase, ensuring high
uniformity, is used, a coating with the heterogeneity of the
thickness of about 20 % is needed. This can be connected
with a problem of control of the flows of the gaseous sub-
stances in an extensive reaction zone, typical for the high-ef-
ficiency installations for deposition of the dielectrics.

Secondly, the speed of deposition of the films on the sur-
face with a complex step relief is not a constant on the hor-
izontal and vertical sites of the surface of the steps. This is not
connected with the chemical reasons during reception of the
films and different temperatures during metallization and re-
ception of a dielectric layer. The combination of the factors
leads to obtaining of a dielectric film, non-uniform by the
thickness and density.

Thirdly, the profile of a dielectric film is influenced by the
materials of the substrate and metallization of the bottom lev-
el of the interconnections, the profile of the metal paths, the
geometry and thickness of the oxide film itself.

Thin films cover the metallization steps well enough, how-
ever, their dielectric durability is small because of high po-
rosity. Research and analysis show, that at the correlation of
the films’ thickness of a dielectric and metallization within the
limits from 1 up to 2 the coating is continuous and the profile




allows us to receive a uniform continuous layer of metalliza-
tion of the interconnections. Lowering of the speed of depo-
sition of the dielectric and preliminary processing of the sur-
face of metallization for smoothing of the edges of the steps,
leads to improvement of the structural uniformity and a de-
crease of the spread of thickness of the dielectric coatings.

Formation of the dielectric coatings, uniform by their
thickness and homogeneous by their structure

The quality of the dielectric coatings is reached due to a
combination of the materials for metallization and dielectric,
the conditions for reception and the subsequent heat treat-
ments. The problem of alligatoring of the interlaminar die-
lectric is one of the most difficult in creation of the highly re-
liable multilevel interconnections.

Alligatoring of a dielectric depends on the speed of its cool-
ing after the deposition. At a slow speed of cooling, within the
range of 750...420 K, alligatoring of a dielectric is practically
absent. For reception of the quality multilevel interconnec-
tions it is important to ensure a low density of the micropores
in the interlaminar dielectric in order to eliminate a possibility
of bridging between the metallization levels. The density of a
micropore is determined by the quality of preparation of the
surface of a substrate and thickness of the dielectric itself.

For different materials of the substrate the critical thick-
ness varies, so for silicon it is about 0.6 - 1076 m, and for silicon
dioxide (0.75...0.85) it equals to 107 m. Such an increase in
defectiveness of a dielectric is connected with a recrystalliza-
tion and increase in the size of the grain of aluminum during
deposition of the dielectric. Due to the same reason the de-
fectiveness of a dielectric increases with an increase of the
temperature of its deposition at small films’ thicknesses.

A thorough preparation of the surface of a substrate allows us
to lower the porosity at the thickness of oxide of 0.2 + 10°%m. In
case of a poor-quality processing of the surface and small
thickness of the oxide the density of the micropores increases
greatly. At the thickness of the films of about 0.4 - 107% m the
porosity is practically absent.

Heat treatment of the dielectric films after deposition in-
fluences their characteristics owing to the change of the in-
ternal stresses. Research of the internal stresses of the dielec-
tric films demonstrated that they were caused mainly by the
thermal and structural factors.

The thermal stresses arise during the deposition and they
are distributed non-uniformly by the thickness of the film —
substrate system. They are maximal on the film — substrate
border and minimal on the external surface of a film. It is de-
termined by the difference in temperature coefficients of ex-
pansion of a film and a substrate, for many dielectric films the
thermal stresses are directly proportional to the thickness of
a film. It is necessary to point out, that the correlation of the
temperature coefficients of expansion of a film and a substrate
influence the value and the sign of the thermal stresses.

The structural stresses in a dielectric film arise during dep-
osition of a film and they are determined by the conditions of
its carrying out (substrate temperature, speed of deposition,
etc.). For example, at high partial pressures of oxygen in the re-
actionary chamber the compression stresses are observed in the
films. In the process of decrease of the concentration of oxygen
the value of the stresses decreases down to zero, and then a tran-
sition occurs into the stretching stresses, which decrease, when
the temperature of the substrate rises. Possibly, this is connected
with a higher structural perfection of a film during its deposition
due to the increase of mobility of the adsorbed atoms.

Reduction of the structural stresses after the heat treatments
is connected with a decrease of the density of the dot defects
and increase of the density of the films. Action of the effect am-
plifies with an increase of the temperature of processing de-
pending on the nature of the material of the dielectric film. An
analysis demonstrated, that a heat treatment of the dielectric
films inclined to crystallization at higher temperatures, leads to
an increase of the density of the pores and microcracks, and dis-
ruption of the bonds between a film and a substrate.

The mechanism of the structural stresses in the dielectric
films is complex and determined by many factors: effect of the
surface tension in the films, the nature of the crystal defects,
uniformity of the crystalline structure by the thickness of a film,
etc. If a film consists of separate crystals, occurrence of the
compression stresses in a film, caused by the surface tension in
separate crystals, is the most probable. If the sizes of the cavities
are small, i.e. the crystals are located close enough, there are
forces of interaction between them causing occurrence of ten-
sile stresses in a film. Thus, the stresses in a dielectric film are
determined by a correlation of the compression stresses and the
tensile stresses. The degree of the influence of the interaction
forces in a film decreases, when its porosity is increased.

In the multilayered structures with the alternating layers of
a metal and a dielectric the properties of the dielectric films
depend not only on the conditions of their reception and the
properties of the bottom layer of the interconnections, but they
are also determined by the material and modes of reception of
the top layer of the interconnections. Changes in the properties
of each separate layer, even insignificant in the absolute value,
in the multilayered structures can lead to a failure. Especially,
when the internal stresses in separate films of the system have
the same sign irrespective of the fact, whether are they are the
initial own stresses or they change their value and sign under the
influence of the heat treatments. In this system there is a sum-
mation of the stresses. As a result the limit of strength of the
connection of the bottom layer with the substrate can be ex-
ceeded and the adhesion of this layer can be infringed.

Another version of action of the high internal stresses is
metallization of the top level in the areas with the maximal
concentration of stresses. Application of special processing
methods, for example, slow cooling after the deposition of the
top layer of the interconnections, leads to a considerable de-
crease of the internal stresses caused by the difference in the
temperature expansion coefficients of a metal and a dielectric
film. Of special importance is a slow cooling after any heat
treatment of the aluminum metallization. These conditions en-
sure a low speed of recrystallization and, hence, the minimal in-
fringement of the uniformity of the surface of metallization, and
a decrease of the internal stresses in the dielectric film.

Conclusion

For reception of the quality multilevel interconnections it
is important to ensure a low density of the micropores in the
interlaminar dielectric. This density in the dielectric is deter-
mined by the quality of preparation of the surface of the sub-
strate and thickness of the dielectric. The structural stresses in
the dielectric film are determined by the conditions of depo-
sition of the film.

In the multilayered structures the properties of the dielec-
tric films depend on the conditions of their reception and the
properties of the bottom layer of the interconnections, and
they are determined by the material and modes of reception
of the top layer of the interconnections. Application of the
technological methods ensures a minimal infringement of the

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017 135




uniformity of the surface of metallization, and a decrease of
the internal stresses in a film.

The proposed approaches allow us to receive homogene-
ous by the structure and uniform by thickness dielectric coat-
ings, which ensure quality and reliability of the instrument
structures on their basis, and to create devices of high quality
with the demanded parameters. During their manufacture the
quality of the demanded parameters is ensured by control of
the processes and adoption of measures aimed to decrease the
defects in the structure.
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OMPEAEAEHUE TEMIMEPATYPHOWM 3ABUCUMOCTU NAPAMETPOB
KPUCTAAAMYECKOM PELLETKU B CETHETODAEKTPUKAX

NMPU ®A30BOM MNMEPEXOAE m3mF4mm

Ilocmynuna é pedaxyuro 07.10.2016

H3 ycaosus coxpanenus MaKpocummempuy napasneKkmputeckol ¢asvi 8 NOAUOOMEHHOM KpUucmanie npediodicen Memoo on-
pedenenus memMnepamypHuiX 3a8UCUMOCHEll NAPaAMempo8 KPUCMAIIU4ecKol PeulemKy CeeHemoINeKmpUuKog co CmpyKmypHbiM
¢hazosvim nepexodom m3mF4mm. I[loayyeno mpu anHarumuveckux peueHus ons ¢azoeo2o nepexoda emopozo poda. Ilpednoicen
Memo0 GblMUCAEHUS MeMnepamyp U memMnepamypHoeo ucmepesuca npu hazoeom nepexode nepeoeo pooa. AHaiu3 noay4eHHbIX

peuienuil coeaan Ha npumepe BaTiO;.

Karouesvie caoea: cecnemosnekmpux, napamempsl KpUcmaiiu4eckol peuiemxu, coxpanenue maxpocummempuu, BaTiO;

BBenenune

ITpu nonumopdHBIX (ha30BBIX MTEPEeXoaax ¢ MOHXKe-
HUEM CUMMETPUU B CETHETORJIaCTUKAX U MHOTOOCHBIX
CErHETOANEeKTPUKAX 00pa3yeTcss TOMEeHHasl CTPYKTypa
C pPa3IMYHBIMM OPUEHTALUMOHHBIMU COCTOSIHUSIMU
(0C) [1, 2]. B cerHeTodasze cyliliecTBYIOT CIIOHTAHHbIE
MOBOPOTHI KpHUCTaJIOorpacdMuecKux oceil, oOycCIOB-
JICHHBIE CMEIIEHUSIMU aTOMOB M TTOBOPOTAMU TPYIII
aToMOB (TeTpasJpoB, OKTadApPOB) MPU U3MEHEHUU
cnoHTaHHOU nedopmanuu [3—5]. B pesynbraTte 310TO
o0pa3ylorcsl OJM3KHE OpPHMEHTALIMOHHBIE COCTOSHUS
(cybopueHTalMOHHBIE), KOTOPbIE OTJIMYAIOTCSI HaIlpaB-
JIeHHMeM cHoHTaHHoro moBopota [5—7]. Paznbie OC
MOHO COBMECTUTh C MOMOIIbIO 3JI€MEHTOB CUMMET-
puu mapagasbl, KOTOPBIE YTpauyuBalOTCs, a CyOOpHUEH-
TallMOHHbIE — HE YTPauMBalOTCSl MPU CTPYKTYPHOM
¢azosoMm mepexone [1, 2, 8]. Yucio Bo3moxubeix OC
orpenesseTcs cuMMeTpueit mapadassl [8].

IIpu crpykrypHoM ¢pazoBoM mepexone m3ImF4mm
BO3MOXKHBI 12 OpHMEeHTAIMOHHBIX COCTOSTHUI 1 24 3JIeKT-
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puyeckux gomeHa [3, 9]. B cerHerosaekTpuyecKoi
(haze mapamMeTrpam pelIeTKM COOTBETCTBYIOT OIpeje-
JICHHbIE MO 3HAYEHMIO U 3HAKY CITOHTaHHbIE TTOBOPO-
Thl KpUCTAJLJIOrpahMUYECKrX OCe CMEXHBIX JOMEHOB.
3HaueHMe yIiia U HarmpaBjeHue OCU CIIOHTAaHHOTO MO-
BOpPOTa MOXHO OINpPEJEIUTb U3 YPaBHEHUI JOMEHHbBIX
CTE€HOK, MOJIYyUeHHBIX B JIBYX KPUCTALIO(GUINIECKUX
CUCTEMAX KOOPAMHAT, COOTBETCTBYIOIIMX MapasJieKT-
pUYECKOl U cerHeTodieKTpuueckoi ¢azam [10, 11].

OpHeHTallMOHHOE COIJIaCOBaHUE MEXAY pas3iuy-
HbiMU OC B MOJIMIOMEHHOM KpHCTasie OyaeT BbIOJ-
HSITbCSI MIPU YCJIIOBUM, KOTJIa CIIOHTaAHHBIE TTOBOPOTHI,
oIpenesieMble CTPYKTYpOil JOMEHHOM CTE€HKHU, OymyT
paBHbl CHOHTAaHHBIM MOBOPOTaM KpucTaiorpapu-
YeCKMX OCell CMEXHBIX JOMEHOB IpU J1000K TeMIe-
patype cerHeToajekTpuueckoi dasnl [12]. [ToaTomy B
KpUCTaJlJIe TOJKHbBI BBIMIOJIHSATLCS ONpeneeHHbIe CO-
OTHOILLIEHUST MEXIY 3HAYEHUSIMU TTapaMeTpOB pelleT-
KA, B TIPOTMBHOM CJIy4ya€ MOJUIOMEHHBIA KPUCTAILI
pa3pyLuTcs.




B pabote [13] mpenjioxkeH MeTOH OIIpeacIeHUs
TeMIlepaTypHOl 3aBUCUMOCTH IapaMeTpOB PEelIETKU
IIpY CTPYKTYPHOM (pa30BOM IIepexoiie BTOPOrO poja
4/mF2/m, ocHOBaHHBII HA YCJIOBUM COXpPaHEHUST MaK-
pPOCUMMETPUM TapasiacTUyeckoir (as3pl B MOAUIO-
MeHHOM Kpuctajie. [Ipencrapisier MHTepeC MpuMe-
HEHUE 3TOr0 METOA IJIsl CETHETORIEKTPpUUIECKOro (a-
30Boro mnepexoga m3mF4mm. B pabore paccMoTpeHo
JIBa BapvaHTa: ®a30Bblli epexo BTOPOro poaa u ¢a-
30BBII Mepexoa mepBoro pona. Temreparypa U TeM-
MepaTypHbIil rucTepe3rc hazoBOro nepexoja nepBoro
poma OIpeAe/sUT U3 aHaau3a YIpyrux aedopMarmuii,
BO3HMKAIOUIMX MPU KOTEPEHTHOM COIJIAaCOBAaHUMU pe-
LIETOK 3apofblllia U UCXOAHOU (ha3bl. AHAIU3 TMOTYy-
YEHHBIX pelleHuit caenan Ha npuMepe BaTiOs.

1. Onpenenenne TeMIepaTypHbIX 3aBHCHMOCTEI
NapaMeTpoB PelIeTKH B Mapa3ieKTPHIECKoi

H CETHETO3JIEKTPHIECKOi (ha3ax mpH CTPYKTYPHOM
t¢azosom nepexoge m3mF4mm

Monokpucrain BaTiO; saBiasgeTcss MHOrOOCHBIM
CEeTrHEeTORJIEKTPUKOM, B KOTOPOM IIpU TeMIIepaType
(B 3aBUCUMOCTH OT TEXHOJIOTUU TTOJIydeHUS KPUCTaJI-
na) 120...130 °C nabaronaeTcs ¢a30BbIii IIepexo Iep-
BOI'O po/a M3 Mapa’sieKTpUUeCcKoil Kybuueckoi ¢asbl
(Pm3m) B TeTparoHajbHYIO CETHETORJIEKTPUYECKYIO
dazy (P4mm) [3, 14, 15]. B xybuueckoii ¢hase opreH-
TalusT KPUCTAIIOTpapmUIecKoil CUCTEMBI KOOpIWHAT
SIBJISIETCSI CTAOUJIBHOM, MOCKOJIBKY HET CIOHTaHHBIX
ITOBOPOTOB KpHUCTAJIorpadmdecknx oceit. B terparo-
HaJIbHOM (hpa3e YyeThIpe TUIIa CYOOPHUEeHTALMOHHBIX CO-
CTOSTHUI OTJTMYAIOTCS KaK 3HAKOM YTJIa, TaK U HarpaB-
JIEHUEM OCH CIIOHTAaHHOTO IIOBOPOTA 0., (BOKPYT OHOM
U3 JIBYX BO3MOXHBIX OCeli CUMMeTpUU 4-To mopsiika
napassiekTpuueckoit daser) [3, 9, 16]. Bennuuny o
MOXHO OIpeAesUTh 13 hopMyisl [9, 16]:

o, = *arccos(a, + ct)/(ﬁ /af + c?) , (1)

IIe a; U ¢; — TNapaMeTpbl PELIETKU TETParoHaJbHOI
¢asbl.

Beibepem cieayronylo  KpUCTALTOPU3UYECKYIO
CUCTEMY KOOPIMHAT: X; COBIIANAET C HAIpPaBICHUEM
ocu ¢; Xy — ¢ ocbio b; X3 — ¢ ocbio a. TeH30pbl Terio-
BOI0 paclIMpeHusi, KOTOPble COOTBETCTBYIOT YETbIPEM
CyOOPUEHTALIMOHHBIM COCTOAHUAM (871, S12, 513, S14),
B CHCTeMe KOOpAMHAT Mapacasbl UMeIoT Bua [9]:

ejp e 0 e —€pp 0
E]l = eéz 0 ) E12 = eéz O )
€ €2
egp 0 ep e;p 0 —ep
E]3 = e22 0 5 E14 = 322 O ) (2)
€ €

NapameTpes peweria, A
Lattice parameters, A
-

Puc. 1. TemnepaTypHbie 3aBHCHMOCTH NAPAMETPOB PeIeTKH a, (3a-
Bucumocts 1), ¢, (3aBucumocts 2), a, (3aBHCHMOCTDb 3), a, (3aBHCH-
mocth 4) B BaTiO3

Fig. 1. Temperature dependences of the lattice parameters a, (depend-
ence 1), ¢, (dependence 2), a, (dependence 3), a, (dependence 4) in
BaTiO;

e ey = cosz(ocs)ell + sinz(as)ezz; ey = c¢/a, — 1
ey = sin(aycos(ay)(ey, — eg); eyn = aja, — 1,
ey = cosz(ocs)en + sinz(as)en; a,, a; ¢;— NapameTphbl
peleTKy Kyonyeckon 1 TeTparoHajibHOI (as3.

TeH30pbI TEMIOBOrO pacllMpeHsl OCTATbHBIX BOCh-
M OC MOXKHO MOJIyYUTh U3 (2), Impeodpasys ux ¢ 1o-
MOILIbIO OMepaluii cUuMMeTpuur Tapadasbl (IIOBOPOT
Ha 90° BOKpyT oceii 4-ro mopsiaka nmapadgasbl, KOTOphIE
COBIIAJAIOT C HampaBleHueM X, uin X3).

M3 ycnoBust coxpaHeHMsT MaKpOCUMMETPUU B T10-
JmaoMeHHOM Kpuctaiie [17] ms da3oBoro nepexoma
m3mF4mm noyyyaeM ycpeaHeHHbII TEH30p TEILIOBO-
ro pacupenus E, g 12 Boamoxnbix OC:

1 12
Ev=13 207
(eq)1 +2e5,)/3 0 0
= (e +2e5,)/3 0 (3

(e11t2ey)/3

TeHsop E, COOTBETCTBYET CUMMETPUM MapassieKT-
pUYeCKOl KyOmdaecKoil (asbl.

W3 Tensopa E, nonydyaeM TeMIepaTypHYIO 3aBUCH-
MOCTb [TapaMeTpa a, KyOu4ecKoil pelieTKN yCpeIHEeH-
HOTO TIOJMAOMEHHOTO KPUCTaJlIa:

a,(t) = (c(n) + 2a(1))/3, “

II€ a; U ¢, — TIapaMeTphl TETPArOHAJIbHOM! DPEIIETKH
CErHETOIEKTPUIECKON (ha3bl.

M3 skcnepuMeHTaNbHOM TeMMepaTypHOil 3aBUCH-
MOCTH KPHUCTALTOTpapUUIeCcKUX TTapaMeTpOB PEIIeTKU
B BaTiO5 [14] n BoIYMCIEHHBIX 3HAYeHMIA g, (puc. 1),
MOXHO CIENaTh BBIBOM, UTO TapaMeTp KyOWMJecKOM
dasel a, M yCPEIHEHHDBIN MapaMeTp @, UMEIOT 3aBUCH-
MOCTB OT TeMITepaTyphl, OJIM3KYIO K TNHEWHO. B pa-
oote [13] mpeaaoxeHO TaKylo TeMIEpaTypHYIO 3aBU-
CUMOCTb OIUCHIBATh SKCHOHEHIIMATbHOU (PYHKIIMEN.
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IMosToMy TemIiepaTypHOM 3aBUCUMOCTM 3THUX Mapa-
METPOB OYIYT COOTBETCTBOBATH CIIEAYIOIINE (PYHKIIVN:

a (1) = ky - exp(k,1); (5)
a (1) = ky - exp(ks). (6)

s onpenenenusi KOSPhUUUEHTOB kg, ki, ky, ks
HEOOXOAMMO 3HATh SKCINIEPUMEHTAIbHbIE 3HAYEHUS a,
IIPU IBYX MPOU3BOJILHBIX TEMIIEPATYPAX 1, b (a1, a,)
B I1apasJIEKTPUYECKON (hase U ¢, a, Ip1 TeMIieparypax
13, 14 (Cs, Cy Qg3 Ggg) B TIPENIEIIAX TETPATOHATILHOM (hasbl.
C yyeToM npeanoKeHHbIX 0003HAYEHUI TIoTyYaeM:

k. = ln(ac2)_ln(acl). kn = acl .
! 1, —1 0 kit))’
2740 exp(kt)
= In(a,,)—1In(a,) K = a, )
3 14—t 2 exp(ksty)’

rne a,) = (cg + 2a3)/3, a,5 = (¢ + 2a4)/3.
ITapameTp a, NceBIOKYOMYECKON PELIETKH, COOT-

BETCTBYIOLIMIA TeTparoHaJIbHOU (haze, MOXXHO onpene-

JINTh U3 YCIIOBUS COXpaHEeHUsI 00beMa KPUCTaJLTNIEeC-

KOM SITYerKu:
a, (i) = 3Je D) - a (1) (8)

IMapameTp a,(f) HEMHOrO MEHBILE COOTBETCTBYIO-
LIMX 3HAYEHUH a,(f) B CErHETORIEKTPUYECKOI (ase,
HO OHM paBHBI NIPU TeMIlepaType ($Ha3zoBOro Inepexona
BTOPOTO poja (WU TUIIOTETUYECKOTO (hpa3oBoOro nepe-
xona Broporo pona). [ToatoMy ero remrepaTypHoOu 3a-
BUCHMOCTU TaKXXe COOTBETCTBYET SKCIMOHEHIIMaIbHAas
GyHKUMS, OIM3Kas K TMHENHOI]:

a(t) = ky - exp(kst), )]
1 -1
e kS — n(av2) n(avl). 1= ayy :
fy—13 exp (kst3)

— 3/ 2, — 3]/ 2
Ay = N3 35 Ay = N4 Gy

Temneparypy ¢dazoBoro mepexoma BTOPOTO poja
(wm rurnoteTMyeckoro (aszoBoro mepexojaa BTOPOIo

pona) #; ONpeaesuM U3 YCJIOBUS

a,(ty) = a,(ty). (10)
N3 (6), (9), (10) momygaem
to = (In(ky) — In(ky)/(k3 — ks). (11)

ITockonbky npu ¢a3oBoM Mepexoie BTOPOro poaa
a(ty) = a,(fy) = aty) = ay = ko exp(kfp), (12)

TO clejaeM HeOOJBbIIYI0 KOPPEKLHIo (HopMyIT ¢ yde-
TOM BO3MOXHbIX SKCIEPMMEHTAIbHBIX HETOYHOCTEMH
[apaMeTPOB PELIETKU IPU ONPENEICHUN 3HAYEHUIA
KO3 PULMEHTOB k3, ks:

_ ln(ao)fln(aul)' fe = In(ay) - 1In(a,)
= i ks =

k3
=1

(1
PR (13)
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U3 (4), (6), (8), (9) u (13) monyyaem cucTeMY ypaB-
HEHWIA:

(e D +2a/(0)/3 = a,(0);
{ 5 3 (14)
cf)-a; (1) = a,(1).
ITockonbky
af1) = (Ba, (1) — ¢0)/2, (15)
To U3 (14) nonyyaeM KyOUuecKoe ypaBHEHME:
1)} + ac(®)® + be() + ¢ =0, (16)

rne a = —6a,(f); b = 9ai(t); c= —4ai (0.

Hcnonb3yss TpuroHomMerpuyeckoe pemieHue [18],
MOJIy4aeM TP KOPHSI, COOTBETCTBYIOIIMIE TEMIIEpaTyp-
HBIM 3aBUCUMOCTAM TETPArOHAJIbHOIO MapameTpa c;:

e = 2@ cos(%‘) -4 (17)
ex(t) = —ZBCOS(Q;TE) -4 (18)

eyt = —2@ cos("‘;”) -4, (19)

e p = —a2/3 + b, a = arccos(—q/(ZA/—(p/3)3);

g =2a/3)® - ab/3 + c.

IIpoBeneHHbIT HAMM aHAIW3 MOJYYEHHBIX pellle-
HUI Ha TIpUMepe TeMIlepaTypHbIX 3aBUCUMOCTEN Ma-
pameTpoB pewetrku BaTiO; (7, = 120 °C) [14] no-
Kaszaj, 4To TeMrepaTypa TMIoTeTUYeCKOoro (razoBoro
nepexosa BToporo poza f, = 136,41 °C, Bce KOpHU 5IB-
JISIIOTCSL JIEUCTBUTENIbHBIMU, OJHAKO TOJIbKO BTOPOI
KopeHb (18) COOTBETCTBYET 3KCIEPUMEHTATbLHBIM JaH-
HBIM B TeTparoHajibHOI (a3e (cMm. puc. 1), a 3HAUUT

a(n) = (3a, (1) = ¢(1)/2. (20)
B pesynbTaTe MOJMYyYMM CleOyiOlIde 3HAYCHMS
MapaMeTpoB 3IKCIIOHEHIMAJbHBIX QYHKUMA IS

BaTiO5: ky = 4,00188; k; = 1,558 - 1072; ky = 4,0058;
ky = 8,356 - 107 k, = 4,00578; ks = 8,45 107°.

Ecnu B Kpuctaiie peanusyercs: (pa3oBblil Iepexon
MepBOro poja, To TeMIeparypy ($a3zoBOro mepexona
MOXHO OIpEeACIUTh, IPUMEHSISI MOIEb CI0XHOM (a-
30BOIl TpaHUILIbl, KOTOpasl pasiessieT KyOuuecKkyio U
TeTparoHajJbHy10 (a3bl.

2. Onpenenenne TeMnepaTyp U TEMIOEPATYPHOro
rucTepe3uca (pa3oBoro mepexona mepsoro poaa
m3mF4mm

M3BecTHO, UTO 3apobily HOBOH (ha3bl CYLIECTBY-
10T B MOHOKpucTajie BaTiO3 B 10BOJILHO HIMPOKOM
TEMIIEPATYPHOM MHTEPBaJe KakK BbIlle, TaK U HUXe T,
Heo6xoauMo BEISICHUTB, IIOYEMY POCT 3apOAblliia HO-
BOIl (ha3bl MPOUCXOAUT IMPU CTPOTO OMNpeaeeHHON




TeMIeparype, MpuyeM CYIIeCTBYET TeMIIepaTypHBIN
TUCTEPe3UC MEeXIy NMPSMbIM U OOpaTHbIM (ha30BbIMU
TepexoaaMu.

Bbiaenum aBa OCHOBHBIX YCJIOBUSI, KOTOpble 00ec-
MEeYMBAIOT COTJacoBaHMe NBYX (a3 M pOCT 3apoablila
HoBoi#1 a3bl. [TocKombKy IIJIOTHOCTH HOBOM (pa3bl
0oJIbllle MJIM MEHbIIE MCXOMHOU (a3bl, TO IIpu oOpa-
30BaHMM 3apOjblllla HEOOXOAUMO YUYUThIBATh YIIPYyIrue
HanpsDKeHMST, BOSHUKAIOIINE KaK B 3apOIBIIIe, TaK U
B OJM3JIeXalIMX sSYeiikax MCXOmHOU ¢ha3bl. BTophiM
BaXXHbIM (haKTOPOM SIBJISIETCSI KOTE€PEHTHOE COTJIaco-
BaHNE KPUCTAUIMYECKUX PEIIeTOK HOBOM U UCXOTHOM
¢a3 [19]. IIpu OompIINX HECOOTBETCTBUSIX IapaMeT-
pPOB pelIeToK ABYX (a3 yrpyras SHepTUs MOXeT 3Ha-
YUTEJIbHO MPEeBOCXOAUTh TEPMOAUHAMUYECKYIO SHEP-
I o0pa3oBaHU 3apoAblia HOBoit a3zl [19, 20].

B pa6orax [21] u [22] ipeaiokeHBI MOAEIN TOHKOK
(6eccTpyKTYpHOIT) U CI0XHOM KOTePEeHTHBIX TIOCKUX
(hazoBbIX rpaHull. Mexay KyOu4eckoi U TeTparoHasab-
HoIi (pazamMu BO3MOKHA TOJILKO CJI0XHas ¢pa3oBasi rpa-
HUIIA TIPY HAJTMIUY MaJIBIX MOHOKJTMHHBIX MCKaKEeHU I
TeTparoHaJbHOI 1 KyOndeckux ¢a3 B paiiloHe UX KOH-
TakTa (@] = @y = 1077 pan) [23]. CnoxHas (as3oBast
IpaHUIIA COCTOMT M3 TIPOCIOWKM WHAIYLIHPOBAHHOMN
MOHOKJIMHHOM (ha3bl, KOTOpasi MOXKET UMETh IBE CTPYK-
Typbl A u B[23]. TemnepaTypHble 3aBUCUMOCTU KpUC-
TajuiorpaUIecKux mapameTpoB MPOCTONKN UHIYIIM-
pOBaHHOI (ha3bl WISt CTPYKTYp A U B onpenesitoTcs u3
clienytolux GopmyJr:

ey = J~(B(1)+ KD(1))/2 - A(1) ; @21
a(t) = F/sinp(0): (22)
by(t) =
_ e’ a0’ —a () +a (0 (e’ —a )’y 3
e’ —a 1)’
94(1) = arctg(F(1)/ [0,(7) ); (24)
ept) = J(B(D) ~ KD(0)/2- A(D); (25)
ag(t) = F)/sin(op(1)); (26)
by(t) =
_ Jes0’ @0~ a (0% + a0’ (c ()~ a°) o)
e’ - a0’
951 = arcte(F(1)/ ,[05(7). (28)

rie KD = | B(t)2 — 4A(H M(1):

A(D = afH? = a () = m(D*/(c(H* = a(H?);
B(t) = k() — (1) + a (*(c(0? — a () —

= 2m(t) - n()/(c)* — a t)?);

n(n)’
e’ —a ()
S = a(0*/(c(? = a P

011 = [ exD*a® + (e (0%m(d) + n(1)ft) =
= (cq(t)*m(t) + c4(t)*n(D)h(t) —

= ca0’KD) /] e (eq0) = a0 |:

0y = [cBa)“a,(t)2 + (cg(ty’m(t) + n(t))*p(t) —
= (cpd*m(t) + cp(’n(t)q(h) —

= egt70) |/ ep0(ep” = ef0) |

m(f) = sin(o))(c /1) * aft) — a H?);

n(t) = sin(p))a () (c()* — cfD) - af1));

h(t) = 2a,(1)sin(9))/(c(H* — a(1)?);

p(H) = e/ (c(? = a DD

k(1) = a () *cos(g))%;

q(t) = 2¢() - afDysin(p))/(c)? = a(H?);

1) = cf1)’a t)*cos(¢))?.

N3 (5), (18), (20—28) MOXHO OIIpeneIMTh TEMIIE-
paTypHble 3aBUCMMOCTH OOBEMOB siUeeK KyOUuecKOou
V.(7), TetparoHanbHOi V(f) n MHAYyUMPOBaHHBIX (a3
V(1) mu Vg(7)). Hamu moydeHo, 4TO 00beM SYEHKU
A-CTPYKTYpBl MHAYUMPOBAaHHOM da3bl V(7) 6oublie,
a B-ctpykTyphl Vp(f) MeHbllle 00BEMOB g4€eK KyOu-
YecKoi M TeTparoHajJbHOM (a3 1isl Bcex TeMmeparyp
MEHbIIIE TeMIepaTypbl TUIIOTETUYECKOTro (ha3oBOro
nepexoaa BToporo poaa (puc. 2).

I1oTHOCTD 3aponblilia 3aBUCUT OT COOTHOIICHMS
yucja siueeK HOBOW M MHAYLMpPOBaHHOUW dasbl ().
MHTEHCUBHBIN POCT 3apojbliiia OyAeT MPOUCXOAUTH

M() = —{ S+ (07 k(D) - acmzl(t)} :

O6neM InemenTapHOi Sueiikn, A
Volume unit cell, A*

b .3

[ 3] =

2

Puc. 2. TemnepaTypHas 3aBHCHMOCTb 00bEMOB KPHCTAJUIMYECKHX
aueek: V, (xpusas 1), V, (kpuBas 2), V, (xkpusas 3), Vp (kpusas 4)

Fig. 2. Temperature dependence of the volumes of the crystal cells: V,
(curve 1), V; (curve 2), V, (curve 3), Vg (curve 4)
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Puc. 3. TemnepatypHas 3aBHCHMOCTDb BeJHYHHBI 7 4
Fig. 3. Temperature dependence of value r,

IIpH paBEeHCTBE 00beMa 3apoIbIIa M YaCcTH 00beMa HC-
XOJIHOI (a3bl, U3 KOTOPOIi OH 0Opa3zoBacs.

IMockonpky V(#) > V,(f), TO A-CTpyKTypa MHIYLM-
poBaHHOI (pa3bl OyneT hopMUPOBATHCS MpU (Pa3oBOM
MepexoJe U3 TeTparoHaJbHON B KyOuMueckyio ¢asy, a
B-cTtpyktypa — mnpu obpatHoM (a3oBOM Iiepexoie,
TaK Kak JJisl 3TUX CTPYKTYP IJIOTHOCTb 3apOjblilia Mpu
OIpeIeICHHOM COOTHOIICHUN OOBEMOB WHAYIIUPO-
BaHHOI U HOBOI (ha3 OymeT paBHA MJIOTHOCTH UCXO[ -
HOM (ha3bl.

O0603HaUMM TeMMepaTypy BO3MOXHOIo (a3oBOro
rnepexoja MepBoro pojaa U3 Kyoudeckoi dasbl B TeT-
ParoHaIbHYIO f.p, @ TEMIIEPATYPY, COOTBETCTBYIOLIYIO
o0paTHOMY (ha30BOMY TIEPEXONY, f,.4. DTY TEMIIEPATYPY
JUIST KOHKPETHOTO # MOXHO OIPEACTINTh YMCIEHHBIM
METOJIOM U3 CJIEAYIOIINX YPaBHEHUIA:

VA(trA) + r(trA) Vc(trA) —

Vit.g) — 1+ 1(t,,) .
_ Vatp) . p Viltp) _
Ve(t,p) 1+ 1(t,p) 0 @

rae n(f) = m/n; m — 4UCIO sTYeeK HOBOU asbl; n —
YUCIIO AYeeK MHAYLIMPOBaHHON (a3bl B 00beMe 3apo-
JIbILIA.

Hamu monydyeHo, 4TO TIpM yBEJTMYEHUW OTHOCH-
TeJIbHOI TOJIM HOBOI (pa3bl B 3apoJbIllie IO CpaBHE-
HUIO C MHAYLIMPOBaHHOI (ha3oii (r), TeMmepaTypa BO3-
MOXHOTO (a30BOro mepexoma MepBOro poja IMOBBI-
maetcs (puc. 3). Beruncnennblie u3 (29) 3HaueHus #(f)
XOPOIIIO aIMTPOKCUMUPYIOTCS MOIM(UIITPOBAHHOMN TH-
nepOOJIMIECKO perpeccueii:

ryt) = kg + k;/(f) — 1), (30)

rae kg = 2,446, k; = 17,026.
st ctpyKTyp A 1 B 3TU perpeccuu IMoYTH COBIIA-
nawt (At = t.p— t.4 < 0,04 °C).
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st onpeaeneHus: TeMIiepaTyp pealbHbIX (Da30BbIX
Mepexo0B PacCCMOTPUM YIIpyrue aedopMaluu sueek
3apojbliiia ¥ OJIM3NIeXAalluX ssueeK MCXOMHOM a3l s
pasNIUYHbIX 3HAYEHUH 1y U 7.

Omnpenenum ynpyryio sHepruto W, (1) nedopma-
LIMU sg4eeK 3apojbliiia Kyouueckoi ¢asbl. [TocKoabKy
pa3Mepbl 4yeeK HOBOW (a3pl OTIMYAIOTCA OT SYeeK
TeTparoHajbHOM (pa3bl, TO OyneT MPOUCXOAUTH Nehop-
Mallus Kak SYeeK 3apojblllia, TaK U COCEIHUX C 3apo-
JbILIEeM sTYeeK MCXOAHON (asbl.

c C c t t

O6osHaumm o, e;, Cij uoc;, e, Cij COOTBETCT-
BEHHO KOMITOHEHTBI TEH30POB YIIPYTUX HATPSKEHUH,
yrpyrux aedopmariiunii, KoaOUIMEHTOB XeCTKOCTel
KyOn4yecKoi 1 TeTparoHajbHbIX (a3. [TocKoIbKy mpu
OTHOPOIHOMU JaehopMaumn

c _ ~C ¢ T
TO

Cc C C Cc C C C

Cc C C C C C C
c c Cc c C c C

t t ot tot t ot
c()=Cie () + Che(t) + Cyes(D);

t tot t ot ot
N tot t ot

B pesynbrate ynpyroit medopmaunnu mpousonaeT
aKKOMOJIallMsl PELIETOK 3apoJiblllia U COCEIHUX pelie-
TOK MCXOJHO¥ (Da3bl, a CIETOBATENLHO, CTAHYT OIM-
HAKOBBIMM COOTBETCTBYIOIIME TAPAMETPBI STUX peLle-
TOK (cy by 1 ay). IlosTOMY

byt)—a(t)

Coa cy()—a (1) c _
e (9) ——7;'(75—'— ;e (D an
¢ o _ ag)—a )
e3 (0 W ; (34)
ton_CyD=ct) ¢ o b)—aln)
eq () T ;e (D T ;
eg o = a,(H—aln (35)

a1

IMockombpKy mpu YIPYyroM B3aMMOAECHCTBUU pe-
1IEeTOK

of = —a, (36)

!

TO U3 (32)—(35) MOAYyYUM CUCTEMY TPeX YpaBHEHMI C
TpeMsl HEU3BECTHBIMU (cy (1), by(1) u a,()):

s +ah(n =0,
c5(1) +oh(f) = 0, (37)

o5(H) +ay(n) = 0.




W3 (37) nonyyaem metomoMm Kpamepa:
_ Ax. — Ay. — Az
)= bh)=F: afn=F, ()

A(0) By(1) Cy(1)
e A= | Ay (1) By(1) Cy(t) |3 A=
A3(1) B3(1) C3(1)

M,y By(1) Cy(1) |5
My By(1) C5(1)

Al(t) Ml Cl(t)
Ay = | Ay(t) My Cy(1) |5 A=
Ay(t) My Cy(1)

A (1) By(H) M,
A3(1) B3(1) My

c t c t
A= Supp - Cooy Co
a.(n ¢ a.(n aln
c t c t
G = 12 4 13, 4= 220y Lot
c t c t
Biy= 2 + 2. - B D
a.(n a1 a.(n cD)
cs o Cs ci
A= 2L+ Bloppy= 2 + 2,
a 1) ¢l a () af(1
S cl
G = =2 + 332,

a(t)’

c c t t c t .
Cip tCp €y +Cp +C3+ (g

M,
My=C5) + Cyy + Cyy + Cyy + Cpy + Ci3;
My=C3) + C3y + Cy3 + G5 + O3 + C33.

M3 (38) u (34), (35) MOXHO oNpeneauTb KOMITO-
HEHTbl TEH30pOB nedopMalnu siueeKk KyOuuecKoil u
TeTparoHajibHOK (a3. [IIOTHOCTL BHEPrUM yHpyrou

nepopmauuu W,.(f) Aadeex 3apoiblilia KyOuMYecKoun
(asbl onpenesisieM no dopmyJie:

_ c c c
W, = 0,5 Cij e; (1) e; (7). (39)
AHAJIOTUYHO OIpenesisieM TUIOTHOCTh SHEPTUH YII-
pyroit nepopmanuu W, (1) ayeek 3apoablilia TETParo-
HaJbHOU (pa3wl mpu oOpaTHOM (Pa30BOM IIepexoie
_ totoat
W) =0,5 Cij e; () e; (7). (40)
3a cuer ynpyroii nepopmauuu W,.(7), Kaxk anbrep-
HaTWBa, 00pa3yeTcsl U3 sueeK Kyouueckoii ¢pa3bl 3apo-
JblllIa MHAyLUpoBaHHas ¢a3a, KOTopasl Mpu ompene-
JICHHOM COOTHOLLIEHUH 00beMOB (ha3 (r) odecrieunBaeT
corylacoBaHue 00beMa 3apobllla, KOrepeHTHOCTh pe-
LIETOK Ha TpaHUlle pasiefia 3apoblllla U MCXOTHOMU
¢a3pl. [T10THOCTD YIIPYToii SHEpPrun WdC 4 () MHIyLn-

poBaHHOI (a3bl ¢ A-CTpyKTypoul mpu oOpa3oBaHUU
3apobliila KyOu4eckoil ha3bl UMEeT BUIL:

W0 =0,5 Cij-eiA(t)ejA(t), 41)

c (D —a,r) _by-a .
T 0T TTm

a,(H)—a.t)

a. (1

AHAJOTMYHO OTpenessieM IUIOTHOCTD YIIPYToi SHep-
run W, p(f) nHayunpoBaHHOR ($asbl ¢ B-CTpyKTypoOi
IpY 00pa3oBaHUM 3apOJblilia TeTparoHaJabHOI (ha3bl

Wap(t) = 0,5 Cjreip(Ne;p(0), (42)

cp(h—cft) _ bg(n-aln).
T ; eyp(0) W ;

ap(t)—a[1)

al1)

CorjacHO Halllero MNpennoyJoXeHus, pealibHbII
¢a30BbIii Hepexo U3 KyOUYeCKOK B TeTparoHaJbHYIO
(asy Oyner npu TemIeparype f,.p, Koraa OyayT paBHbI
yrpyras sHeprust aedopMaiuy 3apoiblllia YIPYyrou
BSHEPTUM MHAYLIMPOBAHHOM a3kl B cOCTaBe 3apojbliiia;

Waltp) = Voy = Wyp(tep) = Vi, (43)

re V,; — o0beM 3apojibillia TETPArOHATbHOM basbl;
Vip — 00BbEM MHIYLMPOBAHHOM (a3bl.

rae ej4(H) =

e34(1) =

rae elB(t) =

e3B(t) =

ITockonbky
I/Zl‘ = VIB(r + 1), (44)
TO (43) IpUMET ClIeayIOIIUI BUMI:
W (t.p(r+ 1) = W,p(t,p), 45)

Tle ¥ XapaKTepUu3yeT OTHOLLIEHUE CYMMapHbIX OOBEMOB
slYeeK TeTparoHaabHONW M MHAYLIMPOBAaHHOM (a3 B 3a-
pOZABILIIE.

OO6paTHBII (ha30BbIi Miepexon (U3 TeTparoHaJbHOM
B KyOuuecKyio (pasy) Oyaer npu TemMreparype f,,, npu
KOTOpPOW

Wdc(trA)(r+ = WdA(trA)' (46)

O003HaUMM OTHOCHUTEJIbHYIO TUIOTHOCTb YIIPYTrou
BHepruu aecdopMalmii 3apobiilia TeTparoHalIbHOMI (ha-
3pl W(1) = W (t,p)(r+ 1) 1 3apoapiliia Kyouyeckoii ¢a-
3pl W.(1) = W,(t.)(r + 1). Ucnoib3ys MOIy4eHHYIO
TEMIEPAaTypHYIO 3aBUCHUMOCTb IMapaMeTpOB DPELIETKU
(18), (20) n 3HaYeHUs YIIPYTUX XKECTKOCTEH B TeTpa-
TOHaJIbHOW U Kybuyeckoii ¢aszax BaTiO; [24], namu
orpeJesieHbl TJI0OTHOCTU YIIPYTrux 3Hepruit aegopma-
Uy 3apoaeiieii. Ha puc. 4 u puc. 5 mokasaHsbl 3a-
BUCHMOCTHU OT TeMITepaTyphbl INIOTHOCTHU YIIPYTUX SHEp-
ruii W(t), W,p() m W1), W (7). I3 paBeHCTBa COOT-
BETCTBYIOIINX YIIPYTHX SHEPTUA MOXKHO YHMCIICHHBIM
METOJIOM OIIPEACINTh TeMIIepaTypy ¢a3oBOTo Mepexo-
1a t.g U f., M TEMIIEPATYPHBINA TUCTEPE3NUC Af = 1.4 — t,.p
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Puc. 4. TemnepaTypnbie 3aBUCMMOCTH IJIOTHOCTE YNpyrux dHepruii
aedopmanuy sueex 3apoapima Kyomueckoii dhasel W.(¢) (1), W (0 (2)

Fig. 4. Temperature dependences of the density of the elastic energies of
deformation of the nucleus cells of the cubic phase W (1) (1), W (1) (2)

MaoThocte ynpyroii sneprun, Ta/m®

Elastic energy density, J/im®

Puc. 5. TemnepaTypHbie 3aBUCUMOCTH ILUIOTHOCTEH YIPYTHX dHEPruii
nedopmanum sS9eeK 3apoAblIa TeTparoHadbHoil dasmt W (7) (1),

Wi (2)

Fig. 5. Temperature dependences of the density of the elastic energies
of deformation of the nucleus cells of the tetragonal phase Wt) (1),

Wap(®) (2)

(t.p= 118,52 °C, 1., = 128,79 °C, At = 10,27 °C). ®a-
30BBIIl IIepexod M3 TEeTPAroHajJbHOU B KyOMYECKYIO
¢a3y mpoucxoauT Ipu OTHOILIEHUN O0OBEMOB B 3apO-
IblllIe HOBOM M MHAYLMPOBaHHOI (a3 r = 5,169, 06-
paTHBII (Pa30BbIi IEPEXO — IIPU OTHOILICHUHY 00BEMOB
rg = 3,097.

3akmouenue

IIpenioxxeHHBI METO ONpeaeIeHNS aHATUTAYEC-
KOI0 BMIA TeMIIEpaTypHLIX 3aBUCHUMOCTEN Mapamer-
POB KPUCTAJUTMYECKOW pEIIETKM IPU CTPYKTYPHOM
dazoBoM mepexone m3mF4mm ocHoBaH Ha YCJIOBUU
COXpaHEeHWs] MAKPOCUMMETPHUH, €CITN M3BECTHHI TTapa-
METpPHI PEIIeTKH IPU IBYX ITPOM3BOJBHEIX TEMITEPATY-
pax B Kaxnoil ¢aze. [TomydeHo, 4To TeMITepaTypHYIO
3aBUCMMOCTb TETParoHajJbHbIX MApPaMETPOB a; U ¢;
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MOXHO IIpeICTaBUTh CYMMOU ABYX (byHKUMIA: TepBast
COOTBETCTBYET YBEJIMUYEHUIO PACCTOSIHUSI MEXIY aTo-
MaMH TIpU TEIUIOBOM pPAcCIIMPEHMH, BTOpass — Iepe-
pacrnpezeneHuIo aedopMalMii MexXIy IapaMeTpaMu
pelleTKr, 00yCIOBJIEHHOMY TTOBOPOTAMM IPYIIIT aTOMOB
MpU U3MEHEHMU CITOHTaHHOM aedopMaiuu. [Ipenia-
raeMblii METOJ TO3BOJISIET OMNpPENeIUTh TeMIIepaTypy
(azoBoro mepexoma BTOPOTO pola MW THUIIOTETUYEC-
Koro ¢a3oBOro nepexojaa BTOpPOro poja.

[TosyyeHo TpU aHATUTUYECKUX PEIIeHUsI, OJHO U3
KOTOPBIX COOTBETCTBYET SKCIIEPUMEHTAIBHBIM PE3yITh-
TataM g (azosoro nepexoga m3mF4mm B BaTiO;.

IIpennoxeH MeTON BBIYMCICHMS TeMIIEpaTyphl U
TeMIlepaTypHOro TucTepe3uca (ha3oBOro Iepexoaa
TEePBOTO POIa, OCHOBAHHBIN HA YCIOBUM KOTEPEHTHO-
IO COINIACOBAHUSI KPUCTALIMYECKUX STUeeK 3apojblliia
U ucxoaHo ¢as3bl. Ha rpanulie 3apoabiiiia oopasyeTcs
WHAYLMpOBaHHas ¢a3a, COOTBETCTBYIOIIASI CTPYKTYpe
CJIOXHOM (ha30BOil rpaHulibl. TemIepaTypHbIid TUCTe-
pe3uc o0yCIOBJICH CYIIECTBOBAHMEM ABYX BO3MOXKHBIX
CTPYKTYp WHAYLUMPOBAHHOU (hba3bl, TJIOTHOCTh KOTO-
PBIX TIO3BOJIIET COIJIAaCOBAaTh OOBEMBI 3aPOMABIIICH C
HUCXOQHOM (pa3oif mpu IpSIMOM M OOpaTHOM (Pa30BBIX
nepexomax. CaenaHo MpearroaoXeHne, YTO MHTEHCHB-
HBII POCT 3aponblllla MPOUCXOAUT MPU TeMIepaType,
KOT/a TJIOTHOCTh YIIPYTOM SHEPTUN WHAYIIMPOBAHHOM
(a3pl paBHaA IUIOTHOCTU YIPYTOil SHepruu nedopma-
LIMK BCEX sUeeK 3apojbliiia.

ITonyyeHHoe 3HaueHuWe TeMmepaTypbl (a3oBOro
repexoma IepBOro poma M3 KyOMYEeCKOoil B TeTparo-
HaybHYI0 (pasy B BaTiO5 xopoluo coriacyercs ¢ 9Kc-
nepuMeHTadibHbIMU JaHHbIMU (118,52 u 119 °C), a
TeMmIiepatypa odbpaTtHoro ¢a3oBoro mnepexoga Ha 8 °C
Boite (128,79 u 120 °C). B 3aponpliiie KyOudyeckor
¢a3pl 00beM HOBOM a3kl IIpUMEPHO B 5 pa3 OoJiblle
o0beMa MHIYLUPOBAaHHON (pa3bl, B 3apObIllIe TeTpa-
roHajbHOI (ba3el — B 3 paza. 1 MOBBILLIEHUS TOY-
HOCTH BBIYMCJICHHBIX 3HaUYeHUII HEOOXOTUMO YUUTHI-
BaTh TEMIIEPATYPHYIO 3aBUCUMOCTD YIIPYTUX MOIYJIEH.
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Introduction

Under the polymorphic phase transitions with a lowering
symmetry, a domain structure with the orientation states (OS)
[1, 2] is formed in the ferroelastics and multiaxial ferroelectrics.
In the ferrophase there are spontaneous turns of the crystallo-
graphic axes, caused by displacements of the atoms and turns
of the groups of atoms (tetra- and octahedrons) during a change
of the spontaneous deformation [3—5]. As a result close orien-
tation (suborientation) states are formed, which differ by the di-

rection of a spontaneous turn [5—7]. Different OS can be com-
bined with the help of the elements of the paraphase symmetry,
which are lost, while the suborientation ones are not lost during
a phase transition [1, 2, 8]. The number of possible OS is de-
termined by the symmetry of a paraphase [8].

Under a structural m3mF4mm phase transition 12 states
and 24 electric domains are possible [3, 9]. In the ferroelectric
phase the spontaneous turns of the crystallographic axes of the
adjacent domains, determined by the values and signs, cor-
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respond to the lattice parameters. An angle and direction of
an axis of a spontaneous turn can be determined from the
equations of the domain walls received in two crystallographic
systems of coordinates, corresponding to the paraelectric and
ferroelectric phases [10, 11].

The orientation coordination between OS in a polydo-
main crystal will be carried out, when the spontaneous turns,
determined by the structure of a domain wall, are equal to the
spontaneous turns of the crystallographic axes of the adjacent
domains at any temperature of the ferroelectric phase [12].
Therefore, certain correlations between the lattice parameters
should be preserved in a crystal, otherwise the polydomain
crystal will disintegration.

In [13] it is proposed to determine the temperature de-
pendence of the lattice parameters during the structural
4/mF2/m phase transition of the second order on the basis of
the condition of preservation of the macrosymmetry of the
paraelastic phase in a polydomain crystal. Application of this
method is also of interest for m3mF4mm ferroelectric phase
transition. Two versions are considered in the work: the phase
transition of the second order and the phase transition of the
first order. The temperature and the temperature hysteresis of
the phase transition of the first order were defined from the
analysis of the elastic deformations during the coherent
matching of the lattices of the nucleus and of the initial phase.
The analysis of the solutions was made on the example of
BaTiO;.

1. Determination of the temperature dependences of the
lattice parameters in the paraelectric and ferroelectric
phases under the m3mF4mm structural phase transition

BaTiO; monocrystal is a multiaxial ferroelectric, in which
(depending on the technology for obtaining of the crystal) at
120...130 °C the phase transition of the first order from the
paraelectric cubic phase (Pm3m) into the tetragonal ferroe-
lectric phase (P4mm) [3, 14, 15] is observed. In the cubic
phase the orientation of the crystallographic system of coor-
dinates is stable, because there are no spontaneous turns of
the crystallographic axes. In the tetragonal phase four types of
the suborientation states differ by the sign of the angle and by
the direction of the axis of the spontaneous turn o, (around
one of the two possible axes of symmetry of the 4th order of
the paraelectric phase) [3, 9, 16]. It is possible to determine
a, from the following formula [9, 16]:

a, = tarccos(a, + ¢,)/ (2 a,2 + c?) , (D

where a, and c; are the parameters of the tetragonal phase.

Let us select a crystal-physical system of coordinates: X;
coincides with the axis direction ¢, X, — with axis b, and X5 —
with axis a. The tensors of the thermal expansion, corre-
sponding to the four suborientation states (S, Sz, S35, S14)
in the paraphase system of coordinates [9]:

en e 0 ey —ep 0
Ey = ey 0 [ Ep= ey 0 |
€2 €2
e 0 ep ey 0 —ep
Ey3 = ey, 0 |» Eig= e, 0 |, (D
ey ex

144 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 19, Ne 3, 2017

where e}, = cos’(ae;, + sin’(a)ey; e = c/a, — 1;

e, = sin(ag)cos(ag)(eyn — eg)); exn = aja, —
= cosz(as)en + sinz(ocs)el s 4. a,, ¢, — are the lattice param-
eters of the cubic and tetragonal phases.

It is possible to receive the tensors of the thermal expan-
sion of the other eight OS from (2), transforming them by
means of the paraphase symmetry operations (a turn by 90°
around the axes of the 4th order of the paraphrase, which co-
incide with directions X, or X3).

From the condition of preservation of the macrosymmetry
in a polydomain crystal [17] for the m3mF4mm phase tran-

sition we get an averaged tensor of thermal expansion E), for
12 possible OS:

1; ey =

1 12
Eu - 12 i§1 EI’ -
(e +2ey)/3 0 0
= (e, +2e5)/3 0 N )

(e +2ep)/3

Tensor E,, corresponds to the symmetry of the paraelectric
cubic phase.

From tensor E, we get the temperature dependence of pa-
rameter g, of the cubic lattice of the averaged polydomain
crystal:

a,(1) = (c(D) + 2a(1))/3, 4

where a, and ¢, — parameters of the tetragonal lattice of the
ferroelectric phase.

From the experimental temperature dependence of the
crystallographic parameters of the lattice in BaTiO5 [14] and
the calculated values of a,, (fig. 1) it is possible to draw a con-
clusion, that the parameter of the cubic phase a, and the av-
eraged parameter @, have a dependence on temperature, close
to a linear one. In [13] it is proposed to describe such a tem-
perature dependence as an exponential function. Therefore,
the following functions will correspond to the temperature de-
pendence of the parameters:

a(t) = ky-exp(k; - 1); (@)
a,(t) = ky - exp(ks - 1). (6)

In order to determine coefficients &, k;, ky, k5 it is nec-
essary to know the experimental values of a, at two arbitrary
temperatures of #, , (a,, a,,) in the paraelectric phase and
of ¢, a, at temperatures of #;, #y (¢;3, ¢y, a3, ay) Within the
limits of the tetragonal phase. With account of the proposed
notation we get:

k= 1n(ac2)7 ln(acl) . — acl .
: h-1 T exp(kh)”
P In(a,;)-1In(a,) _ a, )
: Iy—13 ’ exp(ksts)’

where a,; = (cg + 2ag)/3, a,p = (¢ + 2a4)/3.

Parameter a,, of the pseudo-cubic lattice, corresponding to
the tetragonal phase, can be determined from the condition
of preservation of the volume of a crystal cell:

a,(t) = 3e(n)- afn)’. (8)

Parameter a,(f) is somewhat less than the values of a,,(?)
in the ferroelectric phase, but they are equal at the tempera-




ture of the phase transition of the second order (or the hypo-
thetical phase transition of the second order). Therefore, the
exponential function, close to the linear one, also corresponds
to its temperature dependence:

a,(f) = ky - exp(ks - 1), )
where k5 — ln(avz)fln(avl) : k4 = _._____Y_L____
-1 exp(kstsy)’

— 3/ 2. Y 2
Ayl = NC3 A3 Ay = NCg- Ay -

We determine the temperature of the phase transition of
the second order (hypothetical phase transition of the second
order) #, from the condition

a,(f) = a,(t). (10)
From (6), (9), (10) we get:
ty = (In(ky) — In(ky)/ (ks = ks). (11)

Since during the phase transition of the second order
av(to) = (lu(to) = kO . eXp(k1 ° to), (12)

we will make a small correction of the formulas with account
of the possible experimental discrepancies of the parameters
of the lattice for determination of coefficients k3, ks:

ac(to) =ay =

In(ay) - In(a,,) In(ay) -

ly—13

In(a,;)

ky = ks = (13)

ly—13

From (4), (6), (8), (9) and (13) we get the following sys-
tem of equations:

(e +2a(0)/3 = a,(1),
{ s 3 (14)
c()-a, (1) = a,(h).
Since
aft) = Ba, () — ¢[1)/2, (15)
from (14) we receive the cubic equation:
D) + ac()> + bet) + ¢ =0, (16)

where a = —6a,(1); b = 9a.(1); ¢ = —4d, (7).

By using a trigonometrical solution [18], we receive three
roots corresponding to the temperature dependences of the
tetragonal parameter of ¢,

i = 2/\/7005 % - 9; (17)
exlt) = —2J—7§’ x4 (18)
e3) = —2@ cos(“;“) -4, (19)

where p = —a?/3 + b; a = arccos(—a/Q2—(p/3)’); q =
= 2(a/3)> — ab/3 + c.

The carried out analysis of the received solutions on the
example of the temperature dependences of the lattice pa-

rameters of BaTiO5 (7, = 120 °C) [14] demonstrated, that the
temperature of the hypothetical phase transition of the second

order 7, = 136,41 °C, all the roots were effective, however, on-
ly the second root (18) corresponded to the experimental data
in the tetragonal phase (see fig. 1) and that means

a(n) = Ga, ) = ¢ (1)/2. (20)

We receive the following values of the parameters of the
exponential functlons for BaTiO3: ky = 4 00188; k; =
=1.558-107° ; ky = 4.0058; k3 = 8. 356 1076 ; kg = 4.00578;
ks =8.45-10" 5

If the phase transition of the first order is realized in a
crystal, the temperature of the phase transition can be deter-
mined by applying the model of a complex phase boundary,
which divides the cubic and the tetragonal phases.

2. Determination of the temperatures
and of the temperature hysteresis of m3mF4mm phase
transition of the first order

As is known, the nuclei of the new phase exist in BaTiO5
monocrystal in a wide temperature range, above and below 7.
It is necessary to find out, why the growth of the nucleus of
the new phase occurs at a certain temperature, at that, there
is a temperature hysteresis between the direct and the reverse
phase transitions.

Let us consider the basic conditions, which ensure coor-
dination of the two phases and growth of the nucleus of the
new phase. Since the density of the new phase is more or less
than the initial one, during formation of the nucleus it is nec-
essary to take into account the elastic stresses, arising in the
nucleus and the nearest cells of the initial phase. The second
important factor is the coherent coordination of the crystal
lattices of the new and of the initial phases [19]. In case of big
mismatch of the lattices of the two phases the elastic energy
can surpass considerably the thermodynamic energy of for-
mation of the nucleus of the new phase [19, 20].

In [21, 22] contain models of a thin (structureless) and
a complex coherent plane phase boundaries. Between the
cubic and the tetragonal phases a complex phase border is
possible in the presence of small monoclinic distortions of
the tetragonal and cubic phases in the area of their contact
(1= = 1077 rad) [23]. It consists of a layer of the induced
monoclinic phase, which can have structures 4 and B [23].
The temperature dependences of the crystallographic param-
eters of the layer of the induced phase for A and B structures
are defined from the following formulas:

eut) = J=(B(D)+ KD(1)/2 - A(1); 1)

a () = F/sin(o4(0); (22)

bt) = Jcmz(a,(t)zac(t>22)+ac(t)22(ct(t)2 a(n’) . 23)
e~ a (1)

941 = arctg(F()/ [0,(1) ); (24)

cp(t) = J=(B()— KD(1)/2 - A(1); (25)

ag(t) = Fn/sinop(1); (26)

byl = JCB(tf(a,(t)z—ac(t)zHac(tf(c,(r)z a9, )
e’ - ay(1)

051 = arcte(F(1)/ [0,(D), (28)

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017 145



where KD = B(t)* - 4A(t)M(t) ;
Aty = afD)? = a(D? — m(D*/(c()? — a(1)?);
B(t) = k(1) — D) + a()*(cAD)? — afD?) —

— 2m(1) - n(D/(cft)> — a B)%);
2
M(t) = —{J—’L +e 1) k(t) - ac(f)zl(t)} ;

e(1) - a ()’
R0 = a0?/(e(? = al’);
Q1) = | esa i + (cs’m(t) + n))F(D) = (cq('m(s) +

+ eI = eA0KD |/ e (exD” = a ) :
0,0 = | epa (0 + (cx)’m(d) + n(D)p() = (epty*m(s) +
+ ep0’n()a() = eg)’0) /| ep0(epn’ = e |

m(1) = sin(;)(c /D) - a(D) — a H?);

n(h) = sin(@1)a(H*(c(? = ¢f1) * afn);
h(h) = 2a()’sin(e))/(c/)” = aD?);
p(t) = c(0*/(eft)® = a (DD,

k(D) = a(*cos(o))*;

q() = 2 - a(Dsin(e))/(c(1)* = a1)?);
K1) = cft)*a(D)’cos(o)>.

From (5), (18), (20—28) it is possible to determine the
temperature dependences of the volumes of the cells of cubic
V.(?), tetragonal V() and induced phases V(#) or V(7). What
we have got is that the cell volume of A-structure of the in-
duced phase V() is more, and that of B-structure Vp(?) is less
than the volumes of the cells of the cubic and the tetragonal
phases for all the temperatures, which are less than the tem-
perature of the hypothetical phase transition of the second or-
der (fig. 2).

The nucleus density depends on the correlation of the
number of cells of the new and the induced phases (7). In-
tensive growth of the nucleus will take place at the equality of
the volume of the nucleus and of the part of the volume of the
initial phase, of which it was formed.

Since V() > V(?), the A-structure of the induced phase
will be formed during the phase transition from the tetragonal
phase into the cubic phase, and the B-structure — during the
reverse transition, because for these structures the nucleus
density at a certain correlation of the volumes of the induced
and of the new phases is equal to the density of the initial
phase.

Let us designate the temperature of the possible phase
transition of the first order from the cubic phase into the te-
tragonal phase as 7.5, and the temperature, corresponding to
the reverse phase transition, as 7,4 This temperature for a spe-
cific » can be found by the numerical method from the fol-
lowing equations:

VA(trA) + r(trA) Vc(trA) -

S T "
_ VB(trB) + r(trB) Vt(trB) —
Viltrp o 0, 29)
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where 1) = m/n; m — number of the cells of the new phase,
n — number of the cells of the induced phase in the nucleus
volume.

We have that with an increase of the relative share of the
new phase in the nucleus in comparison with the induced
phase (r), the temperature of the possible phase transition of
the first order raises (fig. 3). The calculated from (29) r(?) is
well approximated with the modified hyperbolic regression:

) = kg + ky/(ty — 1), (30)

where kg = 2,446, k; = 17,026.

For structures A and B these regressions almost coincide
(at=tp—1t.,<0,04 °C).

For determination of the temperatures of the real phase
transitions we will consider the elastic deformations of the nu-
cleus cells and of the nearby cells of the initial phase for var-
ious r, and rp.

Let us determine the elastic energy W, (7) of deformation
of the nucleus cells of the cubic phase. Since the sizes of the
cells of the new phase differ from the cells of the tetragonal
phase, there will be a deformation of the cells of the nucleus
and of the cells of the initial phase near the nucleus.

Let us designate as o, ¢;, Cj; and o, e, C,;- accord-
ingly, the components of the tensors of the elastic stresses,
elastic deformations, coefficients of rigidity of the cubic and
the tetragonal phases. Since in case of a homogeneous de-
formation

c __ c c tr _ t t
of = Cief, of = Cjel, 31

o1 ()= Cief () + Ches(n+ Cfyes(1);
oy ()= Cy el () + Cyye5(0) + Cpy €5(D);

o5() = C3 el () + Cyye5(0) + Cyy€5(0; (32)

o1 () = Ciy € (0 + Clyey (1) + Cis €5 (0);
oy ()) = Cy €1 () + Cp ey (1) + Cyg €5 (0);
o5 (1) = Cj, €\ () + Ciyeb (1) + Ci3 €5 (0. (33)

As a result of the elastic deformation there will be an ac-
commodation of the nucleus lattices and of the neighboring
lattices of the initial phase, and, consequently, the parameters
of these lattices will become identical (¢4, b, u a,). Therefore

¢y —a.1) . by(t) —a (1)

e (n= a (1) ;e = a () 5
oo _agn—ayn) .
&) = TS (34)
Co_eD—elh . bin-aln
e () W ;e (D) —a,(t) ;
eg (t) — ad(t)far(t) ] (35)

a,(1)

Since in case of the elastic interaction of the lattices

o =—o (36)




from (32)—(35) we will get a system of three equations with
three unknowns (c (1), b,(?)) and a(?):

o1+ (1) = 0,

c5(1) +oh(f) = 0, (37)

c5(1) +o5(1) = 0.

From (37) by Cramer's method we receive:

=" bh= %r, a ) = AXZ, (38)

X )

Ay(1) By(n) Cy(d)
Ay (1) By (1) Cy(1)
As(1) By(1) C5(1)

where A =

Ay () M, Cy(0)
Ay = | Ay(t) My Cy(n) [ A=

M, B\(t) Cy(D)
M; By(1) Cs(0)

A

A (1) By(H M,
Ay (1) By(1) M, | >

As(1) My Cy(1) A;3(1) Bsy(1) M

4 t c t
a. (1 c(D) a,(t) a1
c t c t
= C w oo Gy G
a(n = afh a(n  afh)
c t c t
B(n= 2 + 2= By o,
a.(1) a(r) a.(r) ¢l
cs Ci Cs Ci
A= 3L + Bl g =232 4+ 32,
30 a (n  c(n 3() a (n  a(n)
Cs C;
G = =3 + 233,
W=z " aw

_ c c t t c t .
Ml - Cll + C12 + Cll + Cl2 + Cl3 + C13’

_ c c c t 1 t .
My=Cy + Cp + Cp3 + Gy + Oy + Oy

_ c c c t t t

From (38) and (34), (35) it is possible to determine the
components of the tensors of deformations of the cells of the
cubic and tetragonal phases. Density of energy of the elastic
deformation W,.(¥) of the nucleus cells of the cubic phase is
determined by the following formula:

W,(t) = 0,5 Cijc- el (9 e; (9. 39)

Similarly, we determine the energy density of the elastic
deformation W, .(7) of the nucleus cells of the tetragonal
phase in case of the reverse phase transition:

W) = 0,5Cj; e (€] (). (40)

Due to the elastic deformation W,.(7), as the alternative,
from the cells of the cubic phase of the nucleus the induced
phase is formed, which at a certain correlation of the vol-
umes of phases (7) ensures matching of the volume of the
nucleus, coherence of the lattices on the section border of
the nucleus and of the initial phase. Density of the elastic

energy Wdc 4 () of the induced phase with A-structure during
formation of the nucleus of the cubic phase looks like the
following:

W) =0,5 C;- eia(e;(1), (41)

cuH—a 1) .
al(t -’
aA(t) - ac( t)
a.(1)
In a similar way we determine the density of the elastic en-

ergy W p(?) of the induced phase with B-structure during for-
mation of the nucleus of the tetragonal phase:

bA(t) - ac(t) .

where e 4(7) = i
c

e (n) =

e34(1) =

Wap() = 0,5 Cj;e;p(t)e;p(1), (42)

cp(t)—c(D) _ bp(—a(D)
———— ) = ———

c(1) a1
ag()—a,?)

a1

According to an assumption, the real phase transition
from the cubic phase into the tetragonal phase will be at #,p,

when the elastic energy of deformation of the nucleus is equal
to the elastic energy of the induced phase within the nucleus

Wikt Vy = Wap(t,p) Vi, (43)

where e g(7) =

e3p() =

where V,, — volume of the nucleus of the tetragonal phase,
Vg — volume of the induced phase.

Since

V.

It

= Vip(r + 1), (44)
(43) acquires the following view:
Walt.p)(r + 1) = Wyp(t,p), (45)

where r characterizes the relation of the total volumes of the
cells of the tetragonal and the induced phases in the nucleus.

The reverse phase transition (from the tetragonal one into
the cubic one) will be at 7,4, during which

Wdc(trA)(r + 1) = WdA(trA)‘ (46)

Let us designate the relative density of the elastic energy
of deformations of the nucleus of the tetragonal phase as
W(t) = W, (t.p)(r + 1) and the nucleus of the cubic phase as
W.(t) = W,.(t.0)(r + 1). Using the temperature dependence
of the lattice parameters (18), (20) and the values the elastic
rigidity in the tetragonal and cubic phases of BaTiO5 [24], the
density of the elastic energies of deformations of the nuclei
were determined. Fig. 4 and fig. 5 present the dependences of
the density of the elastic energies W(r), W, p(?), W.?), and
W(t), W,,(?) on temperature. From the equality of the elas-
tic energies by the numerical method it is possible to deter-
mine the temperatures of the phase transition #,5 and 7., and
the temperature hysteresis At = ., — t,.p (f,p = 118.52 °C,
t., = 128.79 °C, At= 10.27 °C). The phase transition from the
tetragonal phase into the cubic phase occurs at the correlation
of the volumes in the nucleus of the new and of the induced
phases r, = 5.169. The reverse phase transition occurs at the
correlation of the volumes rp = 3.097.
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Conclusion

The proposed method for determination of the analytical
form of the temperature dependences of the parameters of a
crystal lattice at m3mF4mm structural phase transition is
based on the condition of preservation of the macrosymme-
try, if the lattice parameters are known at any two temper-
atures in each phase. According to the obtained information,
the temperature dependence of the tetragonal parameters g,
and c; can be presented as the sum of two functions, the first
one corresponds to the distance increase between the atoms
at a thermal expansion, the second one — to the redistribu-
tion of the deformations between the lattice parameters
caused by turns of the groups of atoms during a change of
the spontaneous deformation. The proposed method allows
us to determine the temperature of the phase transition of
the second order or of the hypothetical phase transition of
the second order.

Three analytical solutions were obtained, one of which
corresponds to the experimental results for m3mF4mm phase
transition into BaTiO;.

A method is proposed for calculation of the temperature
and of the temperature hysteresis of phase transition of the
first order based on a condition of the coherent coordination
of the crystal cells of the nucleus and the initial phase. On
the nucleus border an induced phase is formed correspond-
ing to the structure of a complex phase border. The tem-
perature hysteresis is determined by the existence of two
possible structures of the induced phase, the density of
which allows to coordinate the volumes of the nuclei with
the initial phase during the direct and the reverse phase
transitions. An assumption is made, that an intensive growth
of the nucleus occurs at the temperature, when the density
of the elastic energy of the induced phase is equal to the
density of the elastic energy of deformation of all the cells
of the nucleus.

The received value of the temperature of the phase tran-
sition of the first order from the cubic phase into the tetrago-
nal phase in BaTiO; agrees well with the experimental data
(118.52 and 119 °C), while the temperature of the reverse
phase transition is by 8 °C higher (128.79 and 120 °C). In the
nucleus of the cubic phase the volume of the new phase is ap-
proximately 5 times more than the volume of the induced
phase, and in the nucleus of the tetragonal phase it is 3 times
more. In order to increase the accuracy of the calculated val-
ues it is necessary to take into account the temperature de-
pendence of the elastic modules.
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MCCAEAOBAHUE BAUAHUSA YNCTOTbI MOBEPXHOCTU NMOAAOXEK
HA INMPOLUECC ObPA3OBAHNA U TPAHCOOPMALIMIO
HAHOKAACTEPOB KPEMHUN—TEPMAHUM
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Yemanoeneno, umo cmenens cosepuieHcmea nogepxHocmu credyem paccMampugams KaxK CyuecmeeHnylo 4acms ooueli 3a0a4u
NpU2omosBAeHUs YUCMOL NOBEPXHOCMU neped npoueccom opmuposanus Hanokiacmepos SiGe u nooagreHus ux mpancoopmayuu
0m HaHopazmepoe k mukpopazmepam. [loxazano, umo oasa camoopeanusayuu HaHoxksacmepos SiGe 6bic00HO Manoe cmeueHue no-
BEPXHOCMHBIX AMOMOB CAONCHBIX CIPYKIMYP HA YUCMOU NosepxHocmu ¢ obpazoeanuem cesseu muna Ge— Ge uau Si—Si.

Karoueevte caoea: mpancghopmayus, Hanokaacmepwl, KpeMHUU, eepPMAHUL, OKCUObL, MOHOCEPMAH, MOHOCUAAH, OUCHPO3ULL,

ummpuii

BBenenne

MN3yyeHre MOBEPXHOCTHBIX SIBICHUI UTpaeT Bax-
HYIO POJIb B MCCJIEAOBAaHUM IIPOLIECCOB 3apOXKICHMUSI,
pocTa M camMoopraHu3aluM HaHokjgacTepoB [1—15].
3HaueHMeE MPOLIECCOB, MPOUCXOASIINX HA MOBEPXHOC-
TH MCXOTHOM MOMJIOXKM, BO3PAaCTAET C YMEHBIIIEHEM
ux pazMepoB. Crneuuduyeckue CBONCTBA MPUITOBEPX-
HOCTHOI 00JIaCTM MOTYT OaXke OMNpEeAessiTbh XapaKTe-
PUCTUKM U3AEIUI Ha OCHOBE HAaHOKJIaCTepoB. B Mo-
HOKpPHCTaJIIax CYyIIEeCTBYeT pa3Inyue B CBOICTBAX aTo-
MOB Ha MOBEPXHOCTU U B 00beMe. BHYTpeHHI0I0 YyacTh
MOHOKPUCTAJIJIa MOXHO OINUCaTh KaK peryJsipHOe MOB-
TOPEHME BJIEMEHTApHOM STYEMKK, KOTOpast 0OOBIYHO CO-
JIep>KUT HEOOIbIIOEe YMCIIO aTOMOB. JIJ1s1 aToMa Ha To-
BEPXHOCTHM YMCJIO OMXKAWMIIMX COCEOeil MEHbIIE KO-
OPAVHALIMOHHOTO YMC/ia BCIEACTBUE PE3KOro oOpbiBa
KpucTajinyeckoil pemerku. [ToBepXHOCTHBIE aTOMBI
HMMEIOT HEHACHILLIEHHBIE CBS3U U TTO3TOMY MOTYT UMETh
OYEeHb BBICOKYIO XMMHUYECKYI0 aKTUBHOCTb. B pe3yiib-
TaTe€ MOBEPXHOCTh KPHUCTaJla OOBIYHO MOKpPHITA OJ-
HUM WJIM HECKOJbKUMM CJIOSIMU COEIUHEHMIt, oOpa-
30BaBIIMMUCS BCJACACTBUE PEAKIMM MEXIY ITOBEpX-
HOCTHBIMM aTOMaMHM M OKpyxXalollei cpemoii. Yacro
CUMTAETCS, YTO IOJIOXKEHME aTOMOB Ha IIOBEPXHOCTH
OTJIMYaeTCs OT UX MOJOXEHUM B HOPMaJIbHOU KpHUC-
TAJUIMYECKON pellleTKe JaHHOro KpucTauia. Takum
o0pa3oM, CBOMCTBa 00JacCTX TBEPAOro Teja, HEIoC-
PEICTBEHHO IIpUJjeraioiueil K MOBEPXHOCTH, MOLYT
OTJIMYAThCS OT CBOMCTB BHYTPEHHEI YyacTu oOpasla.
B neiicTBUTENBLHOCTU MOBEPXHOCTHBIE aTOMbI MOHO-
KpUCTaJlJla HaXOAATCS COBCEM B APYIOM OKPY>XEHMU,
YyeM aTOMbl B 00beMe U, ClIe0BaTeIbHO, UMEIOT JIpy-
Iyl0 aKTMBHOCTb W 3aHUMMAIOT APYTUE TIOJOXEHMUS.
CTpyKTypa MOBEpPXHOCTU MOXET TakxKe M3MEHUThCS B
pe3yJbTaTe XeMOCOpOLIMU UYyKepOoaHbIX aToMOB. Hau-
JIYUILIUM TIyTeM JJis MoJlydeHUus uHpopMaLuu o QyH-

JlaMEHTaJIbHbIX CBOMCTBAX MOBEPXHOCTU SIBJISIETCS UC-
cliefoBaHNE YUCTBIX ToBepxHocTeil [1—5, 7]. Ilpm
5TOM BaXXHO HE TOJIbKO MTPUTOTOBUTH YUCTYIO TTOBEPX-
HOCTb, HO U TIOJJIEP>XXUBATh €€ B TAKOM COCTOSIHUU B
MPOLIECCEe CaMOOPTaHU3AIIMNA HAHOKJIACTEPOB.

Ha npakTuke MOXHO JUIIb B TOW WIKM UHOK Mepe
MPUOIM3UTHCA K UIEATIBHO YUCTOM MOBEPXHOCTU. Huc-
TOW MOBEPXHOCThIO CUMTAETCS MOBEPXHOCTh MaTepua-
Jla, XUMUYECKUI COCTAaB KOTOPOM OMHOPOAEH CO BTO-
PbIM BHYTPEHHUM CJIOEM aTOMOB U KOTOpasi TTIOKphITa
He 0oJiee OIHOI COTOM IO MOHOCJOS UyXXepPOIHBIX
atoMoB. BOT moueMy Tak BaxKHbI UCCIIETOBAHUS BJIU-
sIHUSI 00pabOTKM MOBEPXHOCTH MCXOAHBIX MOIJIOXKEK
Ha mpoilecc oOpa3oBaHUs M TpaHCHOpMaIMI0O HaHO-
kiactepoB SiGe.

Ileav Hacmoaweil pabomsr — UccneqOBaHWE BUS-
HUS YMCTOTbI MOBEPXHOCTH MOJJIOXKEK Ha Mpoliecc 00-
pa3oBaHUs U TpaHC(HOPMALIMIO HAHOKIACTEPOB KpeM-
HU—TIepMaHUM.

Metoauka u IKCICPUMCHTAJIbHAA 4aCTh

PasMep HaHOK/IacTepOB OIpeAesisuIM KaK C HC-
MOJIb30BAaHNEM PACTPOBOTO JIEKTPOHHOTO MUKPOCKO-
ma S-4800 (Hitachi, AnoHust), Tak U C TIOMOIIBIO CKa-
HUPYIOLLIETO 30HI0BOro Mukpockorna "Ntegra Prima"
B peXMMe aTOMHOM CUJIOBOH MMKPOCKOIMU. AHAIU3
HaHOKJIacTepoB KpeMHuii—repMmanuii (SiGe) mpoBo-
JUIIN Ha TOBEPXHOCTHU IIACTHH T1of yriiom 30° 6e3 ne-
KOPHMPOBAHMS 1 3aIbIJICHUST METAJIJIOM.

H3MmeHeHne CTPYKTYpBI TOBEPXHOCTH MCXOMHBIX
MNOIJIOXEK, repMaHus U HaHOKJacTepoB SiGe aHanu-
3UpOBAIM HAa OCHOBAaHWUU HAHHBIX CITEKTPOCKOITHHU
koMOuHanmoHHoro paccesiHust ceera (KPC). Cnekr-
pel KPC Ha onmtmueckmx (OHOHAX TMOJYyYallX TIPU
00JIy4eHUU CTPYKTYp Ar ja3epoMm C JUIMHOI BOJIHBI
A = 514,5 HM ¥ PErucTPUPOBAIM C MOMOILbIO CIEKT-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017 149



9 02 04 06 08 L0 12 L4 L6 LEpm

d)

Puc. 1. Tonorpadus NoBepxXHOCTH MOJIOKEK MOCJe PA3JUYHBIX BHIOB TEPMOOOPADOTKH: ¢ — KPEMHUEBBIX MTOMJIOXKEK B Cpe/ie XJIOPUCTOTO
BOZIOPOJA; b —IOMOJHUTENLHO OTOXXKEHHBIX B cpelie Ar; ¢ — B cpesie H,; d — ¢ mocienyionium oTXKUIoM B cpelie a30Ta U BOJOPOJa; e —
TO/IJIOXKEK C YABTPATOHKUM (4 HM) CJIOEM NUOKCHUAA KPeMHUs; f — ¢ yIbTPAaTOHKUM (4 HM) clloeM HUTpUIa KpeMHUS; g, A — TIONJIOXKEK C
YABTPATOHKUMM (4 HM) CJIOSIMU OKCHIA AMCIIPO3USI U UTTPUSI B cpesie Bogopoaa. TepMoobpaboTKy npoBoauau rnpu temmnepatype 900...1000 °C
Fig. 1. Topography of the substrate surfaces after various kinds of heat treatment: a — silicon substrates in the environment of hydrogen chloride;
b — additionally annealed in Ar environment; ¢ — in H,environment; d — with the subsequent annealing in the environment of nitrogen and hydrogen;
e — substrates with an ultrathin (4 nm) layer of silicon dioxide; f — with ultrathin (4 nm) layer of silicon nitride; g, h — substrates with the ultrathin
(4 nm) layers of dysprosium and yttrium oxides in the environment of hydrogen. Heat treatment was done at 900...1000 °C

pometpa JIPC-52 ipu KOMHATHOM TeMmItepatype. Mc-
CJIeIOBAHO BJIMSIHME THUIa OOpabOTKM MOBEPXHOCTHU
HUCXOMHBIX MOMJIOXEK HA MOBEPXHOCTHYIO MJIOTHOCTD
U pa3Mepbl HaHoKJIacTepoB SiGe, cchopMUPOBAHHBIX
npu Temmneparype 540...560 °C. MccrnemoBaHbl Takue
00pabOTKM YNUCTO KPEMHHUEBBIX IIOUIOKEK B Cpee
XJIOpucTOoro Bomopoma (puc. 1, @), ¢ mocnemyouum
OTXXUTOM UX B cpelie aproHa (b), a Takxe B cpele BO-
JIopoJia ¢ MOCAeAyIOIIM OTKUTOM (€) U B cpelie a3oTa
U Bomopoaa c mocieayolmuM oTxkuroM (d). OTxur
ocyiectsasau npu temneparype 900...1000 °C. Kpo-
M€ TOTO, WCCIECIOBAIM MOIJOXKHU C YJIbTPATOHKUM
(4 HM) clloeM AMOKCHMIIAa KPEMHUS C OTKUIOM B Cpejie
Bojopoja (e), C yIbTPaTOHKUM (4 HM) CJIoeM HUTpUaa
KPEMHUSI C OTXKUTOM B cpejie Bogopoaa (f) v moajiox-
KU C YJIbTPATOHKUMU (4 HM) CIOSIMU OKCHUIA TUCIIPO-
3us (g) u urrpus (h).

Pe3yabTaThl H HX 00CYXKIEHHE

Ha puc. 1 npencraBiaeHsl Tonorpadguu moBepxHOC-
TH UCXOAHBIX MOMIOXKEK, MPOIIEAIINX PA3TUIHbIE TH-
nel 00pabdotku. Kak okazanoch, TOJIbKO 00paboTKa
HUCXOJHBIX MOMJIOXEK ¢ 2D-HaHOCIOSIMU OKCHUIOB U
HUTPUIA KPEeMHHUS B Cpejie BOAOPOIA MO3BOJISIET IO-
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JIy4UTh MPAKTUYECKU YUCTYIO Oe3pebedHyIo moBepx-
HocTb. CTeneHb YBEJUUYEHUST YMCTOThl MTOBEPXHOCTH,
HabmoaaBlasicst mpu o0padboTke 2D-HaHOCI0eB (4 HM)
U3 JUOKCHAA KPEMHHUs Ha HCXOTHOW KPEMHUEBOM
MOUTOXKE, TTO-BUAMMOMY, OOYCJIOBJIEHa BOCCTAHOBU-
TEJTBbHBIMM PEAKIIUIMU MEXIY TUOKCUIOM KPEeMHUS 1
BOIOPOAOM. B pesynbraTe TaKuxX peakinii TpONCXOIUT
yIajeHne OKCUaa KpeMHUS W BCKPBITHE YMCTOM TTOBEp-
XHOCTHM UCXOJHOW KpeMHHUeBoil nomyioxku. Ha yncroit
TMOBEPXHOCTH MOHOKPHCTAJIJIa KPEMHUST UMEETCS pPe3-
KUl OOpBIB KPUCTALTUYECKON pelleTku. Benencteue
3TOro BHEIIHSIS 000JI04Ka MOBEPXHOCTU aTOMOB KpEM-
Hug (Si) 3aMoJiHEeHa He MOJHOCTbIO U UMEIOTCS, Clie-
JIOBaTeJIbHO, HEHAachllleHHbIe cBiI3u. [Ipenmosaraer-
cs, 4TO TOCenoBaTeabHas aacopOLMs OXHOIO WU
JIBYX MOHOCJIOEB T€pMaHUs IPUBOAUT K 0Opa30BaHUIO
HaHokiacTepoB SiGe (puc. 2—S5). [1pu 3TOM BHavae
HabmomaeTcss ObICTpoe (pOopMUpPOBAaHUE IIEPBOIO MO-
Hocsos SiGe, a 3aTeM OoJiee MeaIeHHOEe (hopMUpPOBa-
HHe BTOPOTro U TpeThero MoHocyoB SiGe.

Yucno aroMoB repMaHus (MOHOTEPMaH), ancop-
OGMpPOBaHHBIX HA TTOBEPXHOCTH, MOXHO MPEICTaBUTH B
Bune N =a + blgt, tne t — BpeMs B MUHYTax, a u b —
napameTpbl, 3aBUCSIIME OT TeMIEpaTyphbl; a 3aBUCUT
TaKXe OT JaBleHus MoHocwiaHa (SiH,) u mMoHorep-
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Puc. 2. 3apoxnenne HaHoKaacTepoB SiGe Ha YHCTON MOBEPXHOCTH
KpeMHHS nocJjie 00padoTKH B XJIOPHCTOM BOOpoae (a) U HA IHOKCH e
kpemuus (b) mociie TepMOOOPaAOOTKH B cpelie BOAOPOAA C a30TOM
Fig. 2. Origin of SiGe nanoclusters on a pure surface of silicon after
processing in hydrogen chloride (a) and on silicon dioxide (b) after a heat
treatment in the environment of hydrogen with nitrogen

Puc. 3. ®opmupoBanne HaHOKIAcTEPOB SiGe HA OTOXIKEHHBIX B ap-
roHe (a) u B Bogopone (b) UCXOOHBIX MOMJIOKKAX KpeMHHS

Fig. 3. Formation of SiGe nanoclusters on the silicon substrates annealed
in argon (a) and in hydrogen (b)

maHa (GeHy), KoTopble ncnonb3ylorcss npu Gopmu-
poBaHMU HaHoKJacTtepoB SiGe.

3HaueHUs TapaMeTPOB @ W b 3aBUCIT OT YHUCTOTHI
MOBEPXHOCTH, YPOBHS JIETMPOBAHUS M KpUCTaJLJIorpa-
(hrueckoit opreHTaIMM UCXOAHOM MOJIOXKKM, a TAKXKe

OT THUIIAa HaHOpa3MepHOTo 2D-IMOKPHITUS MCXOTHOM
MOJUIOXKKHU C TUIAaHAPHOW CTOPOHBI. ISl repMaHusl U
KpeMHUS TIPY UCITOJIB30BAaHUU B KAa4eCTBE WX MCTOU-
Hukos GeH, u SiH, B LPCVD-npoiecce B cpenHeM
a=38,5x 10" aTOM/CMz, b=12 x 10 aTOM/CM2
nocjie MATUMUHYTHOTO B3aUMOMAEMCTBUSI C ITOBEpX-
HOCTbIO HUCXOAHON MOMIOXKU. CTeneHb MOKPHITUS
MOBEPXHOCTU HaHokiacTtepaMu SiGe yBeIMUYMBAETCS
Ha CBEXENPUIOTOBJIEHHOW ITOBEPXHOCTH HCXOJHOM
MOMJIOXKKH B PSAY: UMCTasI MOIJIOXKA ¢ 00pabOTKOI B
XJIOPUCTOM BOJOPOJE U C MOCAEAYIOIIUM OTXKUIOM B
yucToM Bogopone (puc. 2, 3); momioxka ¢ 2D-HaHO-
CJI0EM OKCHIIOB AUCIIPO3US U UTTPUSI — TIOCJIe TEPMO-
00paboTkm B cpene Bomopoaa (puc. 4) u MOmIOXKa C
2D-HaHOCIOSIMU OKCHAA M HUTpUOA KPEMHUS, TPO-
LIeale TepMooOpaboTKy B cpele Bogopoaa (puc. 5).
Takoe yBenmueHUEe CBSI3aHO C BBICOKOW TUIOTHOCTBHIO
00OpBaHHBIX CBSI3€l HA CBEXENMPUTOTOBJIECHHON TMO-
BEPXHOCTH MCXOMHO# MOMI0XKU. CIencTBUEM 3TOTO
SBJISIETCS YBEJIMUYEHUE Yucia CBsI3el, CBSI3aHHbBIX rep-
MaHWeM U KpeMHHeM, IIPH CaMOOpTraHM3allni HaHO-
xiactepoB SiGe [12, 15, 16]. B ciyyae GeH, o6pa3sy-
FOTCS YeThIpe CBsI3M Si—H 1 4eThIpe TTOBEpXHOCTHBIX
aroMa Si CBSI3BIBAIOTCS ¢ OMHUM aTtomMoM Ge, TIpH aj-
copbuumn mosekyiasl SiH, obpasyrorcs yeTelpe CBA3U
Ge—H u 4detbipe noBepXHOCTHbIX aToMa (Ge CBsI3bIBa-
10TCs ¢ onHUM atomoM Si [9]. B utore Takoro B3anumo-
JNeCTBUSI 00pa3ytoTcsl HaHOKIacTephl cocTaBa SiGe.
Takum obpa3zom, P MOHOCTOMHOM 3aIlOJHEHUN
YUCTON MOBEPXHOCTU KPEMHUEBOM MOMIOXKK MOHO-
cunanoM (SiHy) m monorepmanom (GeHy) momnHoe
YUCIO CBSI3e OMMHAKOBO IJIsSI BCEX ra3oB M IPOCTO
pPaBHO YHUCJy MOBEPXHOCTHBIX aTOMOB KpeMHus (Si).
ITockonbKy MmoHas AecopOLys BOgopoaa IpOUCXOIUT
Nnpu Temreparype, 0JU3KOI K TeMIlepaType pas3jioxe-
Hua SiH,, 04eBMAHO, YTO BOZOPOI CBA3AaH C MOBEPX-
HOCTBIO KPEMHHMS TaK Xe, KaK B coeluHeHnH SiHy.
3anoyiHeHNE TTOBEPXHOCTH MOXHO PaCCUMTATh, €CIU
M3BECTHO YKCIO aTOMOB KpeMHmst Ha 1 oM. Jlist
miockoctu (111) oHo paBHO 7,84 * 1014, JUISL TII0C-

Puc. 4. Tonorpadus HanokaacrepoB SiGe Ha quokcuae nucnpo3sus (a, b) u Ha Auokcuae uTTpus (¢, d) 6e3 TepMooOPADOTKH MCXOXHOM MOIIOKKH
(a, ¢) u c TepMo00OpadOTKOIL B cpene Boaopona (b, d)
Fig. 4. Topography of SiGe nanoclusters on dysprosium dioxide (a, b) and on yttrium dioxide (c, d) without a heat treatment of the substrate (a, c)
and with a heat treatment in the environment of hydrogen (b, d)
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Puc. 5. @®opMupoBanue HaHOKJIACTEPOB SiGe HA OTOXIKEHHBIX B BOJAOPOJE MOBEPXHOCTAX
OKCHIA KpeMHHUs (@) M HUTpUIA KpeMHus (b) HA MCXOAHBIX MOJIOKKAX KPeMHHS

Fig. 5. Formation of SiGe nanoclusters on the silicon oxide surfaces annealed in hydrogen (a)
and of silicon nitride (b) on the silicon substrates

koctu (110) — 9,58 - 1014, ast iockoctu (100) —
6,78 - 1014, ITosToMy mis1 BBIUMCICHMST 3aIIOJHEHMS
NPYHUMAIM YMCIO aTOMOB KpeMHust Ha | cM2, pas-
HbiM 8+ 1014, Pacxoxnenue Benmunn a u b MPU Pa3HBIX
MeToJax 00pabOTKU MOBEPXHOCTU UCXOJHBIX MOATOXKEK
MOXKET OBITh CBSI3aHO C M3MEHEHUEM YHMCJia KPUCTa-
JIOB C JTaHHOM OpHEeHTallMel MOBEPXHOCTU WM Yucia
HEHACBILIEHHBIX CBsI3ei. B aTOM cilyyae KoanecueH-
LIUS1 HE TUMUTHUPYET CKOPOCTD poliecca, MOCKOJIbKY 1
repMaHuii, U KPEeMHUIl MOCTaBILdIOTCI U3 Ta30BOM
®dasbl. SiH,4 pasnaraerca Ha Si u H, npu temneparype
450 °C, a GeHy — na Ge n H, npu 350 °C. Orcrona
1151 oOpazoBaHus coenmueHust SiGe ecTeCTBEHHO TpH-
Bectu cMmech SiH,—GeH, B KOHTakT ¢ Harperoii mo-
BEPXHOCTBIO MCXOJHOW KPEMHUEBOW MOMJIOXKHU IO
TemiepaTypbl 2450 °C, 4To0bl chOopMUPOBATH HAHO-
knactephl SiGe.

Ha puc. 1—5 npeacragneHa 3BOJIIOLIUS U3BMEHEHUS
penbeda MOBEPXHOCTU MCXOAHBIX MOMIOXKEK, a TaKXkKe
HaHoMAacIlTaba M TUIOTHOCTH HAHOKJIACTEPOB IIOCIE

COOTBETCTBYIOLIEH 00pabOTKU C U3-
MEHEHUEM ee YCIoBuid. BuaHo, uto
HWCXOIHAS TMTOBEPXHOCTH ITOUIOKKHU B
OOJIBLIMHCTBE CBOEM MOKPbITA Mac-
CMBaMM HaHOpPa3MEpPHBIX, TJIABHBIM
00pa3oM KOHYyCcOOOpa3HbIX, 00pa3o-
BaHuii (puc. 3—5). Cnenyer oTme-
TUTh, YTO yBEJIMYEHHE KaK TeMIIe-
paTyphl, TaK U BpeMEHU TEILJIOBOTO
BO3MEMCTBUSI Ha CHCTEMY CBEXe-
MPUTOTOBJIEHHbIX HAHOKJIACTEPOB,
MIPUBOINT K UX O0BETMHEHUIO B 60-
Jiee KpymHble KaK I0 BBICOTE, TaK U
10 JIaTepalbHBIM pa3MepaM (0
MUKpPOpa3MEpHOTro Maciiraba) ar-
nomepatsl (puc. 6) [16, 17].

3arojHeHusI, JOCTUTaeMble Ha
CTaIMU 3apOXKIEHUST HAHOKJIACTEPOB
SiGe ¢ wucnonbzoBanueMm SiH, u
GeH, B KauecTBe MCTOYHUKOB Si U
Ge Ha yucThiX moBepxHOCTIX Si u Ge, xapaKTepu3sy-
1otcq cootHowtenueM 1/2 SiH, u 1/2 GeH, Ha onun
noBepxHOCTHBIM atoM Si wiu Ge. OTcloma cienyer,
YTO Ha YMCTHIX MTOBepXHOCTIX Si 1 Ge monKHa Ipo-
HWCXOAUTH aicOpOLIMS C AUCCOolMalieil 1 00pa3oBaHu-
eM cBa3eil Ge—H, Si—H u Si—Ge, coOOTBETCTBEHHO.
Bonopon nmosHOCTbIO 1ecopOUpyeTcsl C MOBEPXHOCTHU
Si u Ge npu Temneparype 300 °C, xkoTopass mpakTu-
YeCcKHM OJHA U Ta e ISl BceX alcopOMpPOBAaHHBIX THI-
puIoB. DTa Temrieparypa wist KpemHuus paBHa 500 °C,
OHa OnM3Ka K TemIiepaTypaMm pasnoxeHus SiHy, u
GeHy [9]. CyumiectByer yeTkasg KOppeasALUs MEXILY
napuuanbHbiM gasnenueM SiH, u GeHy u mosepxHoc-
THOI1 TIJIOTHOCTBIO HaHOKJacTepoB SiGe [9, 10, 16].

I'a3bl, KoTOpEIE amcOpOUPYIOTCSI Ha YUCTOM II0-
BEPXHOCTU MUCXOJHOM MOMJIOXKM B 3HAYUTETbHbBIX KO-
JIMYECTBAX, OKA3bIBAIOT TaKKe CUJIBHOE BIMSHUE M Ha
MOBEPXHOCTHYIO TUIOTHOCTh HAHOKJIACTEPOB.

Bo Bcex ciyvasax xemocopouusa SiH, u GeHy npu-
BOIOWT BHauaje K YBEJIMUYEHUIO TIJIOTHOCTH HAHOKJIAC-

Puc. 6. Tpanchopmauus Hanoknactepos SiGe Ha MOBEPXHOCTH IJIEHKH THOKCHIA KPeMHHS HA MCXOXHOI KPEMHHEBOI MOIJI0KKE: ¢ — UCXOIHbIE
KJIACTEPHI MOCJIE CaMOOpraHU3alvK; b — rocjie 00paboTKU B BOIOPOA0A30THOM cMecu Tipu TeMrieparype 560 °C; ¢ — nipu temmeparype 740 °C;
d — nipu Temneparype 900 °C. JnuTtenbHOCTH mpolecca TepMoodbpadotku — 30 MuH

Fig. 6. Transformation of SiGe nanoclusters on the film surface of silicon dioxide on the silicon substrate: a — initial clusters after self-organization;
b — after processing in the hydrogen-nitrogen mix at 560 °C; ¢ — at 740 °C and d — at 900 °C. Duration of the heat treatment — 30 min
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Puc. 7. Indpakuun MeaeHHbIX 31€KTPOHOB CTPYKTYPbI 8 Ha miiockoctu (111) Ge (a, ) u cTpykTypsl 7 Ha miockocTy (111) yncroii noBepxnocTn
Si (b, d)
Fig. 7. Diffractions of the slow electrons of structure § on plane (111) Ge (a, c¢) and structure 7 on plane (111) of pure surface Si (b, d)

TepOB, a 3aTeM K ee crany. [Ipy npuroToBaeHUN Yuc-
ThIX TTOBEPXHOCTEU MCXOAHBIX TMOJIOXEK Ha MOBEPX-
HOCTM KpUCTajula MOTYT CHadaja oOpa3oBBIBATHCS
aTOMBbI CO CBOOOIHBIMHU CBSI3SIMU, UMEIOLIME aKIEeI-
TOpHblE CcBoiicTBa. Takasi cUTyalUsi HEPreTUYeCKHu
OYeHb HeBbIrogHA. boJjiee BHITOAHBIM SIBJSIETCST CO3/a-
HUE B pe3yjbTaTe Majoro CMellleHUsI MOBEPXHOCTHBIX
aTOMOB CJIOXKHBIX CTPYKTYpP Ha YMCTON MOBEPXHOCTH C
obpaszoBaHueMm cBsazeit Tuna Ge—Ge mim Si—Si. DK-
CIIEPUMEHTHI MO UG paKINU MEIJIEHHBIX 3JeKTPOHOB
JNECTBUTENIbHO MOKa3aJM CYIIECTBOBAHUE CTPYKTY-
pbl 8 Ha mockoctu (111) Ge (mosepxHoctb Ge (111) —
8% 8) u crpykrypsl 7 Ha muiockoctu (111) uymncroit mo-
BepxHOCTU Si (moBepxHOCTH Si (111) — 7% 7), koTopas
JIJIST KpEMHMSI cuuTaeTcs: ctadbuibHoi (puc. 7). Obpa-
30BaHME 3TUX CTPYKTYP Ha YMCTHIX TTOBEPXHOCTSIX MO-
KET OochabJsIiTh MX aKUEeNTOpHble cBoicTBa. Tem He
MeHee, TTOCKOJIbKY CUTYallusl Ha TIOBEPXHOCTHU SIBJISIET-
CSl DHEPreTUYECKU HEBBITOJHOU, aTOMbl Ha YUCTOM
MOBEPXHOCTU 00J1aJal0T BHICOKOU aKTMBHOCTBHIO. Xe-
Mocopbuus Manblx koaudects SiH, u GeHy BoIpbiBa-
€T HEKOTOpbIE aTOMbI U3 MOBEPXHOCTHOM CTPYKTYPHI.
DTH aTOMBbI OKa3bIBAIOTCS B SHEPTreTUUECKU MEHEE BbI-
TOJHBIX COCTOSIHUSIX, XapaKTepu3yeMbIX 0oJiee CUJIb-
HBIMU aJCOPOILIMOHHBIMU CBOMCTBAMU. DTO MPUBOIUT
K 3axBary Oosjbliero yuciaa atomoB Si u Ge. Ilpu an-
cop6buuu ooibuioro Konmuyecrsa SiH, u GeH, yMeHb-
IIAETCS YMCIO CBOOOMAHBIX MOBEPXHOCTHBIX aTOMOB U
YMEHbIIIaeTCsl TOBEPXHOCTHAS MJIOTHOCTh HaHOKJIAC-
tepoB SiGe npu yBeInyeHUN UX pa3MepoB. Takum o0-
pa3oM, CTEMEHb COBEPIIECHCTBA MMOBEPXHOCTU CJIEAYET
paccMaTpuBaTh KaK CYIIECTBEHHYIO YacTh OOIIEi 3a-
Jlayy TIPUTOTOBJICHUST YMCTON TTOBEPXHOCTH TIepe IIPo-
1eccoM (GhopMUpOBaHUs HaHoKJacTepoB SiGe u 1mo-
JaBJIEHUS UX TTepexoia OT HAHOPa3MepoB K MUKPOpa3-
MmepaM. MneanbHOo ObUIO OBI ITOJIYYMTh aTOMApHO TJIaI-
KYI0 TTOBEPXHOCTb, MapajlieJIbHYI0 3aJaHHON CUCTEME
KpucTajutorpagpyeckKux TpaHel W He comepKallyio
nedeKkThl peleTkyu uin 3arpsssHeHus. IIpakTuyecku
K€ CYLIECTBEHHO 3HaTh HOMYCTMMbIe OTKJIOHEHMS OT
UJeaTbHOrOo Cilyyasi B JaHHOM MpOoliecce U ONpPeaeanuTh

BO3MOXXHOCTb peajiu3aluu TpedyemMbIx yciaoBuit. Uro-
OBl IOJIYYUTh TPEOYIOIIYIOCS CTEeIIEHb COBEPIICHCTBA
MOBEPXHOCTU B MACCUBHBIX MOHOKPUCTALIMYECKUX
MOUTOKKAX WIIM TUIEHKAaX, Hamo IMPUMEHSTh CITeI-
aJbHblE METOJbl 0OPAa0OTKM UX MOBEPXHOCTU. TepMmo-
00paboTKa U CKOPOCTh OXJIAXKIEHUS MOJJIOXEK C Ha-
Hokjactepamu SiGe Takke BIMSIIOT Ha UX CTPYKTYpY,
pasmepnl U gaxe cocTaB. OTOXKEHHbIE 00Opa3lbl Ha-
HOKJIaCTepOB MpeTepIeBaloT TpaHchopMaluio, B pe-
3yJIbTaTe KOTOPOU MPOUCXOAUT MePexXo] OT HaHOMAC-
mwraba K MUKpoMaciuTady (cMm. puc. 6).

ITo manneiM ACM ObUIO ompedciacHO 3HayeHUe
CpeoHEN KBaApaTUYHOM LIIEPOXOBATOCTU IMIOBEPXHOCTU
(R,,;5), KoTOpO€ He mpeBbilnaeT 4 HM. OTMEUEHO BO3-
pacraHue 3HaueHus R, ot 0,5 10 4 HM C yBeJIMYEHHU-
€M M TeMmIlepaTypbl, U BpeMEHU TEILIOBOTO BO3IEiC-
TBU [16]. YBeandyeHne rmiomany y4acTKOB CILUTOLIHOM
MOBEPXHOCTU U R, . C TIOBBILIEHUEM TEMIIEPATYPLI U
BpeMeHU TerioBoro Bo3aeictsus B LPCVD-npoliec-
ce SIBISIETCS XapaKTepHbIM IPM CaMOOpraHU3aluu
HaHokJacTepoB SiGe npu ocaxkJAeHUU YIbTPAaTOHKMUX
TJIEHOK MOJIMHAHOKPUCTAITMYECKOTO KPEMHMUS, JIETU-
POBAaHHOTO T€pPMaHUEM.

DT0 00YC/IOBJIIEHO TE€M, YTO IpHU TEIJI0BON obOpa-
0OTKE aTOMbI, OTKJIOHEHHbIE OT UACATBHOIO MOJIOXE-
HUsS B KPUCTAJUIMYECKOM pelIeTKe, CO31a0T JOMOJIHM -
TeJIbHbIE CUJIOBbIE MOJISl, YTO BeAET K U3MEHEHUIO yII-
pPYIUMX CBOWCTB BCero HaHOKpucTauia. IloBepxHOCTh
HaHOKpUCTaLJIa caMa siBisieTcs nedexkTom. Penakca-
LIS TIPUTTIOBEPXHOCTHBIX aTOMOB M3MEHSET KEeCTKOCTD
KPUCTAJUIUTA B 9TON 00JaCTH, MO3TOMY CKUMAEMOCTh
HAHOKPUCTAJJIOB 3aBMCUT OT COCTOSIHUS UX TMOBEPX-
HOCTU U pa3MepOB HAHOKPUCTAILIA B IIEJIOM.

Junana3oH TeMmIiepaTyp Ipolecca TepMooOpaboTKU
CBEpXy OrpaHMYMBAETCS MPOLECCOM MPeodpa3oBaHUs
HAHOKJIACTEPOB B YILTPATOHKHE TUICHKU B pe3yJIbTaTe
X PEKPUCTAIM3ALIMU, 2 CHU3Y — OYEHb MaJioil CKO-
POCTBIO MX MOABUXKHOCTU, YTO OOECIEYMBAET HAHO-
pa3mMepHble MacilITadbl Kiactepos [4, 16, 17].

Ananni Oxe-crieKTpoB HaHokJacTepoB SiGe Ha
KpeMHUeBo# nomioxke ¢ SiO, u SisN, mokasai, 4to
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B IPOIIECCEe MX OKUCIEHUS CO3MAeTCs PE3KUil TTepexo
Mexay ciaosiMu SiGe U MOJJI0XKOM, IMTOYTH TaKOH Xe,
Kak Mexny SiO, u KpeMHUeBO# oanoxKoii. ITo kpaii-
Helt Mepe no Temmepatypbl 950 °C sSBHOro B3auMO-
IEHCTBUS TepMaHUS C APYTUMU AUDIIEKTPUICCKUMU
CIIOAMU, TaKUMU, Harpumep, Kak SiO,, SisNy, u ero
nuddysus He odHapyxeHbI [17].

dyHmaMeHTaIbHBIE NCCIETOBAHUS CKOPOCTH pOCTa
HAHOKJIACTEPOB B 3aBHCUMOCTH OT TEMIIEpaTyphl U
BpEMEHU TEpMOOOPAOOTKM MOKa3zajau, YTO MOJBUXK-
HOCTh HAaHOKJIACTEPOB M MX OOBEAMHEHWE B arjioMe-
paThl SIBJISTIOTCSI MHOTOCTAAUMHBIMU, 3aBUCSILIMMU OT
YCJIOBUM TepMOOOpabOTKM.

Kputnueckoii TemriepaTypoli TepMooOpPabOTKU
HMCXOMHBIX HAHOKJIACTEPOB CJIEAYET CUUTATh TeMIlepa-
Typy =900 °C, mOCKOJbKY TMpU 3TOil TeMmIiepaType Ha-
YUHAETCS NX TpaHC(opMaIs B MUKpOpa3MepHEBIE ar-
JJoMepaThl (CM. puc. 6).

OTOT (hakT yKa3blBaeT Ha yBeJIWUYeHUE BKIala Koa-
JIECTEHIINH KJIACTEPOB B MIX CIIMSIHUE B 00JIce KPyITHBIE
oOpa3zoBaHus. [ToaToOMy KpUTHYECKOM TeMmIiepaTypoit
CcaMOOpPTaHM3allM TUIOTHOTO MacCHBa HAHOKJIACTEPOB
cieayeT cumrtath Temnepatypy 540 °C.

3akmouenue

YucToTra MOBEPXHOCTH UCXOMHOM MOMJTIOXKKM SIBJISI-
eTcsl OCHOBoMoJaraloluM (hakTopoM IpU camMoopra-
Hu3auy HaHokyactepoB SiGe. IToBbllIeHHE TemIlepa-
TYpbl U yBeJIWUYEHUE JUIUTEILHOCTU TEPMOOOPAOOTKU B
ra3oBOM Cpeae UCXOMHBIX MOBEPXHOCTE KPEMHUEBBIX
MOJAJIOXKEK CMOCOOCTBYEeT (POPMUPOBAHUIO HAHOPA3-
MepHbIX KiacTepoB SiGe u yBeInyeHNI0 UX MIOTHOC-
4. g caMoopranusanuu HaHokjaacTepoB SiGe Bbl-
FOIHO MaJjioe CMellleHUMe TMOBEPXHOCTHBIX aTOMOB
CJIOXKHBIX CTPYKTYp Ha YMCTON MOBEPXHOCTU C obpa-
3oBaHueM cBszeit Tuna Ge—Ge unu Si—Si.

Takum o06pa3om, cTeleHb COBEPIIEHCTBA MTOBEPX-
HOCTH CJIeAyeT pacCMaTpMBaTh KaK CYIIECTBEHHYIO
yacTb OOUIEl 3a7auyy MPUTOTOBJIEHUSI YUCTOM TMOBeEp-
XHOCTH TIepeq ImpolieccoM (GopMUpOBaHUS HAHOKIIAC-
TepoB SiGe u nojaBlieHUsI UX TpaHCHOpMaLMU OT Ha-
HOpPa3MePOB K MUKpOpasMepam.
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Introduction

Studying of the surface phenomena plays an important
role in research of the origin, growth and self-organization of
the nanoclusters [1—15]. Their importance increases with re-
duction of their dimensions. The specific properties of the
near-surface areas can determine the characteristics of the
products based on nanoclusters. In the monocrystals there are
distinctions in properties of the atoms on the surface and in
the volume. The internal part of a monocrystal can be de-
scribed as a regular repetition of an elementary cell, which
contains a small number of atoms. For an atom on the surface
the number of the nearest neighbors is less than the coordi-
nation number, because of a sharp breakage of the crystal lat-
tice. The surface atoms have nonsaturated bonds and their
chemical activity can be very high. The surface of a crystal is
usually covered by one or several layers of the compounds,
formed as a result of a reaction between the surface atoms and
the environment. Often it is considered, that the position of
the atoms on the surface differs from their positions in a nor-
mal crystal lattice of a crystal. The properties of the area of
a solid body directly adjoining to the surface can differ from
the properties of the internal part of a sample. Actually, the
surface atoms of a monocrystal are in an absolutely different
environment, than the atoms in the volume, and, hence, they
have different activity and occupy different positions. The
surface structure can change as a result of a chemical adsorp-
tion of the alien atoms. The best information concerning the
fundamental properties of a surface can be obtained from the
research of the pure surfaces [1—5, 7]. It is important to pre-
pare a pure surface and maintain it during the self-organiza-
tion of the nanoclusters.

In practice it is only possible to approach an ideally pure
surface. A surface can be considered pure, the chemical com-
position of the material surface of which is homogeneous with
the second inside layer of atoms and which is covered by not
more than one 100-th share of a monolayer of the alien at-

oms. That is why the researches of the influence of processing
of the surface of the initial substrates on formation and trans-
formation of SiGe nanoclusters are so important.

The aim of the present work is research of the influence of
cleanliness of the surface of the substrates on the formation
and transformation of the silicon-germanium nanoclusters.

Methods and experimental part

The sizes of the nanoclusters were determined with the use
of S-4800 raster electronic microscope (Hitachi, Japan) and
also by means of Ntegra Prima scanning probe microscope in
the mode of the atomic power microscopy. An analysis of
SiGe nanoclusters was done on the surface of the plates at the
angle of 30° without decoration and dustiness by a metal.

Changes of the structure of the surface of the initial sub-
strates, germanium and SiGe nanoclusters were analyzed on
the basis of the data of the spectroscopy of a combinational
light scattering (CLS). CLS spectra were obtained on optical
phonons during irradiation of the structures by Ar laser with
the wavelength of L = 514.5 nm and recorded by means of
DFS-52 spectrometer at the room temperature. The influence
of the processing of the initial substartes on the surface density
and dimensions of SiGe nanoclusters formed at 540...560 °C
was researched. Such processings were studied, which
cleaned the surface of the purely silicon substrates in the en-
vironment of hydrogen chloride (fig. 1) with the subsequent
annealing of them in the environment of argon (b), and also
in the environment of hydrogen with the subsequent anneal-
ing (¢), and in the environment of nitrogen and hydrogen with
the subsequent annealing (d). Annealing was carried out at
900...1000 °C. Besides, the substrates were investigated with
an ultrathin (4 nm) layer of silicon dioxide and annealing in
the environment of hydrogen (e), with an ultrathin (4 nm)
layer of silicon nitride and annealing in the environment of
hydrogen (f), and the substrates with an ultrathin (4 nm) lay-
ers of the oxides of dysprosium (g) and yttrium (4).
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Results and their discussion

Fig. 1 presents the topographies of the surfaces of the in-
itial substrates, subjected to various processings. As it turns
out, only the processing of the substrates with 2D-nanolayers
of the silicon oxide and silicon nitride in the environment of
hydrogen allows us to obtain a practically clean, no-relief sur-
face. The degree of improvement of the surface cleanliness,
observed during processing of 2D-nanolayers (4 nm) from sil-
icon dioxide on the initial silicon substrate, apparently, is ex-
plained by the reducing reactions between SiO, and H,. As a
result, the silicon oxide is removed and a pure surface of a sil-
icon substrate is open. On the pure surface of the silicon
monocrystal there is a sharp breakage of a crystal lattice. As
a result the external cover of the surface of the silicon atoms
(Si) is not filled completely and there are nonsaturated bonds.
It is assumed, that a consecutive adsorption of one or two
monolayers of germanium leads to formation of SiGe nano-
clusters (fig. 2—5). At that, at first, a rapid formation of the
first monolayer of SiGe is observed, and then a slower for-
mation of the second and of the third monolayers of SiGe.

The number of atoms of germanium (monogermane),
adsorbed on the surface, is possible to present in the form of
N = a + blgt, where ¢t — time in minutes, a and b — the pa-
rameters depending on temperature; a depends also on the
pressure of monosilane (SiH,) and monogermane (GeHy),
which are used for formation of SiGe nanoclusters.

Values of a and b depend on the cleanliness of the sur-
face, level of doping and the crystallographic substrate ori-
entation, and also on the type the nanosized 2D-covering of
the initial substrate from the planar side. For Ge u Si during
their use as sources of GeH, and SiH, in LPCVD on average
a = 8.5x10M" atom/cmz, b= 12x10" atom/cmz, after a
five-minute interaction with the surface of the initial sub-
strate. The degree of covering of the surface by SiGe nano-
clusters increases on a freshly-prepared surface of the sub-
strate in the row — a pure substrate with processing in hy-
drogen chloride and the subsequent annealing in pure hydro-
gen (fig. 2, 3), a substrate with 2D nanolayer of dysprosium
and yttrium oxides after a heat treatment in the environment
of hydrogen (fig. 4) and a substrate with 2D nanolayers of sil-
icon oxide and silicon nitride, after a heat treatment in hy-
drogen (fig. 5). Such an increase is connected with a high
density of the torn off bonds on the freshly-prepared surface
of the initial substrate. A consequence is an increase of the
number of the bonds connected with germanium and silicon
during the self-organization of SiGe nanoclusters [12, 15, 16].
In case of GeH, four Si—H bonds are formed and four surface
atoms of Si are connected with one atom of Ge, during ad-
sorption of SiH, molecule four Ge—H bonds are formed and
four surface atoms of Ge are connected with one atom of Si
[9]. As a result, nanoclusters of SiGe composition are formed.

Thus, in case of a monolayer filling of a pure surface of a
silicon substrate with monosilane (SiH,) and monogermane
(GeHy) the full number of bonds is equal for all the gases and
is simply equal to the number of the surface atoms of silicon
(Si). Since a full desorption of hydrogen occurs at the tem-
perature close to the decomposition of SiHy, it is obvious, that
hydrogen is connected with the silicon surface in the same
way as in SiH,. The surface filling can be calculated, if the
number of the silicon atoms per 1 cm?is known. For the plane
(111) it is equal to 7.84 x 10", for (110) — 9.58 x 10'4, for
(100) — 6.78 x 10", Therefore for calculation of the filling
we assumed the number of atoms of silicon per 1 cm? equal
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to 8 x 10! The divergence of the values of @ and b at dif-
ferent methods of processing of the substrate surfaces can be
connected with a change of the number of crystals with the
given surface orientation a or with the number of the non-
saturated bonds. In this case the coalescence does not limit
the speed, because germanium and silicon are delivered from
the gas phase. SiH, decays into Si and H, at 450 °C and
GeH, — into Ge and H, at 350 °C. Hence, for formation of
SiGe it is natural to bring SiH,—GeH, mix in contact with the
surface of the initial silicon substrate heated up to the temper-
ature of >450 °C in order to generate SiGe nanoclusters.

Fig. 1—5 present the evolution of the change of the sur-
face relief of the substrates, and also of the nanoscale and the
density of the nanoclusters after processing with a change of
its conditions. It is visible, that the substrate surface is mostly
covered with the arrays of the nanosized, mainly cone-
shaped, formations (fig. 3—5). It is necessary to point out,
that an increase of the temperature and the period of the ther-
mal influence on the system of the freshly-prepared nano-
clusters leads to their integration in the agglomerates, larger
by the height and lateral sizes (up to microdimensional scale)
(fig. 6) [16, 17].

Fillings at the stage of the origin of SiGe nanoclusters with
the use of SiH, and GeHy as the sources of Si and Ge on the
pure surfaces of Si and Ge are characterized by correlation of
1/2 SiH4 and 1/2 GeH, per one surface atom of Si or Ge.
From here it follows, that on the pure surfaces of Si and Ge
there should be an adsorption with a dissociation and forma-
tion of Ge—H, Si—H and Si—Ge bonds. Hydrogen is com-
pletely desorbed from the surface of Si and Ge at 300 °C,
which is practically the same for all the adsorbed hydrides.
For silicon this temperature is equal to 500 °C, and it is close
to decomposition of SiH, and GeHy [9]. There is a correla-
tion between the partial pressure of SiH, and GeH, and the
surface density of SiGe nanoclusters [9, 10, 16].

The gases, which are adsorbed on a pure surface of the in-
itial substrate in significant amounts, also produce a strong
impact on the surface density of the nanoclusters.

In all the cases, at the beginning, the chemical adsorption
of SiH, and GeH, leads to an increase of the density of the
nanoclusters, and then to its decline. During preparation of
the pure substrate surfaces, at first, atoms can be formed on
the crystal surface with the free bonds and the acceptor prop-
erties. This is energetically very unfavorable. As a result of
small displacement of the surface atoms, more favorable is
creation of the complex structures on a pure surface with for-
mation of Ge—Ge or Si—Si bonds. Experiments concerning
diffraction of the slow electrons demonstrated existence of
structure — 8 on the plane (111) Ge (surface Ge (111) — 8x38)
and of structure — 7 on the plane (111) of pure surface Si
(surface Si (111) — 7% 7), which for silicon is considered sta-
ble (fig. 7). Formation of these structures on the pure surfaces
can weaken their acceptor properties. Nevertheless, since the
situation on the surface is energetically unfavorable, the at-
oms on a pure surface possess high activity. Chemical adsorp-
tion of small quantities of SiH, and GeH, pulls some atoms
out from the surface structure. Those atoms appear in the en-
ergetically less favorable states characterized by stronger ad-
sorptive properties. This leads to a capture of a bigger number
of atoms of Si and Ge. Adsorption of a considerable quantity
of SiH, and GeH, reduces the number of the free surface at-
oms and the surface density of SiGe nanoclusters with an in-
crease of their sizes. Thus, a degree of perfection of a surface




should be considered as an essential part of the general task
of preparation of a pure surface before formation of SiGe na-
noclusters and suppression of their transition from nanosizes
to microsizes. It would be ideal to receive an atomic smooth
surface, parallel to the set system of the crystallographic facets
and not containing defects of the lattice or pollution. But
practically it is important to know the maximal deviations
from an ideal case and to define a possibility of realization of
the demanded conditions. In order to receive the required de-
gree of perfection of a surface in the massive monocrystal sub-
strates or films it is necessary to apply special methods for the
surface processing. The heat treatment and the speed of cool-
ing of the substrates with SiGe nanoclusters also influence
their structure, their sizes and even composition. The an-
nealed samples of the nanoclusters undergo a transformation,
the result of which is a transition from a nanoscale to a mi-
croscale (fig. 6).

According to ACM data, the value of the mean-square
surface roughness (R,,,,) was determined, which did not ex-
ceed 4 nm. Growth of R, from 0.5 up to 4 nm was observed
with an increase of both temperature and time of the thermal
influence [16]. The increase of the area of the sites of a con-
tinuous surface and R,,,, with a rise in temperature and time
of the thermal influence in LPCVD is typical for the self-or-
ganizing SiGe nanoclusters during deposition of the ultrathin
films of the polynanocrystalline silicon alloyed by germanium.

This is due to the fact that at the thermal processing the
atoms, deviated from the ideal positions in a crystal lattice,
create additional force fields, and this results in a change of
the elastic properties of the nanocrystals. Its surface itself is a
defect. The relaxation of the near-surface atoms changes the
rigidity of the crystalline particles in this area, and, therefore,
the compressibility of the nanocrystals depends on the state of
their surface and its size as a whole.

From above the range of the temperatures of the heat
treatment is limited by transformation of the nanoclusters into
the ultrathin films as a result of their recrystallization, and
from below — by a very small speed of their mobility, which
ensures the nanosize scales of the clusters [4, 16, 17].

An analysis of the Auger-spectra of the SiGe nanoclusters
on a silicon substrate with SiO, and Si;N, demonstrated, that
during their oxidation a sharp transition was created between
the SiGe layers and the substrate, almost the same, as the one
between SiO, and the silicon substrate. At least up to 950 °C
no obvious interaction of germanium with the other dielectric
layers, such, for example, as SiO,, Si;N, and its diffusion, was
detected [17].

The fundamental research of the growth rate of the nan-
oclusters depending on the temperature and time of the heat
treatment demonstrated, that their mobility and integration in
agglomerates were the multistage processes, depending on the
conditions of heat treatment.

The critical temperature of the heat treatment of the initial
nanoclusters should be considered the temperature of >900 °C,
because at this temperature their transformation into micro-
dimensional agglomerates begins (see fig. 6).

This fact points to the increase of the contribution of the
clusters’ coalescence to their merge into larger formations.
Therefore, the critical temperature of the self-organization of
a dense array of nanoclusters should be considered 540 °C.

Conclusion

Cleanliness of the surface of the initial substrate is the ba-
sic factor for the self-organization of SiGe nanoclusters. A rise
in temperature and an increase of duration of the heat treat-
ment in the gas environment of the initial surfaces of the sil-
icon substrates promotes formation of the nanosized SiGe
clusters and increase their density. For the self-organization
of the SiGe nanoclusters a small displacement of the surface
atoms of the complex structures on the pure surface is favo-
rable with formation of bonds of Ge—Ge or Si—Si type.

Thus, the degree of perfection of a surface should be con-
sidered as an essential part of the general task of preparation
of a pure surface before the process of formation of SiGe na-
noclusters and suppression of their transformation from na-
nosizes to microsizes.
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Yupexaenue benaopycckoro rocynapcTBeHHOro yHUBepcuTeTa "HaydHo-KcclienoBaTeIbCKUii MHCTUTYT
dusnko-xuMmmnueckux npodiaem” (HUM OXIT BI'Y), Munck, benapych

K TEXHOAOTUU U3TOTOBAEHUSA HOMC-YCTPOMCTB

Ilocmynuna 6 pedarxyuio 29.09.2016

Paccmampueaemcs 603moxcHocms npedenvrozo ymenvuieHus pasmepos MOMC, HOMC u dpyeux munuamiopHbix npubopos 6
MEXHOA0UU UX U320MOBACHUS MEM0Jamu MACKUPOBAHHO20 PACMEOPeHUsl Kpucmania. /s 3moeo Heobxooumo ucnons3o8anue cne-
UYUAAbHBIX pacmeopumeneli, NO3G0AAUUX NoAyHams uzdeaus ¢ "udeasvrvimu" nogepxnocmamu. Ilpedracaemes nymos co30anus
MAaKux, NOKa Heu3eecmHubIX, pacmeopumenetl, OCHOBAHHbIU HA AMOMHOM MOOCAUPOBAHUU NPOUECCa PACMEOPEHUs.

Karoueewie caosa: munuamropuzayus, HOMC-mexnonoeus, amomapras mouHocmy, MACKUPOBAHHOE PACMEOpeHUe KPUCman-

Ad, amomHoe ManﬂUPOGLZHMe

MuHuaTIOpU3aLus pa3InyHbIX TPUOOPOB SIBJISICT-
Csl OMTHVM M3 BaXXHBIX HATIPABICHUI Pa3BUTHS TEXHU-
ku. B pabote paccmaTprBaeTcsi BO3MOXKHOCTb KOMITbIO-
TepPHOTO MOJEJMPOBAHUS TIPU COBEPIIEHCTBOBAHUU
npoliecca MacKMpOBaHHOI'O PacTBOPEHMSI KpHucTasia
(MPK) — onHoro 13 3(p(peKTUBHBIX TEXHOJIOTUYECKUX
MPUEMOB, IIMPOKO HCIOJb3YEMBIX B IPOM3BOICTBE
MUWHUATIOPHBIX TpUOOpoB. Takue uzneans: U3roTaBiu-
BaIOT I'PYMIIOBBIM METOJOM B HECKOJIBKO 3TAIlOB ITyTEM
pPacTBOPEHMST COBEPIIEHHOIO KpUcTayla B OKHax Ma-
COK, HAHOCHUMBIX Ha moBepxHOCThb. Heobxoaumas To-
MOJIOTHUSI MAaCOK Ha KaxIoM 3Tane (GopMUpyeTcs Me-
TOZaMU MUKpPO/HaHoimuTorpaduu. JJaHHYI0 TeXHOJIO-
TUI0 MOXHO HMCIIOJIb30BaTh, HAIpUMEp, IIPU U3TOTOB-
JIeHUM cyoxHbIX 3D-koHcTpykimii MOMC/HOBMC-
MprOOPOB THUIA TUPOCKOIIOB 1 aKCEJIEPOMETPOB Ha OC-
HOBE MOHOKPHUCTAITIMUECKOTO KpeMHUs. [1peaeapHbie
TEXHUYECKHUE IMapaMeTphl TAKUX IIPUOOPOB 3aBUCHT OT
mouHocmu u3eomoeaeHuss PopMbl AeTaeit, OT KauecTna
HMX OBEPXHOCTEH.

IIpu coBepllieHCTBOBAHUM TEXHOJIOTMI Ha MYyTH K
€CTeCTBEHHOMY Mpeaey MUHUATIOpU3ALMY U3NETUN —
amomHbIM pazmepam demainell, TpeOyeTCsl COOTBETCTBY-
[olee yaydqilieHre TOYHOCTU M3TOTOBICHUS. DTO BO3-
MOHO, HalpuMep, NMpU Pa3BUTUM TOIXOAOB, OCHO-
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BaHHBIX Ha MTOATOMHOI COOpKe KOHCTPYKLMIA 30HI0-
BeIMU MeTogaMmu [1, 2]. OgHako Takue TEeXHOJIOIUU
CJIOXHBI B pealu3alMd W MaJONPOU3BOAUTENbHBI.
MPK-MeTonuku xapakTepusyloTcsi HauboJjiee BbICO-
KO TTPOU3BOIUTEILHOCTBIO CPEAN U3BECTHBIX TEXHO-
JIOTUii. Amomapuas moyHocms HOPMUPOBAHUST KOHCT-
PYKLMH € MX MCITOJIb30BaHMEM TaKKe BO3MOXHa, HO B
HacTosillee BpeMsl TPYAHOIOCTHXXKMMA BCJEACTBUE He-
JOCTAaTOYHOM M3YYEHHOCTH MeXaHM3Ma BO3HMKHOBE-
HUSI M Pa3BUTHUS Ae(HEKTOB MOBEPXHOCTU KpHUCTasia
MIPA pacTBOPEHUM B pa3IMIHBIX cpemax. CoBpeMeH-
Hble pacrnpocTpaHeHHble MPK-TexHomorum ocHoBa-
Hbl Ha TUIAa3MEHHOM U XXUJIKOCTHOM pacTBopeHuu. Of-
HaKO MOBEPXHOCTU MMKpoAeTalel, (OpMUPYIOIIUECS
JaHHBIMUA METOJAaMU, HEJOCTaTOYHO IJIaHAPHbI, UMe-
10T CJIOXHBII TPYAHO KOHTPOJIUPYEMBIA pesibed c ae-
TajgssMu pasMmepom 1o 10 HM u 6onee. Pasmep nedek-
TOB TTOBEPXHOCTH BO3pacTaeT MPH YBEIUUEHUU TITyOu-
HBI TpaBJieHUs1 Kpuctauia [3—S8].

B mepcreKTUBHBIX MUKPO/HAHOTEXHOJOTHUSIX XXe-
JlaTeIbHO (hOPMUPOBAHUE AMOMHO-2AA0KUX NOBEPXHOC-
meii ¢ oIIpeAeICHHON KpUcTaaorpapuyeckoi opueH-
tauuein. OnHoil n3 3P@PEeKTUBHBIX COCTABISIOIINX B
Jiesie M3YYeHUs Y COBEPIIIEHCTBOBAHUS IIpollecca pac-
TBOPEHMSI KpHUCTasla SIBJISIETCS €ro MOJEeJMpPOBAHUE




Ha aTOMHOM ypoBHe. Takoe MomeanpoBaHUE MPUME-
HUTEJIbHO K KpUCTaJJIaM KPEMHMUS OCYILECTBISIOCH B
psae pa6ot [9—17]. Mozaenu peaiusyloTcs B BUE
KOMITBIOTEPHBIX IIPOrpaMM, OCHOBAHHBIX Ha MPeACTaB-
JIeHUM TIpoliecca pacTBOPEHMsI KaK IOCjieaoBaTelb-
HOCTHU 3JIEMEHTapHBIX aKTOB — YAAJIIEHUI OTHOTO WU
HECKOJIbKMX TTOBEPXHOCTHBIX aTOMOB, BBIOMpPaeMbIX
cllydaiiHBIM OOpa3oM. B Takux mporpamMmax aToOMBbl
KJ1acCU(UILIMPYIOT MO TUIaM B 3aBUCUMOCTU OT OCO-
OEHHOCTE pacIoJOXeH!SI COCETHIX aTOMOB ITPH TET-
pas’IpuyYeCcKOil MX KOOpAVHALKWU. B KOMIBIOTEpHBIX
9KCIIEpUMEHTaxX 3a7aloT CJeAylolMe OCHOBHbIE MC-
XOIHBbIE MapaMeTphbl Mpoliecca: BEPOSITHOCTH (CKOPO-
CTU) yAaJIeHUSI aTOMOB Pa3JIMYHBIX TUIIOB, KpPUCTaJ-
Jjorpadryeckass OpMeHTaIMs U MUKPOCTPYKTypa HC-
XOJHOI MOBEpXHOCTU, ¢hOpMa MacKu, TyOuHa TpaB-
JleHus. PesymbTUpyloliiie MHKPO/HAHOCTPYKTYPHI
BU3YAJTU3UPYIOTCS C HEOOXOIUMOU TOYHOCTBIO, BKITIO-
yas aTOMHOE pa3pelieHHe.

OcHOBHOE OTJIMYME MOjeJIeil 3aK/I04YaeTcsl B CIO-
cobax OTHECEeHMsI NTOBEPXHOCTHBIX aTOMOB K pa3iny-
HBIM TUIIaM U B OCOOEHHOCTSIX BbIOOpA OYepeaHbIX aTO-
MOB Ha ymaneHue. Hampumep, B Momenau, NMpeacTaB-
JIeHHO#1 B pabore [15], paccMarpuBaercst 139 Tunos
aTOMOB TTOBEPXHOCTH, KIACCU(PUIIMPOBAHHBIX ITO YHC-
JIy TIepBBIX U BTOPBIX MPSIMBIX cOcelel, a TAaKKe Mo UX
MPUHAIJEXHOCTU K MOBEPXHOCTHBIM (UMCJIO TIEPBBIX
cocefieil MeHblIIe YeThIpeX), WIM K 0ObeMHBIM (UUCIIO
MepBbIX coceeil paBHO yeThipeM). [Ipu pabote coot-
BETCTBYIOLLECH KOMNBIOTEPHOM MTPOTpaMMBbl BBIIIOJIHS -
eTCcs 3aJaHHOE YMCJIO LIMKJIOB — "ymaJieHWil" OguHOY-
HBIX aTOMOB. BEIOOpP KOHKPETHOI'O aTOMa Ha yaaJieHue
B LMKJIE OCYIIECTBISIETCS KUHEMuUYecKuM memodom
Monme-Kapao ¢ WCHOIB30BAHUEM pPACCUYUTAHHOTO
yycja aTOMOB KaXJIOro TMra Ha JaHHOM 3Tare 3KC-
MepuMeHTa U 3HaHUs Habopa 3HAYeHUI BEPOSTHOCTU
yaajeHus aToMOB Kaxaoro tumna B moaenu (HBM).

AIeKBaTHOCTh MOJEIU peaJbHOMY (HATypHOMY)
MPK-npoueccy oligHUBaeTCsl MyTeM CpaBHEHUST pe-
3YIBTUPYIONINX (HOPM MHMKPO/HAaHOOOBEKTOB, ITOJY-
YEHHBIX B KOMITBIOTEPHBIX U HATYpPHBIX 3KCIEPUMEH-
Tax, BBITIOJHEHHBIX B TOXOXHUX YyciaoBusix. CTemneHb
noaoOus Takux ¢OpM CBUAECTENBCTBYET O CTENEHU
aJeKBaTHOCTU paccMaTpuBaeMoOil MOJENU, BKIIHOYas
aTOMHO-MOJIEKYJISIPHBII YPOBEHb COOTBETCTBUS pPeaslb-
HBIX COOBITMIA Ha TMOBEPXHOCTU KpUCTasia UX Mpe.-
CTaBJICHUIO B Mojenu. Jlydiree mpencraBieHe comep-
xutcs B cTpyktype HBM Haubonee agekBaTHON MO-
NN, BBIIEJICHHON B XOI€ CPAaBHUTEIBHBIX KOMITBIO-
TEPHBIX M HATYPHBIX 3KCIIEPMMEHTOB. B M3BECTHBIX
paboTax Mo aTOMHOMY MOJIEJIMPOBAHUIO PACTBOPEHUSI
KpuUCTajyla KPeMHMSI ONpenessiidi Moaesu, Haubosee
aJieKBaTHbIE TTPOLIeCCY TPABJAEHUS B LLIMPOKO UCITOJb-
3yeMBIX AaHM3O0TPOITHBIX PACTBOPUTENSIX, TaKUX Kak
pactBophbl ruapokcuaa kanus (KOH) u pactBopsl TeT-
pamerwiammonusi (TMAH). CreneHb MAEHTUYHOCTHU
PE3YIBTUPYIOLIUX MUKPO/HAaHOOOBHEKTOB, CHOPMUPO-

BaHHBIX B HATYPHBIX M KOMITBIOTEPHBIX 3KCIIEPUMEH -
Tax, ONpeAessUIM B OOJbLIMHCTBE PaOOT 1O GHewHeMy
cxodcmey nx opm 0e3 MoAPOOHOTO CPaBHEHUS aTOM-
HOM CTPYKTYPBI IIOBEPXHOCTEM.

Lenb naHHOM pabOThl — HAMETUTh MYTh PELIEHUS
HEKOTOPBIX MEePCIIEKTUBHBIX TEXHOJOTMUECKUX 3amad.
MeTonoM aTOMHOrO MOJESIMPOBAHMS ILJIAHUPYETCS
BBISIBJISITh OCHOBHBIE TEXHOJIOTUIECKHUE YCIOBUS, TT03-
BOJISTIOIME PEaTM30BaTh HPedeabHO 803MONCHYIO (AmOM-
Hyr0) mouHocmbs (HOPMUPOBAHUS JeTajeil KpeMHUEBBIX
MUKPO/HAHOOOBEKTOB TIpU UX u3rorosjieHun MPK-
metrogamu. Ha naHHOM aTtamne ornpeaessieTcsi BO3MOX-
HOCTHb (POPMUPOBAHMS ATOMHO-TJIANKUX ITOBEPXHOC-
Tel ¢ TEXHOJIOTMYEeCKH BOCTPEOOBAaHHOI OpUeHTaIIMel
tuna (001). KitoueBbIM yca0BUEM pelIeHMST 3TOM 3a1a-
Yy SABJISETCS MPUMEHEHHE CIelUaIbHbIX aHU30TPOI-
HBIX paCTBOPUTEJICH KpHUCTaJIa KpeMHUs. Pe3yiabratom
paboThl TaKMX PacTBOPUTENIEN Ha ydacTKax IMOBEpPX-
HOCTH KpHUCTaJula ¢ opueHTauueit, 6auskoii K (001), co-
JepKallrX pa3IndHbie 1e(eKThl, JOJDKHO OBITH (hOpMM-
poBaHue "ugeanbHbIX" moepxHocteit Si(001). B Hacto-
siee BpeMs TTOAXOMSIINE IS 3TOTO COCTaBBI (KMII-
KOCTH, rasa, Ijia3mMbl) HE U3BECTHBI.

B pabote paccmaTpuBaeTcss BO3MOXHBIN Hayasb-
HBIH 3Tall CMHTe3a MMEHHO TaKUX pacTBopuTeneil. OH
OCHOBAaH Ha aTOMHOM MOJEIMPOBAHUY 21eMEHMAPHBIX
npoueccoé PacCTBOPEHHUSI U Ha BBIACJIEHUU Cpead HUX
TeX, KOTOpbIe MPUBOMAT K WICATbHOMY BBITIAKMBA-
HUIO NMePBOHAYAILHO pa3ynopsiIOYeHHON TOBEPXHOC-
td. [Ipy MCIBITAHUSX JAHHOTO MOIX0Ma HaMU pa3pa-
0oTaHbl pa3IMYHble BapuaHThl Mopenei Diamond,
TpeaHa3HaYeHHBIX IUTS N3yYeHUST PACTBOPEHUS KPHC-
TaJUIOB TWMa aaMasza. B Kaxmoil Takoit Mopenud pac-
CMOTPEH TpoLecC JUKBUIALMU Pa3INYHbIX 1e(heKTOB
nosepxHocTu (001). BeU10 YyCcTaHOBIEHO, YTO B MOJIE-
JISIX, JTOIMYCKAIOIIMX UACATbHYIO MOJUPOBKY 3TOM I10-
BEPXHOCTH, TOJDKHO 00s13aTeIbHO YUUTHIBATHCS BIIHS -
HUE @MOPbIX HENPAMbBIX cocedell aTOMa KpHUCTala Ha
CKOPOCTb 3JIEMEHTApHBIX PeaklMil ¢ er0 y4acTHEM.
OTMeTnM, 4TO MOJENb, paCCMOTPeHHas B padote [15],
B KOTOpOU HE YUTEH JAHHBIN TUIT aTOMOB, He TTO3BO-
JIIeT u3yyaTh npouecc GopMUpoBaHMST COBEPIICHHOMN
nosepxHocTtu Si(001).

OnHa u3 MoAXOASILIMX AJISl 3TOr0 MOJeNeit MpeacTaB-
JIeHa B JaHHOI1 pabote. B Heli paccMoTpeHo 129 tunon
aTOMOB TMOBEPXHOCTH, PA3TUYAOIINXCS YUCIOM COCe-
neit. Kaxaplii TUII MOXET OBITh 0003HAUE€H TPOMKOM
yucen (f, ds, ns), rae f — 4UCI0 NIEPBbIX coceneli (CBsI3-
HOCTb aTOMa); ds — 4YMCJIO €ro MPsSIMBIX BTOPBIX COCE-
Jieit; ns — YMCIIO HeNpPsIMBIX BTOPbIX coceaeil. Hanpu-
Mep, aTOMbI B MIEPBOM CJIO€ MIIeaIbHOW MOBEPXHOCTU
(001) otHocsiTC K Ty (262). Beero B Mogenu 40 tu-
OB OMHOCBSI3HBIX aToMOB (f = 1), 49 nBYXCBSI3BHBIX
(f= 2) u 40 TumoB TpeXcBI3HBIX aTOMOB (f = 3) Oe3
yJeTa OpHEeHTAIIHOHHOTO Pa3IMIrsl CTPYKTYPHBIX N30-
MepoB. CxeMa pabOThl COOTBETCTBYIOIIEH KOMIIBIOTEP-
HOM mporpaMMmbl Diamond-4 1ioka3aHa Ha puc. 1, roe

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 3, 2017 159



I INITIAL (001) SURFACE I

I"Nu —“le | (MASK) | | N |

A

Puc. 1. Cxema padotsl nporpammsl Diamond-4 npu noJMpoBke mo-
BepxHoctu (001)

Fig. 1. An operating circuit of Diamond-4 program during polishing
(001)-surface

OTMEYEHBI €€ OCHOBHBIE TTAPaAMETPHI: [ONI — 0N129] —
Habop YKCes aTOMOB BCEX TUIIOB Ha MCXOIHOI MOBEp-
xHoctu (001) Kpucrajia, XapakTepu3yIolIuii ee pesib-
ed; [P — P9l — HBM paccmaTtpuBaemoii Moneu
pactBoputesi; N — 4MCIIO LIMKIJIOB, paBHOE YUCY aTo-
MOB, YIQJISIEMBIX B KOMITBIOTEPHOM 3KCIIEPUMEHTE;
M — HoMep 1IMKJIa, B KOTOPOM YIAISIETCS aTOM Mni.

KoMmbloTepHbIit 3KCITEPpUMEHT BKJIIOYAET 1Ba Ha-
yaJbHbIX 9Tana: 1) 3amaHue padmepa U GopMbl UCXOI-
HOro obOpaslia COBEpPLIEHHOro KpUCTajla ¢ pelieTKomn
TUIa aaMasa u noepxHocThbio (001); 2) pazynopsino-
YeHHe 3TOM MOBEPXHOCTU IMyTeM (OPMMPOBAHUS Ha
Hell pasnuuHbIX AedekToB. llenbio uccienoBaHus B
Ccepuu BKCIIEPUMEHTOB SIBJISIETCSI IOUMCK MOJIEIU Wje-
aJIbHOTO TOJIMPYIOLIEro pacTBOPUTENs, paboTa KOTO-
pOro 3aKIIovyaeTcs B yAAJIEHUU .1t00biX 1e(PEKTOB I10-
BepxHoctH (001) 1 3aBepiliaeTcs aBTOMaTUYECKOM OC-
TaHOBKOI TIpoliecca Mpu (OPMUPOBAHUM ATOMHO-
rnagkou nosepxHoctu. OcobenHoctu HBM B Takoit
MoJenu OyayT colepxKaTb AeTaJbHYI WH(GOpMAIUIO
00 3JIeMEeHTapHBIX aKTaxX, HEOOXOAUMBIX IJISI peaiu-
3allMM UCKOMOTO aTOMHO-MOJIEKYJISIDHOTO Ipoliecca.
3HaHME 3TUX OCOOEHHOCTEH ITO3BOJIUT OPUEHTHUPO-
BaTbCSl B XOJIe OIpelesieHUs] cocTaBa peajbHOro MC-
KOMOTO TOJMPYIOLIEr0 PACTBOPUTENS U CIlocoba ero
MPUMEHEHUsI.

ITouck Takoit mogeau u coorBeTcTBylomeii HBM
SIBJISIETCSI CJIOXKHOM 3aja4eli, 0COOEHHO IIpU 0OJIbIIOM
yycjie TUTIOB MOBEPXHOCTHBIX aTOMOB. B HaieM uc-
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CJIEIOBAaHUM CYIIECTBEHHBIM SIBJISICTCS TIPEMIOXKEHUE
HAuYMHATh pelleHue 3TO 3adauyu C UCMOJIb30BAHMS
JIMIIb ABYX MpeaesbHbIX 3HaueHuit 1 u 0 njis1 BeposiT-
HOCTel ynajeHusi aToOMOB BCeX COpToB. B aToM ciryuae
MMEETCS TOCTYITHAS BO3MOXKHOCTb HANTH HPOOHYIO MO-
denb UICKOMOTO TTOJIUPYIOLLETro pacTBOpUTENsT (HE00X0-
JIIMbI€ TUITbI TOBEPXHOCTHBIX AaTOMOB) U COOTBETCTBY-
ot HBM (pacnipeneneHue faHHBIX 3HAYEHUI Be-
POSITHOCTU MO BCEM THUIaM aTOMOB). [IJisT 3TOTO BbI-
TOJTHSIIOTCS  CepUM KOMIIBIOTEPHBIX SKCIIEPUMEHTOB
MO yIAJIEHWIO Pa3IuYHbIX Ae(hEeKTOB Ha MOBEPXHOCTU
(001) B pa3aMuyHBIX TPOOHBIX MOJENSX MOJUPYIOLIETO
pactBopeHMs1. OTNbITEI HAYMHAIOTCS ¢ (POPMUPOBAHUSI
1 yIaJeHUs MPOCTEHIINX Ne(heKTOB MTOBEPXHOCTH, Ta-
KMX KaK OAMHOYHAs BaKaHCHs B BEPXHEM CJIO€ aTOMOB.
B mocneayommx skcnepuMeHTax aTOMHasi CTPYKTypa
OTIEJIbHBIX Je(eKTOB YCIOXHSETCS, YBEeJIMYMBAETCS
WX YKUCJIO U U3MEHSETCS XapaKTep pacipeaesieHUs Mo
rJIyOMHe Ha pas3yIopsiIOUYeHHON (I1IepoXoBaToit) Io-
BepxHOCTH. CyllecTBEHHa HEOOXOAUMOCTb PAaCCMOT-
peHUst ecex 6udos deghekmoe, KOTOpble MOTYT 00pa3o0-
BbIBaTbCSI TPU pPEAJbHOM PACTBOPEHUU PeabHOIO
kpucraiana. IIporpamma Diamond-4 no3Bojser ¢op-
MMPOBATh Ae(DEeKThl TOBEPXHOCTU C aTOMHOM CTPYKTY-
POt JII000H CIOXXHOCTH IyTEM MaHUTTYJIUPOBAHMST O~
HOYHBIMU aTOMaMU KpUcTajljia (yaajleHue Win BKIIIO-
YyeHMe HOBOIO) Ha JeTajJbHOM M300paK€HUU IIPUIIO-
BEPXHOCTHON 00JacTH.

B aTux 3KcnepuMeHTax OTHOCUTEJIBHO MPOCTO OIl-
peaenTh TUITbI aTOMOB, KOTOpPbIE B UICKOMOM MOJEIN
JOJDKHBI UMETh HanOOJIBIIYI0O M1 HAMMEHBIIYIO Bepo-
STHOCTM yAaJIeHUsI, paBHbIC, COOTBETCTBEHHO, 1 u 0.
Haiinennast Takum myteM nmpoOHasi MOe/b BKIIOYAeT
WHGOPMAILIMIO O MPUPOAE TeX JIeMEHTAPHBIX CTaAUi
Mpoliecca pacTBOPEHUS, peau3alusli KOTOPbIX HPUH-
YunuanbHo Heobxoouma IS TIOJYYSHUS OXHUIAEMOTO
pesynbTata. JeiictBurenbHo, HBM MoxHO paccMmar-
pUBaTh Kak TepeuyeHb BCEX BO3MOXKHBIX 3JIeMeHTap-
HBIX cTaguii (ymaJaeHWil aTOMOB), ¢ MH(pOpMaAUen o
BEPOSITHOCTU peaiu3allii U COAepKaHUU (JIOKaIbHas
aTOMHas CTPYKTypa 0 M IOCcje aKTa YAaJIeHUs ) Kax-
noi u3 Hux. CyuectBeHHo, uto B HBM mnpennarae-
MO TTpOOHOM MoJeNu 3TU CTaAWuU pa3lesieHbl Ha JBa
BHIA: HauboJiee BEPOSITHBIE M HAaMMEHee BEpOSITHBIC.
BTO pazaeaeHue cmpoeo cneyuduyro (YHUKAIbHO) IS
pa3IMYHBIX Mojeneil pactBopeHusi. OHO OTKpbIBaeT
BO3MOXHOCTb allpMOPHON OLIEHKHU KayecTBa MCKOMOTO
pacTBOPUTEJSI HA MOCJIEAYIOIIMX 3Talax ero Co3IaHusl.

Ha sTux atanmax OyaeT OCYIIECTBISTLCS TEOPETU-
yeckasl OLleHKa MPUIOAHOCTU Pa3IMYHbIX HOBBIX pac-
TBOpUTEJIEH, UMEIOLIMX MPEINOJIOXUTEIHLHO TTOAXOs -
LMK COCTaB, HA UX CITOCOOHOCTD BBIMOJIHSATH UAeab-
HYIO IIOJIMPOBKY HOBEPXHOCTU. OLEHKM MOTYT OBITh
OCHOBAaHBI Ha pacyeTe 3Hepruil B3auMOAECTBUS aTo-
MOB KpHCTa/lJla ¢ MOJIEKyJaMu, MOHAMM, DJIeKTpOHa-
MU UCKOMOTO PAaCTBOPUTEJISI C YUYETOM HalieHHON 1H-
(hopMalM O JIOKaJbHOU CTPYKTYpe KpucCTaaia 0 U
rnocJje ynajieHus kaxmnaoro aroma. CpaBHeHHE BEPOSIT-
HOCTEH yhajJieHusl, paCCUMUTAHHBIX TaKUM 0Opa3oM, C




BEpOSTHOCTSIMU, BxoAsaiuMu B HBM mipoOHoit Mmoae-
JIW, TIO3BOJIUT OLIEHUTb W BBIAEIUTH HauOoJee MOaX0-
JISIIMEe COCTaBbl M3 YMCia UCTIbITAaHHBIX. KaHaunaTamu
B MCKOMBIE PACTBOPUTENU OYIyT T€ COCTaBbl, IJIsI KO-
TOPBIX PACCYUTAHHBIE BEPOSITHOCTHU YAAJEeHUSI aTOMOB
pPa3IMYHBIX TUTIOB B HAMOOJIbILIE MEpPe COOTBETCTBYIOT
copepxanuio HBM BeIgesieHHON NMpoOHOI MoAesu.

ITpu ucnweiTanusix Mmoaeau Diamond-4 ObL1 HaliieH
HBM, nonxopsiuuii njist Takoi olleHKU. Bxonsiiue B
HEro 3HaueHUs BEPOSITHOCTU OINpeNessiu Clenyto-
IIMM 00pa3oM: BEPOSITHOCTSIM YAaJIeHUsI BCEX OJHO-
CBS3HBIX aTOMOB IIpUAaBajiu 3HaUYeHUE, paBHoOe 1; Be-
POSITHOCTH YIAJICHMST TBYXCBSI3HBIX M TPEXCBSI3HBIX aTO-
MOB OINpeNeJisUIM B X0A€ KOMITbIOTEPHBIX OIBITOB IO
yIajJeH!uo pa3IudHbIX JedekToB nosepxHocTtu (001),
HayuHas ¢ IPOCTECHIINX, TUIIA ONAMHOYHON WJIM I1ap-
HOIT BakaHCcuM. B KaxkaoM oIbITe Ha M300paxkKeHUHU 110-
BEPXHOCTU BOJIM3MU JedeKkTa BbIOMpaaud aTOMbl KpUC-
TaJUIMYECKON PELIETKU, KOTOpble HYKHO HenpemMeHHO
yoaasams B TIPOLIECCE PACTBOPEHMS UISI TOTO, YTOOBI
paccMmarpuBaeMbIil nedekr "crpaBnuBaics’. Beposit-
HOCTSIM ylIaJleHUsl TAKUX aTOMOB MPUITMCHIBAIM 3Ha-
yenure 1 B HBM npoGHoii Mojenn. DTo 3HaYeHUe 044
0aHHO20 Muna amomoeé COXPaHSINM B IIOCJIECIYIOIINX
ONbITax ¢ ApyrumMu nedekramu. B xoae 3THX OMNbITOB
OTpeaesIsIv APYTUe TUITBI aTOMOB, BEPOSITHOCTSIM yJa-
JIEHUST KOTOPBIX TAaKXKe MPUIMChIBAIM 3HaUeHue 1, eciu
UX yaajeHue ObLIO HeoOXomuMo i "cTpaBivMBaHUS"
HOBBIX JIe(heKTOB. B pesynbTaTe BblaesIaCch CTPYKTY-
pa HBM, ontumanbHas o peaad3allii MCKOMOTO
npoiiecca "uaeaabHOR" TOJTUPOBKHU ITOBepXHOCTH. O11-
TUMaNbHBIM cuntanu HBM, conepxaluuii Munumans-
HOe YMCJIO TUIMOB IBYXCBSI3HBIX M TPEXCBS3HBIX aTo-
MOB, KOTOPbIM NMPUIAHO 3HaUYeHue 1.

B pesysnbTaTe 9KCriepUMEHTOB C MOJIEJIbIO PACTBO-
peHust Diamond-4 ObLUIO HalieHO, YTO JJISI HEE OIl-
TUMaJIbHBIM siBJIsieTcsl TpoOHbIE HBM, B koTOpoM u3
49 munoeé NBYXCBSI3HBIX aTOMOB mO0AbK0 & IOJXKHBI
HMMETh 3HaUEHUE BEPOSITHOCTU yAaieHus, paBHoe 1. D10
tunsl (220), (230), (240), (241), (250), (251), (252) u
(261). OcraybHBIE OBYXCBSI3HBIE M BCE TPEXCBSI3HBIE
THUTHI TTOBEPXHOCTHBIX aTOMOB XapaKTepH3YIOTCS HY-
JIEBOIA BEpOSITHOCTHIO yaajieHus. I1pumep paboThl JaH-
HOI ITPOOHOM MOAENN ITOJUPYIOLIEro pacTBopa MoKa-
3aH Ha puc. 2 (CM. TPETbIO CTOPOHY OOJIOKKH).

ITpu moucke coctaBa KCKOMOIO PeajbHOI0 PacTBO-
pa JOJDKHO OBITh YYTEHO HaWIeHHOE M3MEHEHUE JIO-
KQJIbHOM aTOMHOM CTPYKTYpbl KpPUCTa/Ia 4O U MOCJIE
yaajJeHusl Kaxjaoro aroMa. XapakTep 3TOro M3MeHe-
Hus coaepxutcs B ctpykrype HBM, onpeneneHHoii B
XOZ€ OTMEUEHHBIX KOMITbIOTEPHBIX 3KCIEPUMEHTOB,
MMOCKOJIBKY KaXXKIOMY THUITy aTOMa COOTBETCTBYET W3-
BECTHasl CTPYKTypa pacriojOXeHUsI COCeTHUX aTOMOB.
[IpenmnonoxeHue o COXpaHEHUU TeTPAdAPUIECKOMN KO-
OpIMHALIMM aTOMOB 0 U MOCJe yOaJIeHUs SIBIISIETCS
JOITYCTUMBIM TIPEAITOIOKEHNEM Ha TIEPBOM 3Talle pas3-
paboTKu MCKOMOro pactBoputesisi. Ilpemyiaraemblii
MOIXO/ K pa3pabOTKe MOIMPYIOLIMX PACTBOPUTEIIEH ISt

KPHUCTA/UIOB THUIIA ajaMa3a MOXET OBITh MCIIOJIb30BaH
MpU PaCCMOTPEHUHN KPUCTAJUIOB IPYTMX CUHTOHUI.

3akiouyeHue

PaccmoTpena npo6Giema nojiydeHus aTOMHOTO pas-
pelleHus MPU U3TOTOBJIEHUHU MPeaebHO MUHUATIOP-
HbIX NTPUOOPOB METOJIOM MAaCKMPOBAaHHOTO PaCTBO-
peHust kpucraia. Pa3paboTKy HEM3BECTHBIX IIO0Ka
pacTBopUTesei, MO3BOJSIONIMX DOPMUPOBATH ACTAIU
NpUOOPOB C AaTOMHO-TJIAJAKOM MOBEPXHOCTbIO, Mpea-
raeTcsi HaUMHAaTh C MOJEJIMPOBAHUS Mpolecca pacT-
BOpEHUS HA aTOMHOM YPOBHE M BBISIBIICHUS 2JIEMEH-
TapHBIX CTaIUi TIpoliecca, peaau3alus KOTOPBIX He-
obxonuma st GOPMUPOBAHUS 3aaHHONW T'eOMeTpUU
ngeraneili. OTMeYeH BO3MOXKHBIN MYyTh IMOJYyYeHUs CO-
BepuieHHou nmopepxHoctu (001) KpucTaaioB TUNa aj-
Mas3a, HalpuMep, — MOHOKPHUCTALJIOB KPEMHUS.
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The article is devoted to a possibility of reduction of the dimensions of MEMS, NEMS and other miniature devices in the tech-
nology of their production by the methods of masked crystal dissolution. This requires the use of special solvents, which ensure an
ideal surface polishing. A way of development of such yet unknown solvent is proposed. It is based on a computer simulation of the
dissolution process at the atomic level. An example of the solvent model, which allows us to obtain a perfect polishing of the surface

(001) of the diamond-like crystals, is presented.
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Miniaturization of devices is one of the important trends
in development of the technology. This work is devoted to use
of computer simulation for improvement of the masked crys-
tal dissolution (MCD) — one of the efficient methods widely
used in production of the miniature devices. Such products
are manufactured by a group method in several stages by dis-
solution of a perfect crystal in the windows of the masks de-
posited on a surface. At each stage the necessary topology of
the masks is formed by micro- and nano- lithography. The
given technology can be used, for example, for manufacturing
of complex 3D-designs of MEMS/NEMS devices like gyro-
scopes and accelerometers on the basis of the single-crystal-
line silicon. The limit technical parameters of such devices
depend on the precision of manufacturing of the forms of the
parts, and on the quality of their surfaces.

Improvement of the technologies on the way to a natural
limit of miniaturization of the products — to the atomic dimen-
sions of parts, requires the corresponding precision of manu-
facturing. This is possible, for example, due the approaches
based on atom-by-atom assemblage of the designs by the
probe methods [1, 2]. However, such technologies are com-
plex and unproductive. MCD is characterized by the highest ef-
ficiency among the known technologies. The atomic precision in
formation of the designs, using it, is also possible, but is difficult
to achieve owing to an insufficient level of knowledge of the
mechanism of occurrence and development of the surface de-
fects on a crystal surface during dissolution in various envi-
ronments. The widespread MCD technologies are based on
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plasma and liquid dissolution. However, the surfaces of the mi-
croparts formed by the given methods, are not planar enough,
they have a difficult to control relief with details of the size up
to 10 nm and over. The size of the surface defects increases with
an increase of the depth of etching of a crystal [3—S8].

For the perspective micro- and nano-tehnologies, forma-
tion of the atomic-level smooth surfaces with a set crystallo-
graphic orientation would be preferable. One of the effective
components of the studying and perfection of dissolution of
a crystal is its simulation at the atomic level. In respect to the
silicon crystals it was applied in [9—17]. The models are re-
alized in the form of the computer programs based on pres-
entation of dissolution as a sequence of the elementary ac-
tions — removal of one or several surface atoms selected in a
random way. In such programs the atoms are classified de-
pending on the specific features of the arrangement of the
neighboring atoms at their tetrahedral coordination. In the
computer experiments the following basic parameters are set:
probabilities (speeds) of removal of the atoms of various types,
crystallographic orientation and a microstructure of the initial
surface, the form of the mask, and the depth of etching. The
resulting micro- and nano-structures are visualized with the
necessary accuracy, including the atomic resolution.

The basic difference of the models is in ways of division
of the surface atoms to various types and in specific features
of selection of the next atoms for the removal. For example,
in the model presented in [15], 139 types of the surface atoms
are considered, classified by the number of the first and second




direct neighbors, and also by their belonging to the surface ones
(the number of the first neighbors is less than four), or to the
volume ones (the number of the first neighbors equals to four).
During the work of the corresponding computer program, a set
number of cycles — "removals" of the single atoms is carried
out. Selection of a concrete atom for removal in a cycle is car-
ried out by the kinetic method of Monte-Carlo with the use of
the calculated number of the atoms of each type at a given
stage of the experiment and knowledge of the set of values of
removal probabilities of the atoms in the model (SPM).

The adequacy of a model to a real MCD is estimated by
a comparison of the resulting forms of the micro- and nano-
objects, received in the computer and natural experiments un-
dertaken in similar conditions. A degree of similarity testifies
to the degree of adequacy of a considered model, including
the atomic-molecular level of conformity of the real events on
a crystal surface to their presentation in a model. The best
presentation is contained in the SPM structure of the most
adequate model, obtained during the comparative computer
and natural experiments. The works on atomic simulation of
dissolution of a silicon crystal determined the models, most ad-
equate to the process of etching in the widely used anisotropic
solvents, such as solutions of potassium hydroxide (KOH) and
solutions of tetramethyl ammonium (TMAH). The degree of
identity of the resulting micro- and nanoobjects, generated in
the natural and computer experiments, in most works were
determined by the external similarity of their forms without a
detailed comparison of the atomic structure of the surfaces.

The aim of the work is to outline solutions to certain per-
spective technological tasks. Atomic simulation is expected to
reveal the basic technological conditions, allowing us to realize
the ultimate possible (atomic) accuracy of formation of parts of
silicon micro- and nanoobjects during their manufacturing by
MCD method. At the present stage a feasibility of formation of
the atomic-level smooth surfaces with the technologically de-
manded orientation of type (001) is studied. A key condition
for solving the problem is application of the special aniso-
tropic solvents of a silicon crystal. A result of the work of such
solvents on crystal surface with an orientation close to (001),
containing various defects, should be formation of "the ideal"
surfaces of Si(001). Compositions suitable for this (liquids,
gas, plasma) are not known.

The work considers a possible initial stage of synthesis of
such solvents. It is based on an atomic simulation of the ele-
mentary processes of dissolution and definition of those, which
lead to an ideal smoothing of the originally disordered surface.
During the tests the various versions of the Diamond models,
intended for studying of dissolution of diamond-like crystals,
were developed. In such models the processes of elimination
of various defects on (001)-surface were determined. It was
established that the models envisaging an ideal surface pol-
ishing should take into account the influence of the secondary
indirect neighbors of atoms of the crystal on the speed of the
elementary reactions with its participation. We should point
out that the model considered in [15], in which these type of
atoms are not considered, does not allow us to study forma-
tion of a perfect surface Si(001).

One of the suitable models Diamond-4 is presented in the
given work. It considers 129 types of the surface atoms dif-
fering by the number of their neighbors. Each type can be des-
ignated by three numbers (f, ds, ns), where fis the number of
the first neighbors (atom connectivity); ds is the number of its
direct second neighbors, s is the number of the indirect sec-
ond neighbors. For example, the atoms in the first layer of an

ideal surface (001) belong to type (262). The model includes
40 types of singly connected atoms (/= 1), 49 two- connected
atoms (f'= 2) and 40 types of three-connected atoms (f= 3)
without taking into account the orientation distinctions of the
structural isomers. The operating circuit of corresponding com-
puter program and its key parameters are presented in fig. 1:
[ONI — 0N129] — a set of numbers of the atoms of all types
on the initial surface (001) of the crystal (with mask, if nec-
essary), characterizing its relief; [P; — Pjy9] — SPM of the
solvent model; N — number of the cycles equal to the number
of the atoms removed in the computer experiment; M — the
cycle number, in which Mn; atom is deleted.

The computer experiment includes two initial stages:
1) setting of the size and the form of the initial sample of a
perfect crystal with a lattice of a diamond type and surface
(001); 2) disordering of this surface with formation of various
defects. The aim of the research and of the series of experi-
ments is a search for a model of an ideal polishing solvent, the
work of which consists in removal of any surface defects (001)
and it comes to the end with an automatic stop of the process
at formation of an atomic-level smooth surface. Specific fea-
tures of SPM in such a model will contain detailed informa-
tion concerning the elementary acts, necessary for realization
of the required atomic-molecular process. Knowledge of the
features will ensure a proper orientation in determination of
the composition of the real required polishing solvent and a
way of its application.

Search for a model and the corresponding SPM is a chal-
lenge, especially in the case of big number of the surface atom
types. Our research offers to approach the problem with the
use of only two limiting values of 1 and 0 for the probabilities
of removal of all the atoms. In this case there is an accessible
possibility to discover a trial model of the required polishing
solvent (the necessary types of the surface atoms) and the cor-
responding SPM (distribution of the probability values by all
the types of the atoms). Series of the computer experiments
are carried out for removal of the defects on the surface (001)
in various trial models of polishing dissolution. The experi-
ments begin with formation and removal of the elementary
surface defects, such as a single vacancy in the top layer of the
atoms. In the subsequent experiments the atomic structure of
the defects becomes more complex, their number increases
and the character of distribution by depth on the disordered
(rough) surface changes. It is important to consider all kinds
of defects, which can be formed during a real dissolution of a
real crystal. Diamond-4 program makes it possible to form
surface defects with an atomic structure of any complexity by
manipulation of single atoms of a crystal (removal or inclu-
sion of new one) on a detailed image of the near-surface area.

In the experiments it is rather simple to define the types
of atoms, which in a model should have the greatest or the
lowest probability of a removal, equal, accordingly, to 1 and 0.
The found trial model includes information on the nature of
those elementary stages of dissolution, realization of which is
essentially necessary for obtaining of the expected result. In-
deed, it is possible to consider SPM as a list of possible ele-
mentary stages (removals of atoms), with information on
probability of realization and content (the local atomic struc-
ture before and after removal) of each of them. It is essential,
that in SPM of the offered model the stages are divided into two
kinds: the most probable and the least probable. This division
is strictly specific for various models of dissolution. It opens a
possibility of an aprioristic estimation of the quality of the re-
quired solvent at the subsequent stages of its development.
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At those stages theoretical estimations will be done of the
suitability of the new solvents with a presumably suitable
composition, on their ability to carry out an ideal polishing of
the surface. Such estimations can be based on calculation of
the energies of interactions of the crystal atoms with the mol-
ecules, ions, and electrons of the required solvent with ac-
count of the information concerning the local crystal struc-
ture before and after removal of each atom. A comparison of
the removal probabilities, calculated in such a way, with the
probabilities included in SPM of trial model, will allow us to
single out the most suitable compositions from the tested
ones. The candidates for the required solvents will be the
compositions, for which the calculated probabilities of the re-
moval of atoms of various types correspond in the greatest de-
gree to the content of SPM of the singled out trial model.

During the tests of Diamond-4 model the SPM was found,
suitable for the estimation. The incoming values of the prob-
ability were determined in the following way: value 1 was giv-
en to the probabilities of removal of the singly connected at-
oms; the probabilities of the removal of the two-connected
and three-connected atoms were determined during the com-
puter experiences for removal of various surface defects (001),
beginning from an elementary vacancy of a single or pair
types. In each experiment on the image of the surface near a
defect those atoms of the crystal lattice were selected, which
had to be removed by all means during the dissolution in order
to consider the defect "as etched". The probabilities of the re-
moval of such atoms got value 1 in HBM of the trial model.
This value for the given type of atoms was preserved in the sub-
sequent experiments with the other defects. During the ex-
periments the other types of the atoms were defined, to which
the probabilities of the removal also got value 1, if their re-
moval was necessary for "etching" of the new defects. As a re-
sult, the SPM structure, optimal for the required process of
"an ideal" polishing of a surface was found. The optimal was
considered the HBM, containing the minimal number of the
two-connected and three-connected atoms of value 1.

As a result of the experiments with Diamond-4 model it
was discovered, that the optimal trial SPM for it was the one,
in which out of 49 types of the two-connected atoms only & had
the probabilities of removal equal to 1. Those were types were
(220), (230), (240), (241), (250), (251), (252) and (261). The
other two-connected and three- connected types of the sur-
face atoms were characterized by a zero probability of a re-
moval. An example of the work of the trial model of a pol-
ishing solution is shown in fig. 2 (see the 3-rd side of cover).

The search for a composition of a real solution should take
into account the found change of the local atomic structure
of a crystal before and after removal of each atom. The char-
acter of the change contains in the SPM structure defined
during the computer experiments, because a known structure
of arrangement of the neighboring atoms corresponds to each
type of the atoms. The assumption concerning preservation of
the tetrahedral coordination of atoms before and after removal
is an admissible assumption at the first stage of development of
the required solvent. The approach to development of the pol-
ishing solvents for the crystals of a diamond type can be used
for consideration of the crystals of the others crystal systems.

Conclusion

Obtaining of an atomic resolution was considered for
manufacturing of extremely tiny devices by the method of the
masked crystal dissolution. The development of the unknown
solvents, allowing us to form parts of the devices with an
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atomic-level smooth surface, is proposed to begin with the
dissolution simulation at the atomic level and determination
of the elementary stages, the realization of which is necessary
for formation of the set geometry. A possible way for obtain-
ing of a perfect surface (001) of the crystals of the diamond
type, for example, silicon monocrystals, was outlined.
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B nacmosweii pabome nokazana opeaHu3ayus KOHGEUEePHOU CAMOCUHXPOHHOU cxembvl cymmamopa. Onpedenervl MOMeHMbl
OKOHYAHUS NepexoO0HbIX npoyeccos pabdouell u cneticepHoll pas. Huouyuposanue orumensHocmu pabo4e2o npoyecca u npoyecca 00-
HYNeHUsI NO360A5eN HenpepbleHO 00pabamvieams OaHHble U, MAKUM 00pa3oM, 0pP2aHU308bl6aMb KOHEEUepHoe CYMMUPOBAHUe.
IIpedcmasnenst pezyssmamor SPICE-mo0eauposanus KoHEeUepHo20 cAMOCUHXPOHHOR0 CYMMAmMopa, nposeder aHaiu3 npou3eo-

dumenvbHOCMU CXeMbl.

Karouesnie caoea: camocunxponnas cxema, cymmamop, cneticep, pabouas ¢paza, UHOUKAMOPHbILL CUSHAN, CUHME3 CXeM, KOH-

6eliepHoe CyMMUPOBAHUe, MOOeauposaHue

BBenenune

CamocuHxpoHHbIe cxeMbl (CC-cXeMbl) He 3aBM-
CSIT OT CKOPOCTHU M OT 3aJiepKeK CUTHAJIOB B CXeMax.
K cBoiicTBaM 0e301IMO00YHOI padOThI, MPUCYLIUM
CC-cxeMaM, OTHOCST O0TKa300€30MacHOCTb, pacllu-
PECHHBIV TeMIepaTypHbIA AWANa30H SKCIUTyaTallyu,
OTCYTCTBHUE OINMOOK, paHee Ha3bIBAEMBIX COOSIMM,
OTCYTCTBUE "TOHOK CUTHAJIOB" IPU JIFOOBIX KOHEYHBIX
3agepxkkax sjeMeHToB [1—3]. Ortka3zo0e30macHOCTb
TOJIKyeTCsl KakK ocTtaHoBKa paboTbl CC-cxeMbl, BbI-
3BaHHasi KOHCTAHTHBIMU HEUCTIPABHOCTSIMU, OJaroaa-
ps yeMy CC-cxeMbl HCIIOJIb3YIOTCSI B BHICOKOHAIEXK-
HBIX BBIYMCIIMTEIBHBIX KOMIUIEKcax [1, 4].

Hnsa nocrpoeHusi CC-cxeM TpebyeTcss caMOCHUHX-
POHM3HUPYIOIINICS KO, B Ka4eCTBe KOTOPOTO OymeM
HCIIOJIb30BaTh Mapada3Hblii Ko, U AByX(da3Hasi opra-
HU3a1Ms IIpoToKoia. B paboueii (pa3ze mpoToKoja BbI-
TOJTHSIIOTCS HeoO0XonuMble (DYHKIIMOHATbHbBIE MPeoo-
pa3oBaHusl, B clieiicepHolt (aze (ITOArOTOBUTEILHOM )
MPOMCXOIUT OOHYJIEHME BCeX BXOMHBIX CUTHaIOB. Or-
penelieHne OKOHYAHMS TIEPEXOIHBIX MTPOIIECCOB M UX
JIUTEIbHOCTH B KaXI0M (pase SIBJIsIeTCs] OCHOBHOM 3a-
Jadeit mpy (PyHKIIMOHUPOBAHUY U CUHTe3¢ KOHBeep-
Hbix CC-cxeM.

B pabore [2] nmpeanaraloTcs CXeMOTEXHUYECKUE pe-
IIEHUS U] MHAMKALMU MOMEHTa OKOHYaHUs paboyeit

(a3pl KOMOMHALMOHHBIX cxeM. OnHaKo B 3Toil pabo-
T€ OTCYTCTBYIOT PellieHUsI TI0 ONpeAeIEHNI0O OKOHYAHUS
crielicepHOi (a3bl U OpraHu3alU¥ KOHBEHEPHOTro pe-
KuMa 00paboTKu curHanoB. Hike rpeniaraercs MeTon
oIpeaeeHUsI MOMEHTOB OKOHYAHMSI paboyeid 1 crei-
cepHoil (pa3 no hakTUYEeCKOMY 3aBEpLICHUIO NIEPEXO-
HBIX MPOLECCOB U peayn3alusl HA €r0 OCHOBE KOH-
BeliepHoit CC-cxeMbl OCIeA0BaTEILHOTO CyMMaTopa.

ITocTpoenue KoHBeliepHOil CAMOCHHXPOHHOIA
cXeMbl CyMMaTOpa

IIpemraraeMas B HacTosIIEH paboTe KOHBeepHasT
CC-cxeMa cyMMaropa COCTOUT U3 OJIOKOB, ITOKa3aH-
HBIX Ha puc. 1.

"3aITOMIHAONINI 3JIEMEHT" OCYIIECTBIISIET XpaHe-
HUE JAaHHBIX Ha BpeMs ux o0pabotku. "Biaok o6Hy-
JieHUs1" B crieiicepHoii (haze OOHYJISIET BCE BXOMIbI CyM-
Maropa, a B paboueil ¢haze mepemsaeT Ha e€ro BXOIbI
JaHHble. "B10K KOMOMHALIMOHHOIO CyMMaTopa" Bbl-
TTOJTHSIET CYMMUPOBaHNE TaHHBIX B cxeMe. "PopMupo-
BaTellb UHIAUKATOPHOTO CUTHAaA", 00pabaThIBAIOIIMIA
CUTHAJIBI TIepeHoca cyMMaTopa, MHIUIMPYET OKOHYA-
HUE TepeXoIHbIX TPOLIECCOB B paboueil 1 crielicepHoi
(dazax B KaxaoM paspsiie cymMmaropa. "3aroMHUHao-
LU pErUCTp CYMMBI" TIO3BOJISIET CYUTHIBATL U COXpa-
HSITh BBIYMCJIEHHbIE 3HAUeHUsI CyMMBI. "®opmMupoBa-
TeJb CUTHAJIa HEMPEepbIBHON 00pabOTKM AaHHBIX" OI-
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da3za

licepHast
Spacer phase

Pabouas da3a
Working phase

Cne

PaccmoTpum
(byHKIIMOHMpOBaHME OJIOKOB KOH-
BeilepHOro cymmaropa.

IIOCTPOCHUE U

3anoMuHAIOIIHKI 3J1eMEHT

I [

I [

I [

I [

| |

| |

! Crapr DopmHpoBaTeIb CHIHAJIA !

: Start —l - U_U U I t HelpepLIBHOii 06padoTKH : B xauectBe 3aIlIOMMWHAIOIICTO

| AAHHBIX | BJIEMEHTa MOXET OBITh MCIIONb30-
The generator of continuous

! data signal ! BaHa cxeMa 11 3allOMUHaHUA OO~

! Broaupie | |3amommmasomumii ‘ HOYHBIX CUTHAQJIOB, TIPUBEACHHAS B

! AHHBIE JJIeMeHT Biox 3anoMUHAIOIMH Boixoaubie | b

P 2T The memory obmyseHus pe PerHCTP cymMBI mammme | paboTe [5]. MomuduLMpOBaHHBII

| Input data element | The block of YMMA | The memory register of I .

I nulling Sum sum Output data | 3allOMMHAIOLINU 3JIEMEHT C YIIpaB-

! = ! JnsioimuM curHanoMm "Crapt” moka-

! B10K KOMOMHAIIMOHHOTO OpMHPOBaTEJIh I

I L cymMarTopa Mepenoc | IUUIKATOpHOrO I 3aH Ha pI:IC 2. .

! The block of Carry e w12 — ! B cnieticepHoii (paze TpaH3UCTOPHI

| g inati e generator o, |

| combinational adder iy s,.g,m{ . VT1, VT4 oTKpBIBAIOTCS ¥ MPOMCXO-

Puc. 1. Crpykrypnas cxema konseiiepaoro CC-cymmaTtopa
Fig. 1. Structural circuit of the pipeline SS adder

peaensieT JJIMTeIbHOCTD paboueii pasbl U IIUTETbHOCTh
cnericepHoit (a3l cymmaropa U (OpMUPYET CUTHAI
"Crapt"”, 0obecrneunBaroInil MOCIeI0BaTeIbHOE CUM-
ThIBAaHME JTAHHBIX U UX HEMPEPHIBHYIO 00pabOTKY.

YnpasieHue NpoueccoM HepepbIBHOIO CYMMMPO-
BaHUS TIPOMCXOANT ClIeAyIOIINM obpa3oM. B crelicep-
Hoit pase curHana "Crapt”, paBHOro jorudeckomy "0",
3aMMChIBAIOTCS JaHHbBIE B "3alIOMUHAIOLINN 31EMEHT",
a "bnaok obHyneHus" ycraHaBnuBaetr jorudeckuii 0"
Ha Bcex Bxojax cymmaropa. Ilocie okoHUaHus creit-
cepHoi1 ¢a3pl (OKOHYaHME IIpolecca OOHYJICHUST BbI-
X0moB cymMaropa) curHaa "Crapt”’ ycTaHaBIMBaeTCS
"MopMupoBareneM CUTrHalla HeMpephIBHOM 00paboT-
KM JTaHHBIX" B COCTOSIHME JOrmyeckoii "1", 3ampeiaer
3anych MHGopMauuu B "3allOMMHAIONIAN 3JIeMEHT" 1
WHULIMHAPYET TPOILECC BBIYMCICHUS CyMMBI (paboydast
¢aza). Ha Beixoge cymmaTopa IO 3aBepIlIEeHUIO IIPO-
1iecca CyMMMPOBaHMS YCTaHABIMBAETCS 3HAUEHUE CyM-
MbI, KOTOPOE U 3aIllMChIBaeTCs B "3allOMMHAIOIINI pe-
TUCTp CyMMBI'. Hactymmaer ciemyromas crielicepHast
¢aza u mnpoliecc MOBTOPSIETCS.

Takyum oOpa3oM, MpeUIoKeHHass cXema SIBJSIeTCS
CaMOCUHXPOHM3UPYEMOI M CaMOTaKTUPyeMOl, pea-
JIU3YIONIeH TpoIlecC HEMPEephIBHOM MOJAaYM BXOMTHBIX
JMAHHBIX B CXeMY 10 Mepe OKOHYAHUS IIPOLIeTyPHI ITpe-
JBIIYIINX BEIYUCIECHUN.

: Crapr ._I+ :
| Start |-> vt |
| j Out=A; Out=A;
: = VT2 DD1 :
| |
| |
: = VT3 :
| :| DD2 |
= VT4
| _[>°_,'1, I

Puc. 2. 3anoMuHaIOMIMiE 3JI€MEHT
Fig. 2. Storage element
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JWT 3aliChb BXOIHOTO CUTHana A; B
"3a11eKy", BBIIOJIHEHHYIO Ha WH-
Bepropax DDI1, DD?2. B paboueii ¢a-
3¢ Tpan3ucropsl VI1, VT4 3akpniBa-
I0TCA, ¥ "3alle/Ka" 3aTIOMUHAET CUTHAN A; B TIPAMOIA 1
WHBepCcHoM (popMmax, peanusys napadasHbiii KOI.

Hnst obecrieyeHnsT pabOTOCIIOCOOHOCTH 3allOMM-
HAIOIIETo 3JIeMeHTa HEOOXOAMMO, YTOOBI TOKU HAChI-
weHust MOII-Tpan3ucropoB VI1—VT4 u tpaH3ucro-
poB uHBepropa DD1 6buin B 3—4 paza 00Jibliie TOKOB
TpaH3ucTopoB MHBepTopa DD2. Takoe cooTHollIeHNE
TOKOB 00eCTeunBaeTCsl BHIOOPOM TOMOJIOTMYECKUX pa3-
MepoB TpaH3ucTopoB. i TpaHzucropoB VI1—VT4
u uHBepTopa DDI1 1mmpuHa 3aTBopa MOXKET OBITH BbI-
OopaHa paBHoil 2,0 1 1,2 MKM (JJIsI p- U n-KaHAJTbHbBIX
TPaH3UCTOPOB CcOOTBeTCTBeHHO). Torma MOII-TpaH-
3UCTOPEI MHBepTOpa DD2 MOryT mMeTh LIMPUHY 3a-
TBOpa 0,8 MKM (p-KaHaJIbHBII TpaH3ucTop) U 0,45 MKM
(n-xaHanbHbIN TpaH3ucTop). [Ipu 3TOM nIMHA KaHa-
JIa BCeX TPaH3UCTOPOB BbIOMpaeTcst paBHOit 0,18 MKM.
Toxu Ttakux MOII-TpaH3uctopoB paBHbl 0,8 MA u
0,25 MA cOOTBETCTBEHHO. 3HAYEHUSI TOKOB MOJIy4YeHbI
B mporpamme OrCAD 16.6 npu MCIONB30BAHUU MO-
nes MOII-Tpan3ucropos BSIM3. IlepumeTp 1 mio-
1Iaab 00JacTel CTOKA U MCTOKA pacCUMTaHbl MO METO-
JIVKe, TIPEIIOXEHHO B [6].

B0k o0HyIEeHHA

Ha puc. 3 mokazaHa cxema "bioka oOHyneHMs",
BBINTOJIHEHHAS Ha JIOTMYeCKUX 3j1eMeHTax "2M1".

! Crapt |
| Start i
i 4 & | our=an0 3
i 7% = ow=an i
i 5 % |— our=8n w
i B — & | — Our=Bi0 3

Puc. 3. Biok o0Hynenus
Fig. 3. Zeroing unit
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Puc. 4. Iloanblii oqHopa3psaauelii cymmaTop, padoraiomuii B [IPC-
KoJze
Fig. 4. Entire single-digit adder working in PPC code

B pa6oueii ¢asze curnan "Crapt” paBeH JIOTUYECKOM
"1" u "bnok obHynIeHUs" mepenaeT BXOIHBIC JaHHbIE
(A;, A;, B; u B,) Ha Bbixozsl 6;10Ka. B crieiicepHoii
¢aze (korga curHan "Crapt" paBeH jJorudyeckomy "0")
MMPOMCXOIUT OOHYJIEHHME BCEX CUTHAJIOB, ITOCTYITAK0-
IIUX Ha BXOJ CyMMaropa.

By10K KOMOMHAIIMOHHOTO cymmartropa

Bce omHOpaspsimHBIE CyMMaTOphl pabOTalOT B Ma-
padasHoM koze co cneiicepom (ITMDC-kone) u coenu-
HeHBI TTociiegoBaresibHo. Mcronb3oBanue ITDC-kona
O3HauaeT, YTO MPU OOHYJIEHMHU BCEX BXOIHBIX CUTHA-
JIOB (crmeiicepHas (pa3a) OOHYISIIOTCS U BCE BBIXOAHBIE
(TIpsiMble U UHBEPCHbBIE) CUTHAJIBI.

[TonHblil OQHOPA3PSIAHBINA CyMMaTOp MOCTPOEH I10
CTPYKTYpHOI cxeMe, ITOKa3aHHOM Ha puc. 4.

B cxeme, npuBeneHHoit Ha puc. 4, Au B — ckna-
AblBaeMble cUrHaibl. CUTHAIBI CyMMBL S U S,,,; DPABHBI:

S=A®B=A-B+A-B, (1)
Su=5®C;,=S-C;,, + 8 +Cp(2)

Start Cneiicepnas ¢aza

it mojrycymmaropa:

S,y =A® B; 6)
Cour =4 B )
C,; =A + B. (8)

Ha ocHoge BbipaxkeHuii (1)—(8) pyHKLIMOHAIbHbIE
0JI0KM cyMMaTopa MOTYT OBITh peajn30BaHbI JIM0O Ha
CcXeMax, COCTOSIIMX M3 (opMupoBaTeseil HyJael Ha
p-MOII-TtpaH3ucTopax u (opmMupoBaTeeil eaIuHULL
Ha n-MOII-TpaH3ucTopax [7], 1160 Ha CTaHIAPTHBIX
JIOTMYECKNX DJIEMEHTaX.

®@opmupoBaTeb HHAXNKATOPHOrO CHIrHAJIA

NHaukaTopHble CUTHalbl coiepxkaT HHdopma-
U0 00 OKOHYAHWHU TEPEXOMHBIX TTPOILIECCOB B KOM-
OuHaLoHHOM YycTpoiicTBe [1]. IIpu 3TOM curHajsl,
U3 KOTOPBHIX (hOPMUPYETCSI WHAWKATOPHBIN CUTHAI,
JOJDKHBI MU3MEHSITBCS B KaXmou aze TOJbKO OZWH
pa3. B CC-cxeme cymMmaropa TaKUM CUTHAJIOM SIBJISI-
€TCsT BBIXOJ TIepeHOca KaxXIoro paspsiaia cymMMaropa.

[TpoBenst TormuecKoe CIIOXKEHHUE MPSMOTO BBIXOM-
Horo nepeHoca C,,, ; U €r0 MHBEPCHOTO 3HAYECHUS B
M®C-xone C,yy i, NOAY4aEM UHAUKATOPHBIN CUTHAT
B [-M paspsaie cymmaropa /;;

I

i = Couri v Couti -

dopMUpoBaHUE WHIMKATOPHOIO CHUTHaja IIpU
BHElIIHe!l opraHu3aluu padboyeid U creiicepHoil a3
MPUBEACHO Ha pHUC. 5.

ITocine okoHuaHuUsl crieicepHoil ¢ha3bl MpsiMble U
MHBEPCHBIE 3HAYEHHUSI BBIXOAHOIO IMEepeHOoca pPaBHBI
norngeckomy "0". B paboueit ¢pase omuH n3 mapadas-
HBIX CUTHAJIOB TIepeHOCca M0 OKOHYAHUU TIEPEXOTHOTO
Mpollecca B MOMEHT BPEMEHHU | YCTAHABIMBAETCS B
Jjormyeckyio "1", moaToMy MHIMKATOPHBINA CUTHAN CTa-
HOBUTCS paBHBIM Jiorndeckoii "1". B crieiicepHoit pase
B MOMEHT OOHYJIEHU (7,) TPAMOTO U MHBEPCHOT'O CHT-
HaJIOB MHAWKATOPHBIA CHTHAJI CTAaHOBUTCS DPaBHBIM
Jormyeckomy "0".

Pa6ouas da3a

Coy=A-B+ Cp,* S. “

| |

| |

HWnBepcHblii curHan S mIsa : Spacer phase Working phase ‘ :
[IDC-xoga omnpenensiercsi COOTHO- : Cout :
LHIeHUEeM | |
— — — | |

S =A‘B+ A -B. 3) | t

I Couti 4 15} I

IMpamoii curnan nepenoca C, | |
paccuuThIBaeTcs Mo opmyie | Py
| I I

| |

| |

| |

| |

MHBepcHBIA cUTHaAJI IepeHoca

st [IPC-koma paBeH Lo e

C,;=(A + B)-(C,, +8). (5

Puc. 5. I'padmk opmMupoBanns HHAMKATOPHOTO CHrHAJIA NpH ucnob3oBanun [1PC-koga
Fig. 5. Diagram of generation of the indication signal with the use of PPC code
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«Hceki.
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: The end of working phase g

| shaper e

I I

I

I

I DopMHpoOBATEIh OKOHYAHUS N T rr

! cneiicepHoii ¢a3zbl ocC Toc
: The end of spacer phase L ¢

I shaper T

I - R

I

I

| Copoc

I Reset

Puc. 6. Cxema ¢dopMupoBaTeisi CHTHAJIA HENPEPbIBHOW 00Pa0OTKH AAHHBIX
Fig. 6. Diagram of the generator of the signal of continuous data processing

®opmupoBaTEIh CHIHAJA
HENpepbIBHO 00pa0OTKH JAHHBIX

Cxema opMupoBaTesisd MpuBeaeHa Ha puc. 6.

OH coctouT u3 GopMUpPOBaTEIsI OKOHYaHUS pabo-
yeit (as3pl, GopMupoBaTeasT OKOHYAHMS CIieliCEpHOM
¢a3bl, AByX JK-TpUITepOoB CO CYETHHIM BXOJIOM U 3JIe-
MeHTa "Uckmouatoiee MJIM—HE".

BxoaHbiMu curHanamu (opmMupoBaTeseid sIBASIOT-
cA UHIUKATOPHbBIE CUTHANEL 1y, 1}, ..., 1,. Jlornyeckoe
MepeMHOXEHUE BCEX MHAMKATOPHBIX CUTHAJIOB C UH-
BEpTUPOBaHUEM pe3yJibTata oopasyeT curHaia OP, or-
puuaTebHbIA (D)POHT KOTOPOIO COOTBETCTBYET OKOH-
YyaHMUIO paboueil (a3l cyMMaTopa:

or=T1,-1,-..- 1,

IJIe 7 — YUCJIO pa3psaoB CyMMaTopa.

Ecau nmpuMeHUTh KO BCEM MHAMKATOPHBIM CUTHA-
JIaM OIlepaldio JOTMYECKOTO CJIOXKEHUSI, TO MOJIyUUM
curHan OC, oTpuLaTeJIbHBIA (PPOHT KOTOPOTO COOT-
BETCTBYET OKOHYAHUIO CIIeliCepHOI (pa3bl cyMMaTopa:

XOR

‘ ITpy 3TOM MONYYEHHBI CHUTHAI
\ OC rapaHTUpYeT, YTO BCE Pa3psiibl
: cymMaropa OyayT OOHYJIEHBI.

| I'papukyt paccMOTpPEeHHBIX CHUTI-
| HaJI0B MpUBEAEHbI HA pUC. 7.

: Kak BuaHO u3 puc. 7, mnocie
| OKOHYaHUs paboueil U crnielicepHoi
|

|

|

|

|

|

|

|

|

HE»

¢a3 B curnanax OP u OC ppmupy-
€TCs OTpULATEbHBINA (PPOHT, KOTO-
poiii  nmepexmiovaer JK-tpurrepsl.
BbixogHble CUTHaNbl 3TUX TPUITE-
poB (Tppu Tpe) C MOMOLIBIO CXE-
mbl  "Hckimouaromee HMIM—HE"
mpeoOpa3yoTcsT B yIPaBISIOMINI
curHan "Crapr”, COCTOSIHME JIOTH-
yeckoro "0" KOToporo COOTBETCTBY-
eT IJIUTEJIbHOCTU cIHeicepHoil ¢a-
3bI, a COCTOSTHME JIormyeckoitr "1" — IJIMTEILHOCTU
paboueii ¢as3bl (puc. 8).

M3 rpadukoB cienyeT, 4YTO BBUAY 3ama3ablBaHUS
CHTHaJIa OKOHYaHUSA cIieiicepHOoi (pa3bl OTHOCUTETEHO
CUTHajla OKOHYaHUS paboueii ¢a3bl HA BpeMs, paB-
HOe BpeMEHM IIpoliecca OOHYIeHUs, c(OpMUpPOBaH-
HbIil curHan "Crapt” MOXET yIpaBlISITh KOHBEepHBIM
CyMMUPOBaHUEM.

3anoMuHAIOLIMI PETHCTP CYMMBbI

ITockonbKy nocjie OKOHYaHUSI TPOoLecca BhIYUCTIe-
HUI HauMHAaETCs crielicepHas da3a, OOHyIIIIoast Bce
BBIXOJBl CyMMaTOpa, HeoOXOAMM HEKOTOpPHIi Oydep,
CAyXKaIIuii BpeMEHHBIM XpaHWINIIEM 1T BHIYMCIICH-
HBIX 3HaYeHUI cyMMbl. OH 3aIIOMUHAET CyMMY IO OT-
punatesibHoMy (poHTy curHana "Crapt" (Iocjie OKOH-
yaHus paboueid (a3pl) U MOXET OBITh BBIIIOJHEH Ha
D-Tpurrepax ¢ AuHaMUYeCKUM yrpaBieHueM. Takoi
3aITOMMHAIONINI PETUCTP TTO3BOJISIET XPAaHUTh W CUM-
ThIBaTh 3HAYEHUSI CyMMbI C MOMEHTA UX YCTAHOBJICHUS
Ha BBIXOIAX CYMMAaTopa, BO BpeMs crieiicepHO ¢asbl U
BIUIOTh JO YCTAHOBJIEHUSI HOBBIX BBIXOJHbBIX 3HAUCHUIA.

oC=1ILyvIv..vI,

r———- - - ------ - - - - - - - - - -—-—-=- - - al r——-=-=-
) Lo

| | |

| | | p | | or
3 I o

| 11 ., oc
I . : ! I I

I : I I Top
| I ! | |

! | | | ! ! Toc
| T t | |

|, opP : Oxoruanne paGouero nponecca | |

| ( | iThe work process end | |

: \ t Oxonuanne odnyaenus : : Crapr
| ocC \The process of nulling end | | Start
| | I \/ I |

[ \Vj ! Lo

Puc. 7. ®opMupoBaHHe CUTHAJIOB OKOHYAHUS padoYeii u
cneiicepHoii pa3 cymmaTopa

Fig. 7. Generation of the signals of termination of the
working and the spacer phases of the adder

168

Padouasn dasza Working phase
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Puc. 8. ®opmupoBanune curaana "Crapr”
Fig. 8. Generation of the Start signal
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Puc. 9. Pe3syabraT MonemupoBanusi KoHBeiiepHoro mectHaanatapaspsaaoro CC-cymmaropa

Fig. 9. Results of modeling of the pipeline 16-digit SS adder
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Puc. 10. YBeauyenHblii MacmiTad npu MoJaeMpoBaHnu mecTHaanaTupaspsaguoro CC-cymmaropa

Fig. 10. Enlarged scale during modeling of the pipeline 16-digit SS adder

MoaenupoBanue konseiiepHoii CC-cxeMbl cyMmmMaTopa

Mg vccaenoBaHus 1IeCTHAALATUPA3PSAAHON KOH-
BeliepHOI cXeMbl CyMMMPOBaHUsI ObljIa UCMOJIb30BaHA
CAIIP OrCad 16.6. bioku cxeMbl cymmaropa (st
MJIQIILIETO pa3psija UCMOJb3yeTCsl MOJTyCyMMAaTop) Bbl-
MOJTHEHBI Ha OE3bIHEPLIMOHHBIX JIOTUYECKUX 3JIEMEHTaX,
B3ThIX U3 6ubanoreku DIG_ABM. B 61oku BBene-
HbI 3a[I€PXKKU, COOTBETCTBYIOLIME CXEMAM, BBITIOJTHEH-
HeiM Ha KMOII-TpaH3ucTOpax ¢ TOMOJOTrMYeCKUMU
pasMepamMu, NIPUBEICHHBIMU B 3aIOMUHAIOLIEM BJie-
MEHTE JJ11 BXOJHBIX TpaH3UCTOPOB. B KauecTBe BXOm-
HBIX TaHHBIX UCTIOJIb30BaHO 16 CIyJaliHBIX ClIaraeMbIX
(mamee IpUBOAATCS B IIEeCTHAALIATEPUYHOM KOZE).
Cpenu NpuBEIEHHBIX ClaraeMbiX BbIOpaH HAUXYAIIUIA
cllyyaii ¢ MaKCMMaJIbHbIM BPpEMEHEM 3aJepKKHU MEXIY
BBIXOJIHBIM MEPEHOCOM U CUTHAJIOM B MJAALIEM pa3-
psine — FFFF + 1 =10 000. ITpu cnoxeHun Takux 4u-
ceJl BpEMS pacIlpOCTpaHEHUs CUTHajla MaKCUMaJIbHO
M3-3a TOTO, YTO MepeHOoC (GopMUpyeTCsl Mociea0Ba-
TEJIbHO B KaXJOM IOJHOM cymMarope. Pe3yiabTaTbl
MOJIEJIMPOBAHMS MMPUBEIEHBI Ha puc. 9.

Ha puc. 9 A u B — curHajibl Ha BXoAax CyMMaropa;
S,y — BbIXOMHOM curHan cyMmbl; OP u OC — BbIXOJI-
Hble CUTHaIbl (hOpMUpOBaTeIeii OKOHYAHUST paboueit
u creiicepHoil a3 coorsercTBeHHO; Tpp U T —
BBIXOJIHbIE CUTHaJbl JK-TpUTTepoB CO CUETHBIM BXO-
JIOM, TIEpEKJTIOYaIOIIUXCS MO OTpULIATEbHOMY (DPOH-
Ty curHajoB OP u OC cOOTBeTCTBEHHO; Start — CUT-
HaJl, YIIPaBISIOIINI KOHBEHEPHBIM CYMMUPOBAHUEM.
Ha puc. 9 He Bce cyMMBbI U ciiaraeMble BUIHBI BBUILY
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KOpOTKOro pabouero nukiaa. Cumsonamu (*) o603Ha-
YeHBI OTIepalliy CyMMUPOBAaHUS, KOTOPBIE TIPU YBEJI-
YeHUM MOXHO paccMoTpeTh Ha puc. 10.

Kak BumHO M3 TpacdMKOB, BpeMsI CYMMHUPOBAHMS
16 cnydaitnpix yncen B KoHBeiiepHoit CC-cxeMme co-
craBmwio 28 Hc. JmmTeabHOCTh crieficepHoit (a3bl co-
crasiser (0,2...0,6) HC, a ITUTETBLHOCTH paboueit pa-
36l — (0,5...3,6) He. [1pu peanmzanuu pacCMOTPEHHO-
IO CyMMAaTopa B BUJI¢ CHHXPOHHOM CXeMBI BpeMs TaKTa
Heo0XoanuMOo OpaTh HECKOJIBKO OOJIBIIIMM MaKCUMaslb-
HOTO 3HaYeHMS IJINTEIbHOCTH padoudeii pasnl. [ToaTo-
My YBEJIMYMM BpeMmsl TakTa ¢ 3,6 HC (MaKCHMalbHasI
JUTUTEIBHOCTh paboueil (pa3bl IS MTPOMOICINPOBaH-
Hoit cxembl) 1o 4 Hc. Torma mmuTenbHOCTh 16 TaKTOB
coctaBuT 64 Hc. TakmMm 00pa3oM, TPOU3BOIUTETh-
HocTh CC-cxeMBbl yBeIMUMBAETCs B 2,3 pas3a mpu IIpo-
YUX ee MPEeUMYLIeCTBaX.

3akmoueHue

B pabGore mnpenioxeHbl METOABLI OIIPeACICHUS
OKOHYaHMSI MPOLIECCOB CYMMUPOBAaHUSI U OOHYJEHUS
cyMmaTopa 1o (pakKTUIeCKOMY 3aBEPIICHUIO MEPEeXOI-
HBIX MpoleccoB. PaccMoTpeH MeTon (opMupoBaHUS
CUTHaJla HeMpePbIBHOU 00pabOTKM JAaHHBIX. Pe3ysb-
TaTbl MOJEIVMPOBAHUS TMOATBEPKAAIOT MPaBUIbHOCTh
BBIOpAHHBIX pellleHnH. "YIUIOTHeHNEe" BRIYMCIICHUH 3a
CYET KOPOTKOI omnepaluy OOHYJIEHHUS MOBBIIIAET MPO-
W3BOJUTEIBHOCTh CyMMAaTopa.

PesynbTaThl MCCem0BaHUS TTOIYYEHBI C UCTIOIb30-
BaHUeM o0opynoBaHus LleHTpa KOJJIEKTUBHOTO MOJIb-
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3oBaHus U HayuyHo-o6pasoBaTenbHOro neHrpa "Ha-
HOTEXHOJIOTUK", 000PYI0BAHUSI CTYAEHYECKOIO KOHC-
TPYKTOPCKOIo 010p0 "DaeMeHThl U MPUOOPbI UHEPLIU-
aJIbHBIX HABMTALIMOHHBIX CUCTEM M POOOTOTEXHUKH"
MHcTuTyTa HAHOTEXHOIOTUIA, SJIEKTPOHUKU U TIPUOO-
poctpoeHusi KOxHoro ¢enepaibHOro yHUBEpCUTETa
(r. Taranpor).

Cmambsa Hanucana 6 pamKax 6blNoAHeHUs npoeKma
@I Poccus N 14.587.21.0025. YuuxanvHutii udenmu-
guxamop npoekma RFMEFI58716X0025.
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Introduction

The self-synchronizing circuits (SS circuits) do not de-
pend on the speed and delays of signals in the circuits. Among
the advantages of the faultless operation of SS circuits are fail-
ure-resistance, extended temperature range of operation, ab-
sence of failures and signal races at any end delays of the el-
ements [1—3]. Failure-resistance is interpreted as an inter-
ruption of work of the SS circuits, caused by constant mal-
functions, due to which SS circuits are used in highly reliable
computer complexes [1, 4].

Construction of SS circuits requires a self-synchronized
code, and as such we will use a paraphase code, and the dipha-
sic organization of the protocol. In the working phase of the
protocol the necessary functional transformations are carried
out, and in the spacer phase (preparatory) a zeroing of all the
input signals takes place. Definition of termination of the tran-
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sient processes and their duration in each phase is the primary
aim for functioning and synthesis of the pipeline SS circuits.

In [2] the circuit solutions are offered for indication of the
moment of termination of the working phase of the combina-
tional circuits. However, it does not contain any solutions con-
cerning definition of termination of the spacer phase and or-
ganization of a pipeline mode of the signal processing. A meth-
od is offered for definition of the moments of termination of
the working and the spacer phases by the actual ending of the
transient processes and realization on its basis of the pipeline
SS circuit of a consecutive adder.

Construction of a pipeline self-synchronous circuit
of the adder

The offered pipeline SS circuit of the adder consists of the
units shown in fig. 1.




"The storage element" stores the data for the period of
their processing. "The zeroing unit" in the spacer phase nulls
all the inputs to the adder, and in the working phase transfers
the input data to it. "The unit of the combinational adder”
carries out summation of the data in the circuit. "The gener-
ator of the indication signal", processing signals of the adder
transfer, indicates termination of the transient processes in
the working and the spacer phases in each category of the
adder. "The storage register of the sum" allows to read and
keep the calculated values of the sum. "The generator of the
signal of the continuous data processing” defines duration of
the working phase and duration of the spacer phase of the
adder, and forms the "Start" signal ensuring a consecutive data
reading and their continuous processing.

Control of the process of the continuous summation pro-
ceeds in the following way. In the spacer phase of the "Start"
signal, equal to logical "0", the data are recorded into the stor-
age element, while "the zeroing unit" establishes the logical
"0" at all the inputs to the adder. After termination of the
spacer phase (termination of zeroing of the outputs of the
adder) the Start signal is established by the generator of the
signal of the continuous data processing in the state of logical
"1", and it forbids data recording in the storage element and
initiates sum calculation (the working phase). At the adder
output after termination of the summation a sum is estab-
lished, which is recorded in the storage register of the sum.
The next spacer phase comes and the process is repeated.

Thus, the proposed circuit is self-synchronized and self-
actuated, realizing the process of a continuous supply of the
input data to the circuit alongside the termination of the pro-
cedure of the previous calculations.

Let us consider construction and functioning of the units
of the pipeline adder.

Storage element

As a storage element the circuit for storing of the single
signals, presented in the work [5], can be used. A modified
storage element with Start control signal is shown in fig. 2.

In the spacer phase transistors VT1, VT4 open and the in-
put signal A; is recorded in "the latch” made in inverters DD1,
DD2. In the working phase transistors VT'1, VT4 are closed,
and "the latch" remembers 4, signal in the direct and inverse
forms, realizing a paraphase code.

In order to ensure operability of the storage element
it is necessary, that the saturation currents of MOS transis-
tors VIT1—VT4 and the inverter DDI1 transistors should be
3—4 times bigger than the currents of the transistors of in-
verter DD2. Such correlation of currents is ensured by selec-
tion of the topological sizes of the transistors. For transistors
VT1—VT4 and inverter DD1 the width of a gate can be cho-
sen equal to 2.0 um and 1.2 pm (for p- and n-channel tran-
sistors, accordingly). Then the MOS transistors of inverter
DD2 can have the width of the gate of 0.8 um (p-channel
transistor) and 0.45 pm (n-channel transistor). At that, the
length of the channel of all the transistors is selected as equal
to 0.18 um. The currents of such MOS transistors are equal
to 0.8 mA and 0.25 mA, accordingly. The currents’ values are
received in OrCAD 16.6 program with the use of BSIM3 model
of MOS transistors. The perimeter and the areas of the drain
and the source are calculated by the technique offered in [6].

The zeroing unit

Fig. 3 presents the circuit of the zeroing unit, made on 21
logic elements.

In the working phase the Start signal is equal to logical "1"
and the zeroing unit transfers the input data (4, 4;, B, B;)
to the unit outputs. In the spacer phase (when the Start signal
is equal to logical "0") a zeroing of all the signals coming to
the adder’s input takes place.

The unit of the combinational adder

All the single-digit adders work in a paraphase code with
a spacer (PPC code) and are connected in series. The use of
PPC code means, that during zeroing of the input signals (the
spacer phase) all the output (direct and inverse) signals are al-
so nulled.

The entire single-digit adder is constructed in accordance
with the circuit presented in fig. 4.

In the circuit presented in fig. 4, 4 and B are the summed
up signals. Signals of the sum of .S and S, are equal to:

S=A®B=A-B+A-B, (1)
Sout:S®Cin:S'C7m+S'Cm. (2)

The inverse signal S for PPC code is determined by the
following correlation:

S=A4-B+ A4 -B. (3)
The direct transfer signal of C,,,is calculated by the formula
Coy=AB+Cy- S 4)

The inverse transfer signal for POC code is equal to
Cou = (A + B)(C, +3). 5)

For a half-adder:

Sy =A@ B, (©6)
Cpy=A"B, (7)
C.=A4+B. )

On the basis of expressions (1)—(8) the functional units of
the adder can be realized either on the circuits consisting of
the generators of zeros on p-MOS transistors and generators
of units on n-MOS transistors [7], or on the standard logical
elements.

Generator of the indication signal

Indication signals contain information concerning termi-
nation of the transient processes in the combinational device
[1]. At that, the signals, from which the indication signal is
generated, should change in each phase only once. In the
adder’s SS circuit such a signal is the output of transfer of
each digit of the adder.

By summing up logically the direct output transfer of C,
and its inverse value in PPC code C,,,;,
signal in i-digit of adder /;:

I.=C

i out i

ut i
we get the indication

v C

outi*

Generation of the indication signal at the external organ-
ization of the working and spacer phases is presented in fig. 5.

After termination of the spacer phase the direct and in-
verse values of the output transfer are equal to logical "0". In
the working phase one of the paraphase transfer signals after
termination of the transient process at the moment of #; is set
into logical "1", therefore the indication signal becomes equal
to logical "1". In the spacer phase at the moment of zeroing
(1) of the direct and the inverse signals the indication signal
becomes equal to logical "0".
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Generator of the signal of continuous data processing

The generator circuit is presented in fig. 6. It consists of
the generator of the termination of the working phase, the
generator of termination of the spacer phase, two JK-triggers
with a count input and an "OR-NOT Excluding" element.

The input signals of the generators are indication signals
Iy, 1, ..., I,. Alogical multiplication of the indication signals
with inversion of the result forms OP signal, the negative front
of which corresponds to the termination of the working phase
of the adder:

op=1,-1,-..-1,

where n — number of digits of the adder.

If we apply an operation of a logical addition to all the in-
dication signals, we will receive OC signal, the negative front
of which corresponds to the termination of the spacer phase
of the adder:

oC=1IlyvIiv..vI,

At that, the received OS signal guarantees, that all the dig-
itss of the adder will be nulled.

The diagrams of the considered signals are presented in
fig. 7. After termination of the working and the spacer phases
in OP and OS signals a negative front is formed, which
switches the JK triggers. By means of the Excluding OR-NOT
circuit the output signals of these triggers (Top and T() are
transformed into the Start control signal, the logical "0" state
of which corresponds to duration of the spacer phase, and the
state of logical "1" — to duration of the working phase (fig. 8).

From the diagrams it follows, that in view of a delay of the
termination signal of the spacer phase in relation to the signal
of termination of the working phase for the time, equal to the
time of the process of zeroing, the generated Start signal can
control the pipeline summation.

The storage register of the sum

Since after termination of the calculation process the
spacer phase, nulling all the outputs of the adder, begins, a
certain buffer is necessary, serving as a temporary storage for
the calculated values of the sum. It remembers the sum on the
negative front of the Start signal (after termination of the
working phase) and can be implemented on D-triggers with
a dynamic control. Such a storage register allows us to store
and read the values of the sum from the moment of their ap-
pearance on the adder outputs, during the spacer phase and
up to appearance of new output values.

Modeling of the pipeline SS circuit of the adder

For research of the 16-digit pipeline circuit of summation
the OrCad 16.6 CAD is used. The units of the circuit of the
adder (for the low-order digit a half-adder is used) are made
on the inertialess logical elements from DIG_ABM library.
The delays are introduced into the units, corresponding to the
circuits, based on KMOS transistors with the topological sizes
presented in the storage element for the input transistors. As
the input data the sixteen random composed data (presented
below in a sexadecimal code) are used. From among the pre-
sented summands the worst case is chosen with the maximal
time of delay between the output transfer and the signal in the
low-order digit of — FFFF + 1 = 10 000. During addition of
such numbers the time of propagation of the signal is maxi-
mal, because the transfer is formed consistently in each full
adder. The results of the modeling are presented in fig. 9.
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In fig. 9 A and B — signals at the inputs of the adder; S, —
output signal of the sum; OP and OC — the output signals of
the generators of termination of the working and the spacer
phases, accordingly; Tpand T — the output signals of JK
triggers with a count input switching by the negative front of
OP and OC signals, accordingly; Start — the signal, which
controls the pipeline summation. Fig. 9 presents not all the
sums and summands because of a short working cycle. Sym-
bols (*) designate operations of summation, which, increased,
can be viewed in fig.10.

As it is apparent from the diagrams, the time of summa-
tion of 16 random numbers in the pipeline SS circuit is 28 nS.
Duration of the spacer phase is (0.2...0.6) nS, and duration of
the working phase — (0.5...3.6) nS. During realization of the
considered adder in the form of a synchronous circuit it is
necessary to assume that a step time is somewhat bigger than
the maximal value of duration of the working phase. There-
fore we will increase the time of a step from 3.6 nS (the max-
imal duration of the working phase for the modeled circuit)
up to 4 nS. Then, duration of 16 steps will be 64 nS. Thus, the
productivity of the SS circuit increases 2.3 times with preser-
vation of all its other advantages.

Conclusion

This work presents methods for definition of termination
of the processes of summation and zeroing of the adder by the
actual ending of the transient processes. The method for gen-
eration of a signal of continuous data processing is considered.
The results of modeling prove the correctness of the selected
solutions. "Consolidation" of the calculations due to a shorter
operation of zeroing raises the productivity of the adder.

The results were received with the use of equipment of the
Center of Collective Use and Nanotechnologies Scientific-
educational Centre, equipment of the students' design office
Elements and Devices of the Inertial Navigating Systems and
Robotics of the Institute of Nanotechnologies, Electronics
and Instrument Making of the Southern Federal University
(Taganrog).

The article was written within the framework of project FTsP
Russia No 14.587.21.0025. The unique identifier of the project
is RFMEFI58716X0025.
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MUKPOMEXAHUYECKHUE KOMIMOHEHTbI MUKPOPOBOTOTEXHUYECKUX
YCTPOMUCTB KOCMMYECKOTO HA3HAYEHMUS

Ilocmynuna é pedaxyuio 06.11.2016

Paccmompervl pazpabomantbie KOHCMPYKMUBHO-MEXHOAO2UYECKUE PEUIeHUS MUKPOMEXAHUYECKUX INEMEHMO8 045 MUKPO-
POOOMOMeEXHUYECKUX YCMPOUCME KOCMUYECK020 HA3HAYEHUS, d MAKXCe MEXHOA02UYECKUe B03MONCHOCMU UX U320MOGACHUS.
OmauuumenvHou 0CO0EHHOCMbIO PA3PAGOMOK AGASLEMCS MUHUAMIOPU3AUUS U NPUMEHEHUE BbICOKOMEXHOA02UMHBIX NPOUECCO8
MUKDOINEKMPOHHO20 npou3600cmea. I[1o0o6Hbie ycmpoticmea omau4aromcest 8biCOKOU CMOUKOCMbIO K HCECKUM YCAOBUSM IKC-
nAYamayuu, 603MONCHOCIbIO 2PYRN0B020 U320MOBACHUS U MO2Ym Oblmb NPUMEHeHbl KAK 6HYMPU, MAK U 6He KOCMUUECKUX

annapamoes.

Karoueevie caosa: MUKpOMeXaHuKa, akmroamop, MlleOp050m, asmomamusayud, UHCneKmupoeanue, MuKposieKkmpomexa-

HUYecKasa cucmema, KuHemamukd, CoO41eHeHue, mopCuoH, waprup

B xocMuueckoit TeXHUKE CETOmHSI TMPOSBISETCS
OoJIbILION MHTEpeC K yCTPOMCTBAM MUKPOPOOOTOTEX-
HUKW, OTKPBIBAIOTCSI HOBBIE HANpaBIeHUS HayYHBIX
uccienoBaHuii B gaHHoW obGjactu. IlomoOHBIE yCT-
poiicTBa MOXHO TPUMEHUTD B CAaMbIX pa3IMIHBIX Ce-
pax: yrmpaBlieHUE HEeCYIIMMHU MOBEPXHOCTSIMU, MHC-
MEeKTUPOBAHNE TPYIHOJOCTYITHBIX MECT KOCMUYECKUX
aImapaToB, BEITTOJTHEHHE 3a1a9 HATUTAHETHBIX MUCCUIA
u 1p. B HacTosIee BpeMs TIpU pa3padboTKe TTOTOOHBIX
CHCTEeM MCITOJIb3YIOT MaKpO3JEMEHTHl U CTaHAAPTHBIC
KMHEMaTUYECKNEe CXeMbl, OMHAKO MPU CTPEMJIEHUU K
MMHUATIOPU3AILMU KOCMUYECKUX almnapaTtoB U aBTO-
MaTHU3aIuy IIPOLIeCCOB YIIPaBJIEHUS, TpeOyeTcs pa3pa-
060TKa aHAJIOTMYHBIX WM 00Jiee (GYHKIIMOHAIBHBIX YC-
TPOIMCTB MHOTO MEHBIIIEro pa3mepa. [1pu a3ToM BO3HU-
KaeT MHOXEeCTBO BOIIPOCOB B YaCTU pa3pabOTKU U OT-
pabOTKM TEXHOJIOTMYECKUX MPOLECCOB U3TOTOBIEHMS,
TaK KakK TIpW Tlepexome K MajJbIiM pa3MepaM MMEHHO
TEXHOJIOTHSI CTAHOBUTCSI OCHOBHOI TIpoOIeMoit pas-
paboruuka. Ilpu pa3paboTKe MUKpPOMEXaHUYECKUX
U3ACIMI B HACTOsIIEee BpeMsl Bce yYallle MPUMEHSIOT
CTaHJIapTHbIE U MOAUDUIIMPOBAHHbBIE MPOLIECCHl MUK-

POBJIEKTPOHHOTO MPOM3BOJACTBA MHTETrPaJIbHBIX MUK-
pocxeMm. Ocoboe BHUMaHUE B HACTOSIIIEE BpeMsl yIeJsi-
eTcsl pa3paboTKe MUKPOIIEKTPOMEXaHUUECKNX CUCTEM
(MBMC) Kak uzaenauii, CoBMellaolINX B MUHUATIOP-
HOM (opmare (PyHKLIMOHAJIbHbIE BO3MOXHOCTH pa3-
JIMYHOM hrzrnyeckoit mpupoabl. K mogoOHbIM U3neau-
sIM OTHOCSAT W 3JIEMEHTbl MUKPOMEXaHUKM: JIMOO KakK
3aKOHYeHHBbIe MOMC, 1160 KaK UX COCTaBHBIE YaCTH.

B paborte mpuBedaeHbl JaHHBIE MO pa3pabOTKaM
3JIEMEHTOB, MMPOBEIEHHBIM B paMKax paboT MOCAETHUX
JIT TI0 CO3JAaHUI0 HCIOJHUTENbHBIX KOMIIOHEHTOB
MMKPOPOOOTOTEXHUYECKUX CUCTEM KOCMUYIECKOTO Ha-
3Ha4YeHus1. MUKpOMexaHUYECKHUe DIIeMEHThI Moapase-
JITIOT Ha aKTUBHBIE U MTacCUBHBIE. K aKTUBHBIM MOXHO
OTHECTH aKTIOATOPHbIE BJEMEHTbl (IBUXUTEIH), K
MaCCUBHBIM — Pa3jIM4YHbIe COEAUHUTENN (TOPCUOHBI,
COUJIEHEHUSI, LIIapHUpkl U Ap.). B cBolO ouepedp, ak-
TIOQTOPbI IEJISIT Mo (PU3NUecKoil Mpupojae MpUHIIMNA
(bYyHKIIMOHMPOBAHUS: HA TEPMOMEXaHUUECKUE, DIIEK-
TpOCTaTUUECKUE, MArHUTHBIE, IMbe303JIEKTPUUYECKUE,
ruapaBadyeckre u ap. Takke aKTIOaTOPHBIE BJIeMEH-
Thl OTJIMYAIOT MO TUIY TNEepeMelleHUSs: MOCTynaTesb-
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Puc. 2. KoHcTpyKumusi KpeMHHEBOTO COYIEHEHHS] OJJHOOCHO! KOHCTPYKIUM
Fig. 2. Design of a silicon monoaxial joint

HOe, BpalllaTeJbHOE M CIIOXHOE KOMOMHMPOBAaHHOE
(nBuxxeHUe MeMOpaHbl U mp.). CousieHeHUsT AT T10
YUCITy CTeIeHell CBOOOIBI, a TaKXKe IO TUITY CTeTICHH
CcBOOOIBI (TIEpeMellleHUe WIKM BpallleHue).

PaccmarpuBas nmpuMeHeHMe NCTTOTHUTETLHBIX KOM-
IIOHEHTOB MUKPOPOOOTOTEXHUYECKUX CHUCTEM B KOC-
MOCe, BBIICIISIOT HECKOJIbKO OCHOBHEIX HAITPABIICHUIA:
1) Tepmoperysius TOBEpXHOCTH KOCMMYECKOTO aIl-
napara; 2) yrnpapjieHHe HECyLIMMU MOBEPXHOCTSIMU;
3) MUKpOpPOOOTOTEXHMKA MPSMOro Ha3zHadyeHus (Ma-
HUMYJASTOPHI, "HOTU" LIAralolIUX CUCTEM U T1p.); 4) 2J1e-
MEHTBHI JAaTYNKOB (TepMoOpee, YyBCTBUTEIbHBIC BJie-
MEHTBHI).

CucTteMBl TepMOPETYIISIIIAY, OCHOBAaHHBIE Ha WC-
MMOJTHUTEJbHBIX KOMIIOHEHTaX MUKPOPOOOTOTEXHUKH,
MIPEACTABISIIOT COOOM YCTPOMCTBA, IIPUHIIMIT ACHCTBUS
KOTOPBIX OCHOBAaH Ha PETyJIMPOBAHUM TLIOIIAINA OTpa-
Kalollleil/morolamniel MOBepXHOCTU WIM 3HAYCHUS
3a30pa MeEXIy CIIOSIMU WCIIONIb3yeMOro MaTepuaa.
DOyHKUMS TIepeMeLIeHUsT peau3yeTcs JM00 CO3naHU-
€M KOHBEWEPHOW JMHUU, TMEPEMELIAIOILIEN BKpaH B
IUTOCKOCTH, JINOO CO3TaHUEeM KMHEMATUYECKON CUCTe-
MBI, TIO3BOJISIIONIEH Bpaiarh 3kpaH [1, 2]. IIpu moi-
HOM 3aKPBITUM MOBEPXHOCTU U3OJUPYIOIIUM SKPaHOM
00BEKT YaCTUYHO 3aIUIIEH OT BHEIIHETO M3ITyYCHMUS
1 OT MOTePU BHYTPEHHEH TEIIOTHI, a TP CMEIIEHUN
9KpaHa MOBEPXHOCTb OTKPBIBAETCS M TETLIOM3OJISILI -
OHHBIC XapaKTepUCTUKN MEHSIOTCA. TaKkue MOKPBITHUS
palMOHAILHO M3TOTOBJISITh B BUE OTAEIbHBIX SYEeK,
B 9TOM cJTy4ae BO3MOXHO JIOKAJIBHOE PETyJIMPOBaHME
TeMreparypbl. Pe3yabTaThl MOIETMPOBAHUS M IKCITE-
PUMEHTOB ITOKA3bIBAIOT, UTO YAACTCS JOCTHYD CHILKE-
HUS TeMIlepaTyphl TeperpeBa 3allUIlaeMOi TOBEpX-
HocTH Ha 52—63 % [3].

ITprMeHeHWe UCTOJHUTEbHBIX MUKPOPOOOTOTEX-
HUYECKUX KOMIIOHEHTOB MOXHO HAalTH B CUCTEMax
MMO3UIIMOHUPOBAHWS aHTEeHHBIX MomyJieii. C ITOMOIIBI0
HCTIOJIHUTEIBHBIX KOMIIOHEHTOB B BMIE TMOABMKHBIX
aKTIOATOPOB, 3JEMEHTOB, "TIONBEIICHHBIX Ha OIOopax
(HampuMep, KpeMHHUEBBIX "3epKai’) U pa3IMYHbIX COY-
JIeHEHUI1 obecrieunBaeTcsl yIpaBiisieMOe yIJIOBOe Mepe-
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MeIlIeHWE TIOTJIOIIAIIE WIM OT-
paxarollieii TOBEpXHOCTU, YTO MO3-
BOJISIET M3MEHSTh XapaKTePUCTUKU
aHTEHHOTO Moayisd. s Gonblmx
TIolazaed BMECTO OJTHOTO OTpaXKka-
IOI1IeT0/TIOMIONIAIOLIEer0  3JeMeHTa
B KOHCTPYKLIMM TIpeayCMOTpeHa
MaTpulla MOJOOHBIX 2JIEMEHTOB.
IIpy ucnonab30BaHUM MCIIOTHU-
TEJIbHBIX KOMITOHEHTOB B YCTPOMCT-
BaX MUKPOPOOOTOTEXHUKM IO MpPsi-
MOMY Ha3HAYeHMIO (ITOABYDKHBIC PO-
OOTbl U MAHMITYJISITOPBI) TpeOyeTcst
VUUTBIBATh (PAKTOPHI OTKPHITOTO
KOCMMYECKOTO TPOCTpaHCTBa (1Moc-
TOSIHHO MEHSIIOIIAsICS B IIMPOKOM
Irana3oHe TeMmIleparypa B 3aBUCUMOCTH OT IKCILIY-
aTUpyeMoOi OpOUTHI M COCTOSIHUE HEBECOMOCTH) U
(byHKIIMOHATBHBIE BO3MOXHOCTH KOHKPETHBIX aKTI0-
aTOPHBIX MeXaHU3MOB. Tak, TepMOMeXaHUYECKHE aK-
TIoaTopbl (puc. 1, cM. TPETbIO CTOPOHY OOJOXKKHU) C
V-00pa3HbIMM KaHaBKaMM XapaKTEPU3YIOTCS YIJIO-
BBIM IepeMellieHreM O0anku [4], Takum oOpa3oM, st
MPUMEHEHUS MX B KAYECTBE aKTUBHBIX MCIIOJTHUTEIb-
HbIX KOMIIOHEHTOB IlIaraloimux poooTOB HEOOXOIUMO
KOHCTPYKTMBHO OO€CIeuYuTh IIpeoOpa3zoBaHMUE Bpa-
1IATEJbHOTO ABUXKEHMSI B IOCTyHaTeJbHOE. DTO A0-
CTUTAETCS C IMTOMOIIBIO PA3IMIHBIX COWICHEHUN, JTN-
00 MpUMeHEHUEM pa3HOHANpPaBJICHHBIX aKTIOATOPOB
(C HECKOJILKMMU 30HaMu JaecdopMaliiu) B OTHOM HC-
MOJTHUTEBHOM 3JIeMeHTe. TakKe TepMOMexaHUJec-
KHE€ aKTIAaTOPbl MOTYT OBITh MCMOJIb30BaHbI B Kayec-
TBE MaHUITYJIITOPOB, 3AKMMOB, TIMHIIETOB U TIP.
CBs3M MeXAy OTIHEIbHBIMU DJIEMEHTAMU KOHC-
TPYKIIUY MAKPOMEXaHNIECKIX CUCTEM 00ECIIeYNBAIOT
MPOYHOCTb KOHCTPYKIIMM, MOABUXHOCTbh €€ KaK MU-
HUMYM B OJJHOM HaIlpaBJIEHUU, a TAKXKe BO3MOXHOCTh
MaKCHMaJIbHO OTKa3aThCsl OT COOPOYHBIX OMepalvii B
MOJIb3y M3TOTOBJCHUST BCEX BJIEMEHTOB BMECTE C CO-
€IMHEHUSIMUA B OTHOM TEXHOJIOTUYECKOM IIMKJIE METO-
JaMu 0ObEMHOM 1 TTOBEPXHOCTHON MUKPOOOPAOOTKMU.
B kauyecTBe XECTKMX COWICHEHHWN IPEIIOKEHBI
9JIEMEHTBI, BBIMOJHEHHbIE U3 KPEMHUS, U MPEACTaB-
Jisioue coboit KpecTooOpa3Hblii KPYTUJIbHBINM TOP-
cuoH (puc. 2). B KOHCTpyKIIMU MCIIOJb3YeTCs] MOHO-
kpuctasmyeckuii kpemHuii Kb ¢ opuenrtaiueii 100
(IByCTOpPOHHEN MOJIUPOBKHU), €ro MoayJb KOHra paBeH
130,2 I'Ta [5]. TopcuOHBI UCIONBL3YIOT ITApaMM U pac-
T10JIaral0T COOCHO B IIJIOCKOCTH "TIOABEIICHHBIX" 3JIe-
MEHTOB (HaIlpuMep, MOJABUXKHOTO KPEeMHUEBOTO 3ep-
Kaja), 4yTo obecrieyrBaeT yIrjaoBO€ OTKJIOHEHUE dJie-
MEHTOB BIOJIb OCU TOpPCHOHA. [l yBeIuUeHusT yucia
cTeneHeil cBOOOIbI MCMONb3YIOT HECKOIBKO Tap TOp-
CHOHOB (puc. 3), pacIoJOXeHHBIX MO YIJIOM IPYr K
JIPYTy U pasfeNeHHbIX XKEeCTKUM KPEMHUEBBIM KOJIb-
11oM. B TaKoii KOHCTPYKIIMY TOPCUOH B CEYEHUU MUME-
eT "KpecT" U BBINIOJHEH B OTHOM 00beMe MaTepuaa C




Puc. 3. DkcnepuMeHTAIbHBIE 00pa3lbl KPEMHHEBOIO COYJICHEHHS
MHOrOOCHO KOHCTPYKIMH

Fig. 3. Experimental samples of a multiaxial silicon joint

COCEITHUMM 3JIEMEHTAMU CHUCTEMBbI, OTCYTCTBYIOT Ka-
KHe-JIM00 COeNUHEHMSsI, YTO MOJOXUTEbHO CKa3biBa-
eTCsl Ha HaJleXXHOCTU. JlaHHOe cowleHeHe BO3MOXKHO
M3rOTOBUTh B OMHOM TEXHOJOTUYECKOM IIMKJIE C OC-
TaJlbHBIMU 3JIEMEHTAMM CUCTEMBI.

C noMo11IbI0 BapbUPOBaHUS TeOMETpHei TOpCHOHA
MOXHO MO0a00paTh HEOOXOAUMBIE TapaMeTpbl XKecCT-
KOCTH COWICHEHMS B JOCTATOYHO IIMPOKOM AMAITa30-
He, OrpaHMYEHHOM JIUIIIb pa3MepaMu KpeMHUEBOM
TUIACTUMHBI, HA KOTOPOU BHITTOJHSIIOTCS 3JIEMEHThI CUC-
TeMbl. OTIMYNTEBHON OCOOCHHOCTBIO JAHHON KOHCT-
PYKIMY OYyIyT HEOOJBIINE TIEPeMEIICHHS "TTOABEIIICH-
HOro" aJieMeHTa (0 eIMHUIL YIJIOBBIX I'PAayCOB) U BbI-
COKasl XXEeCTKOCTb KOHCTPYKIIWM.

s obecrieyeHUsT J€MEHTaM CHUCTEMBI OOJIBIINX
repeMelleHUi UCTTONb3YI0T TMOKKMe COWIeHEHUS (B TOM
YHCie IIapHUPHI 1 TOPCUOHKI). MIcXoas 13 UMeroIIuX-
Csl 3a/IeJIOB U TeXHOJOTMYECKUX BO3MOXKHOCTE MUK-
POBJIEKTPOHHOTO ITPOM3BOJACTBA MAaTEPUATIOM TSI THO-
KWX COWICHEHUI BbIOpaH moJuuMui. JaHHbBIIN MaTe-
puai, objaaasi BBICOKOUW TeMIlepaTypHOi CTONKOCTbIO
(75...673 K), BBICOKOI1 yCTOMYMBOCTHIO K KOCMUYECKIM

Kpemuuii
silicon

\ -

a)

YCJIOBUSIM 3KCIUTyaTallid, UMEET BBICOKYIO aare3mio K
KPEMHUIO U MPOYHOCTh Ha pa3pbiB (150...180 MIIa),
SBJISIETCS YIIPYro-aeopMHUpPyeMbIM MaTepraaioM (Mo-
nyab FOnra pasen 2,5...3,5 I'T1a) [6], ero mmpoxo mpu-
MEHSIIOT B T€XHOJIOTUM MMKPOINEKTPOHUKU. KoHCT-
PYKUMST TTOJIMUMUIHOTO cousieHeHus1 (puc. 4) mpen-
CTaBJISIET COOOM IUIACTUHY, C(HOOPMUPOBAHHYIO U3 OfI-
HOTO WJIX Maphl MOJUUMUIHBIX CJIOEB, PACTIONOKEHHbIX
C OpsIMOM M/WIU OOpPaTHOM CTOPOH COEIMHSIEMBIX
aJieMeHTOB. biiaromgapsi BBICOKOI anre3uu mojuuMmuaa
K KPEMHUIO, MEXIY COCEIHUMU DJIEMEHTAMU CHUCTE-
MBI 00pa3yeTcst MpUKpeIIeHHAsA K HUM TTOJTMUMUIHAST
BcTaBKa. 2KeCTKOCTb COWICHEHUSI OMpPENessieTCsl ero
IUIaHApHOM reoMeTpueil U ToMIMHON. ITonnmuMuaHbII
TOPCUOH (puc. 4) OTAMYaeTCs OT LIapHMpa HAIMYUEM
JOMOJHUTEIbHOTO COOCHOTO COWIEHEHUsI, KOTOpOe
MO3BOJISIET "TIOABECUTD" BJIEMEHT KOHCTPYKILIMU KaK U
MpY MCIOJIb30BaHUU KPEMHMEBOIO TOpCHUOHA. B maH-
HOM cJIyvae MOJUMMUIHbIE BCTABKU PabOTaIOT Ha KPYy-
yeHue. Ha puc. 5 (cM. 4eTBEepTyIO CTOPOHY OOJIOKKM)
rnokasaHbl ororpaduu M3roTOBAEHHBIX O0pa3LOB
MOJUMMUTHBIX COUJIEHEHUIA.

B xauecTBe MCIOTHUTENBHBIX KOMIIOHEHTOB MUK-
POMEXaHMYECKMX CUCTEM IMpPeaIoXKeHbl MOAM(pUKALIN
pa3pabOTaHHBIX paHee TeEPMOMEXaHUYECKHX aKTHaTo-
poB [4]. g peanm3aliiy BO3MOXHOCTH YIIPaBISIEMO-
ro rnepeMelleHus] B IBYX HaIlpaBICHUSIX MpeaioxeHa
KOHCTPYKLIUSI TEPMOMEXaHUYECKOT0 akToaTopa ¢ IBy-
M 30HaMu aedopManuu (puc. 6, CM. 4eTBEPTYIO CTO-
pOHY 0010kKM). OTIMYUTETbHBIM MPU3HAKOM TaKOM
KOHCTPYKLMU SIBJISIETCS] pacmoJioxkeHre 30H aedopma-
LIMM, TIPY KOTOPOM KaHABKU OJHOM 30HOI oOpalleHbl
K JIMLIEBOM CTOPOHE aKTHATOpPa, a BTOPOM 30HOU — K
0o0paTHOI CTOpOHE, YTO obecrieunBaeT pa3HOHAIPaB-
JICHHOE€ NBM:K€HME aKTiaTopa IpU HarpeBe WIM OX-
JaxaeHuu. Takke MaHHOe pellleHWe MO3BOJUT opra-
HU30BaTh MpPHY OINPEACICHHON TOIOJOTMM aKToaTopa
He TOJIbKO YIJIOBOE, HO UM IOCTYHaTeJbHOE IBUXKEHUE
XBOCTOBMKA 32 CYET OTHOBPEMEHHOI pabOThl ABYX 30H
nedopmanuu (puc. 7).

Puc. 4. KoncTpykuusi mOJIMMMHAHBIX COWIEHEHMIi: ¢ — 1IapHUDP; b — TOPCUOH

Fig. 4. Design of the polyimide joints: a — hinge, b — torsion
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Puc. 7. IIpeoGpa3oBanue BpamaTeibHOTO JBMKEHHUS B OCTYNATE b-
HOE C MOMOMIbI0 TePMOMEXAHMYECKHX AKTIOATOPOB C HECKOJIbKUMH
30HamMu AedopManun

Fig. 7. Transformation of the rotary movement into the forward move-
ment by means of the thermomechanical actuators with several zones of
deformation

Puc. 8. KoHCTpyKuusi MCHOJHMTEIBHOTO KOMIOHEHTA OJXHOOCHO#
CHCTEMbI

Fig. 8. Design of an effector component of a monoaxial system

C NOMOIBIO Pa3IeIbHOIO YIIPABIEHNS 30HAMMU J€-
dopMaLMu MOXHO paclUMpUTh (HYHKIIMOHAIbHBIE
BO3MOXHOCTH TUITOBOI'O TEPMOMEXAHUYECKOTO aKTIO-
aTopa, YTO IMO3BOJISIET UCITOJIB30BATh €T0 B MHOT0OCE -
BBIX KOHCTPYKIWSX MAHMITYJISITOPOB WM "TTOABVKHBIX
Hor" poboTa.

Ha npumepe peann3oBaHHOU OJHOOCHON CUCTEMBI
paccMOTPEHO NMPUMEHEHNE MUKPOMEXaHUUECKHUX dJIe-
MEHTOB B CUCTeMax yIpaBJIeHUS MOJOXEHUEM MOBEp-
XHOCTU. B maHHOI cUCTeMe HEOOXOAUMO peann30BaTh
yIpaBisieMoe MepeMellieHUe MOIBUXKHOIO dJeMeHTa
(HammpuMmep, 3epKayia) BOKPYT ofaHoM ocu. OcoGeHHOC-
THIO KOHCTPYKIIUM SBJISIETCS U3TOTOBJIIEHUE YCTPOUCT-
Ba Ha KpeMHUEBOI IJIaCTMHE MeToAaMu OObEeMHOMH U
MOBEPXHOCTHOM MMKPOOOPaOOTKM C MWHUMAaJIbHBIM
YUCIOM COOpOYHBIX omepauuii. Mcxoms u3 BO3MOX-
HOCTEl, KOTopble MpeularaeT TeXHOJIOIUsI MUKPOIJIEK-
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TPOHUKM, a TaKKe MCIIOIb3YS SJIEMEHTHI TECTOBBIX
CTPYKTYp, pa3paboTaHa KOHCTPYKIIUS, MPEACTaBICH-
Has Ha puc. 8.

OCHOBHBIE KOMITOHEHTBI, U3 KOTOPBIX COCTOUT OJI-
HOOCHAsl CUCTeMa, CleAylolliue: TepMOMEXaHUUeCKUI
aKTI0aTOp; "TOJBElIeHHOe" HAa TOPCUOHAX (IIOJIUUM-
WUIHBIX WIM KPEeMHUEBBIX) KpEMHUEBOE "3epKajio” ¢ Ha-
HECEHHBbIM OTPaXXalOLIUM IMOKPbITUEM (aJTIOMUHUIA);
COEIMHUTEJIbHBIA 3JIEMEHT, OoOecCIleunBalOIINIA Hepe-
Jlayy NIBUKEHUSI OT XBOCTOBMKA aKTaTopa K 3epKaiy.

AKTIOQTOp OOECMeuuBaeT YrioBOe IepeMelleHre
XBOCTOBMKA, KOTOPOE HEOOXOAMMO TepeaaTh Ha Mo-
BUXHOe 3epKayio. CyllleCTBYIOT IBa BapraHTa: repesa-
ya JIBMXXKEHHUs HANpPSIMylO OT 00bEeKTa K OOBEKTY WJIU
nepegaya yepe3 CoeAMHUTEbHbIE 3JIeMEHThI. bblT BbI-
OpaH BTOPOI BapraHT BBUAY HEOOXOAUMOCTU CO3AaHUS
CBSI3U, OOecIeurBaplleil KoMIIeHCUpoBaHue (pa3Bsi3-
KYy) MEXaHWYEeCKNX HAIIPSLKeHWM, BOZHUKAIOIINX TIPU
nepenaye ycwius (4, cliefoBaTesIbHO, TIepeMEIECHMS)
C aKTIoaTopa Ha MOABUXXHOE KPEMHUEBOE 3epKaJo.

B03MOXHOCTh COEMMHEHUST C TIOMOIIBIO MOJIUUM-
WIHBIX IIAPHUPOB IBUXKYILETOCs] OOBEKTa (XBOCTOBU-
Ka aKTI0aTopa) W ABMXMMOIO 00beKTa (KPEMHUEBOTO
3epkaja), pacrooXeHHbIX B pa3HbIX MJIOCKOCTSIX, pe-
aju3oBaHa Oyaromapss TPUMEHEHMIO TTOCIeIOBaTEhb-
HO COEIMHEHHBIX MOJUMMUAHBIX IIAPHUPOB, COEAU-
HSIIOIIMX KPEMHMEBBIE 3JIEMEHTHI (0ajKu), pacIiojio-
JKEHHbIE MapauleJibHO ApYyr Apyry. “llenouka” Takux
BJIEMEHTOB 00pa3yeT TMOKYyI0 MOJIOCKY, KOTopasl Mpu
OTKJIOHEHMM XBOCTOBHMKA aKTIOATOpa OT M3HAYaJIbHO
TOPU30HTAJIBHOIO MOJOXEHHUsI He TOJIbKO TSHET 3a CO-
00l IBMXKMMBIA OOBEKT, HO U KOMIIEHCUPYET BO3HU-
Kalolue MexaHuyeckue HampspkeHus. IloaBukHoe
3epKayio (popMHUpyeTCs Ha CTaHZAPTHON KPEeMHMEBOM
IUIACTUHE, OTpaxarejibHas CloCOOHOCTb obecreurBa-
€TCsl HaIlbLJIEHWeM CBEPXY CJIosl MeTajuia (Harpumep,
aJIIOMUHUS).

IIpu ucronab30BaHUM TOPCMOHOB B IEepBOHAYAJb-
HOM TIOJIOXKEHUHW MOABUXHBIM 3JIEMEHT OTKJIOHEH OT
TOPM3OHTAIM, TaK KaK aKTIATOp TIHET €ro BBEpX
BCJIEICTBUE HaMPSLKeHHO-Ae(OPMUPOBAHHOTO COCTO-
SIHUSL TIOCJIE YCAAKU MOJIMMMUIA B €ro cTpyKType. [Tpu
HarpeBe akTioaTropa IOABMXKHBIA BJIEMEHT, "TO/ABe-
LIEHHBII" HA TOPCUOHAX, CTPEMUTCS 3aHSITh TOPU30H-
TaJbHOE TOJIOKEHHUE.

PeanuzoBaH  KOHCTPYKTUBHO-TEXHOJIOTUUYECKUI
BapUaHT NOABMXKHOI T1aTopMbl (pUC. 9, CM. YeTBep-
TYI0O CTOPOHY OOJIOXKM) ST MUKPOPOOOTOTEXHUYEC-
Koil cuctembl. KoHeuHocTH oOpa3oBaHbI TEPMOME-
XaHUYECKMMU aKTIaTOpaMM, pacrojiaraloliuMucs B
JIBYX MapajlieJIbHbIX psliax Mo YeThIpe IITYKU B KaX-
JIOM. YTIpaBjieHMe KOHEYHOCTSIMU OCYILIECTBISIETCS 110
JIByM HE3aBUCHUMBIM KaHaJlaM T10 3aJaHHOMY aJITOPUTMY
nepemeleHus. IToTpebisiemass MOIIHOCTh YCTPOMCTBA
JIexXuT B auamnasoHe a0 0,225 BTt npu nuraroliem Ha-
npsekeHuu 3.4 B s cuctembl, MMelolleil BOCEMb
KOHEYHOCTEN, Maccy 65 Mr u pa3meps! 15,5 X 7,5 Mm.




YacTtoTa nepeMenieHWs] KOHEYHOCTEU COCTaBISIET JO
5 T'u, cKopocTh mepeMelleHusT MUKpopoboTa — 10
14 mMm/c. Takoe ycTpoiCTBO OOecriedyrMBaeT Co3naHue
MUKPOpPOOOTA, YCMEIIHO BBIMOJHSIIOUIETO 3324l MO-
HUTOPMHIA U YACTUYHOIO TEXHUYECKOIO OOCTYyKMBa-
HUSI HEKOTOPBIX CUCTEM KOCMUYECKUX ammapaToB, a
TakXke 3a7a4, BO3HUKAIOLIUX MPU BBIMOJHEHUU Ha-
TUTAHETHBIX MUCCUM.

B 3akiioueHue CTOUT ele pa3 NOAYEPKHYTb OC-
HOBHBIE JOCTOMHCTBA ITOAOOHBIX MHUKpOMEXaHUYec-
KMX DJIEMEHTOB: X IIPOM3BOACTBO B €AMHOM TEXHOJIO-
TMYECKOM LIMKJIe; MUHMMM3alus J1u00 OTCYyTCTBHE
COOpPOYHBIX OIlepalnii; OTCYTCTBUE TPEHUS B DJIEMEH-
TaX KOHCTPYKIMH, a TAK:KE B HEKOTOPBIX CIIydyasix BO3-
MOXHOCTb pa3MeIleHUsI B €IMHOM Tejle YCTPOMCTBa
KaK TMaCCUBHBIX, TAK U aKTUBHBIX (B TOM UMCJIE YyBC-
TBUTEJbHBIX K U3MEHEHUIO BHEIIHUX YCIOBUIT) KOM-
MoHeHTOB. Bce 3T0 yBenmunBaeT HaaesKHOCTh IIPHUOO-
pPOB, B KOTOPBLIX IPUMEHSIOT MUKpPOMEXaHUUYECKUE
BJIEMEHTBI, NP 3HAUYUTEILHOM YMEHBILICHUU pa3Mme-
pOB M B psijie ClydaeB IIpM paclIupeHur (PyHKIIUO-
HaJIbHBIX ITapaMeTpoB (YBEIMYEHME CTENIEHE CBOOOIBI,
YYBCTBUTE/IBHOCTh K BHEILIHUM BO3ACHCTBUSM, YMEHb-
LIeHWe dHepronoTpebaeHus u ap.). Takum odpaszom,
B paboTe pacCMOTPEHBI Pa3IMYHbIe KOHCTPYKTHUBHO-
TEXHOJIOTUUECKHUE PEIIeHUs MO CO3NaHUI0 MUKPOME-
XaHUYECKUX DJIEMEHTOB KOCMMUYECKOrO0 Ha3HauyeHUs

METOOAMU MUKPOSJEKTPOHUKMU. HpI/IBCﬂCHbI JaHHbIC
10 p€aJIM30BaAaHHbIM KOHCTPYKIIMAM, UX OCHOBHBLIC 10-
CTOMHCTBa M1 HEAJOCTATKH.

Paboma ewvinoanena npu noddepiucke epanma PH®D
No 14-19-00949.
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Space technologies develop a big interest to microrobot-
ics, and new directions of researches are open in the given
area. Such devices can be applied in various spheres: control
of the bearing surfaces, inspection of remote places by space
vehicles, space missions, etc. Macrocells and standard kin-
ematic schemes are used for development of the systems,
however, miniaturization of the space vehicles and control
automation demand development of similar or even more
functional devices of a considerably smaller dimensions. At
that, a lot of questions arise regarding the development of
the manufacturing technologies, because during the transi-
tion to the small dimensions the technology becomes the ba-
sic problem for a developer. During the development of the
micromechanical products more and more often the stand-
ard and modified processes of the microelectronic manufac-
ture of the integrated microcircuits are applied. Special at-
tention is given to development of the microelectromechan-
ical systems (MEMS) as the products combining in a tiny
format the functionalities of various physical characters.
Among such products are the micromechanic elements —
finished MEMS or their components.

The work presents the data concerning the development
of the elements done within the recent years for creation of
the effector components of the microrobot systems for space
applications. The micromechanical elements are subdivided
into the active and passive ones. The active ones are the ac-
tuator elements (propellers), and the passive ones are various
connectors (torsions, joints, hinges, etc.). In their turn the
actuators are divided according to the principles of their
functioning: thermomechanical, electrostatic, magnetic, pi-
ezoelectric, hydraulic, etc. Besides, the actuator elements
are distinguished by the types of movement: forward, rotary
and complex combined (membrane movement, and so
forth). Joints are divided by the number of the degrees of
freedom, and also by the degree of freedom (movement or
rotation).

Considering application of the effector components of the
microrobot systems in space, we can single out several direc-
tions: 1) thermoregulation of the surface of a space vehicle;
2) control of the bearing surfaces; 3) microrobotics for direct
applications (manipulators, "legs" of the walking systems, and
so forth); 4) elements of sensors (thermoswitches, sensitive el-
ements).

The thermoregulation systems on the effector compo-
nents of the microrobotics are the devices, the operating
principle of which is based on regulation of the area of the
reflecting/absorbing surface or of the gap between the layers
of the used material. The movement function is realized by
creation of a conveyor line moving the screen in a plane, or
a kinematic system, allowing to rotate the screen [1, 2]. If
a surface is completely closed by an isolating screen, an ob-
ject is partially protected from the external radiation and loss
of the internal heart, and, when the screen is displaced, the
surface opens and the heat-insulating characteristics change.
Such coverings should be made in the form of separate cells,
which would allow a local regulation of temperature. The re-
sults of modelling and experiments show, that it is possible
to reach a decrease of an overheat of the protected surface
by 52...63 % [3].

Application of the effector microrobot components can
be found in the systems of positioning of the antenna mod-
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ules. By means of the effector components in the form of
mobile actuators, the elements "suspended" on supports (for
example, silicon "mirrors") and various joints, a controlled
angular movement of the absorbing or reflecting surfaces is
ensured, which allows to change characteristics of the an-
tenna module. In case of big areas, instead of one reflect-
ing/absorbing element a design envisages a matrix of such el-
ements.

When the effector components in microrobotic devices
are used for the intended applications (mobile robots and ma-
nipulators), it is necessary to consider the factors of an open
space (the temperature constantly varying in a wide range, de-
pending on the used orbit and weightlessness) and the func-
tionalities of the concrete actuator mechanisms. Thus, the
thermomechanical actuators (fig. 1, see the 3-rd side of cover)
with V-shaped grooves are characterised by an angular move-
ment of a beam [4], thus, for their application as active ef-
fector components of the walking robots it is necessary to
structurally ensure a transformation of the rotary movement
into the forward movement. This is reached by various joints
or application of differently directed actuators (with several
zones of deformation) in one effector element. The thermo-
mechanical actuators can also be used as manipulators, clips,
tweezers, and so forth.

The connections between the elements of the design of the
micromechanical systems ensure its durability, its mobility at
least in one direction, and also a possibility to do away, as
much as possible, with the assembly operations in favour of
manufacturing of the elements together with connections in
one technological cycle by the volume and surface micro-
processing.

As rigid joints the silicon elements are offered, which are
cross-shaped torsions (fig. 2). The design employs monocrys-
tal p-type silicon with orientation 100 (double-sided polish-
ing), its Young's modulus is equal to 130.2 GPa [5]. The tor-
sions are used in pairs and placed coaxially in the plane of the
"suspended"” elements (for example, of the mobile silicon mir-
ror), which ensures an angular deviation of the elements along
the torsion’s axis. In order to increase the number of the free-
dom degrees, several pairs of torsions are used (fig. 3) at an
angle to each other, divided by a rigid silicon ring. In the de-
sign the section of the torsion looks like a cross and it is made
in one volume of a material with the neighboring elements of
the system without any connections, which is good for its re-
liability. It is possible to produce the given joint in one work
cycle with the other elements.

By varying the geometry of the torsion it is possible to se-
lect the necessary parameters of rigidity of the joint in a rath-
er wide range limited by the size of the silicon plate, on
which the system elements are. A distinctive feature of the
design will be small movements of the "suspended" element
(up to units of the angular degrees) and high rigidity of the
design.

In order to ensure more freedom of movement for the
system’s elements the flexible joints (including torsions) are
used. Proceeding from the experience and technological po-
tentials of the microelectronic productions, polyimide was
selected as the material for the flexible joints. It has high
temperature resistance (75...673 K), stability to the space
conditions of operation, high adhesion to silicon and break-
ing strength (150...180 MPa), it is elastically deformed (the




Young’s modulus is equal to 2.5...3.5 GPa) [6], it is widely
applied in the microelectronic technologies. The design of
the polyimide joints (fig. 4) is a plate formed from one or two
polyimide layers, located on the direct and/or reverse side of
the connected elements. Due to a high adhesion of polyim-
ide to silicon, a polyimide insert is formed between the
neighboring elements, attached to them. Rigidity of the joint
is determined by the planar geometry and thickness. The
polyimide torsion (fig. 4) differs from the hinge by the pres-
ence of an additional coaxial joint, which allows to "sus-
pend” a design element as in case of the use of a silicon tor-
sion. The polyimide inserts work for torsion. Fig. 5 (see the
4-th side of cover) presents photos of the samples of the
polyimide joints.

As effector components for the micromechanical systems,
modifications of the developed thermomechanical actuators
[4] are offered. For realization of a possibility of a controlled
movement in two directions, a design of a thermomechanical
actuator with two zones of deformation (fig. 6, see the 4-th side
of cover) is offered. Its distinctive feature is the arrangement
of the zones of deformation, at which the grooves of one zone
are turned to the face side of the actuator, while the second
zone is turned to the reverse side, which ensures a multidi-
rectional movement of the actuator during heating or cooling.
At a certain topology of the actuator the given solution will al-
low us to organize not only angular, but also forward move-
ment of the shank end due to a simultaneous operation of the
two zones of deformation (fig. 7).

By means of a separate control of the deformation zones
it is possible to expand the functionalities of a typical ther-
momechanical actuator, which will make it possible to use it
in the multiaxial designs of the manipulators and "mobile ro-
bot legs".

On an example of a monoaxial system, application of the
micromechanical elements in the systems of the surface po-
sition control is considered. In the system it is necessary to re-
alize a controlled movement of a mobile element (a mirror,
for example,) around one axis. A specific feature of the design
is a device manufactured on a silicon plate by the volume and
surface microprocessing with the minimal number of the as-
sembly operations. Proceeding from the opportunities offered
by the technology of microelectronics, a design using the el-
ements of the test structures was developed, which is present-
ed in fig. 8.

The basic components, of which the monoaxial system
consists, are the following: a thermomechanical actuator, a
silicon "mirror" with a reflecting coating (aluminum) "sus-
pended” on torsions (polyimide or silicon), and the connect-
ing element, which ensures translation of movement from the
shank end of the actuator to the mirror.

The actuator ensures an angular movement of the shank
end, which it is necessary to translate to the mobile mirror.
There are two versions: translation of motion directly from an
object to an object or translation of motion through the con-
necting elements. The second version is preferable due to the
necessity of creation of a bond, which compensates for the
mechanical stresses, arising during the translation of effort
(and, therefore, movement) from the actuator to the mobile
silicon mirror.

A possibility of connection with the help of the polyimide
hinges of a moving object (shank end of the actuator) and a

movable object (silicon mirror), located in different planes,
was realized due to application of the tandem polyimide hing-
es connecting the silicon elements (beams), located in parallel
to each other. The "chain" of elements forms a flexible strip,
which, when the shank end of the actuator deviates from the
initial horizontal position, drags the movable object and com-
pensates for the arising mechanical stresses. The mobile mir-
ror is formed on a standard silicon plate, its reflective ability
is ensured by deposition of a metal layer (aluminum, for ex-
ample) on it from above.

If the torsions are used, in the initial position the mobile
element is deviated from the horizontal plane, because the ac-
tuator pulls it upwards due to the stressed state after the
shrinkage of the polyimide in its structure. During heating of
the actuator the mobile element, "suspended" on the torsions,
tends to occupy a horizontal position.

A version of a mobile platform (fig. 9, see the 4-th side
of cover) was realised for the microrobot system. Extremities
were formed by the thermomechanical actuators, situated in
two parallel rows, four pieces in each. The control of them
was carried out by two independent channels in accordance
with the set movement algorithm. The power consumption
of the device was in the range below 0.225 W at the supply
voltage of 3—4 V for the system with eight extremities,
weight of 65 mg and dimensions of 15.5 X 7.5 mm. Fre-
quency of movement of the extremities was up to 5 Hz, the
speed of movement of the microrobot — up to 14 mm/s.
Such a device ensures creation of a microrobot, which can
carry out successfully the task of monitoring and partial
maintenance of certain systems of the space vehicles, and al-
so solve the tasks arising during performance of the space
missions.

In conclusion it is necessary to underline the basic advan-
tages of such micromechanical elements: they can be manu-
factured in a single work cycle, their assembly operations are
minimized or absent, there is no friction in their design ele-
ments, and there is a possibility of placing the passive and ac-
tive devices, including the components, sensitive to the ex-
ternal conditions, in one single body. All this increases reli-
ability of the devices employing the micromechanical ele-
ments, alongside with a considerable reduction of their
dimensions and in some cases with expansion of their func-
tional parameters (increase of the degrees of freedom, sensi-
tivity to the external influences, reduction of energy con-
sumption, etc.). Thus, the work presents various design-tech-
nological microelectronic solutions for development of the
micromechanical elements for space applications, the data
concerning the realised designs, and their basic advantages
and disadvantages.

The work was implemented with support of RSF grant
Ne 14-19-00949.
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MOAUOUKALIMA CBOUCTB PE3BUCTUBHBIX DAEMEHTOB

TEPMUYECKOM OGPABOTKOM

Ilocmynuna ¢ pedarxyuio 18.08.2016

Buinoanenue 3adasaemuix IKCHAYAMAYUOHHBIX MPEOOBAHULL MUKPONPUOOPOE 00echeuusaemcs coomeemcmsayrouumMy KOHCH -
PYKMOPCKO-MEXHOA02UMECKUMU DeUIEHUAMU, 8 MOM HUCAe BbIOOPOM HOBbIX MAMEPUAN08 UAU VAYYUIEHUEM XADAKMEPUCMUK U3-
BECMHBIX MAMeEPUANo8 nymem UeieHanpasieHHoe0 U3MeHeHUs. UX cmpyKkmypul u ceoucms. OOHUMU U3 Haubosee NpUMeHsIeMbiX
€cnoco608 MooupuKkayuu A6AIOMC NPOYECCbl MePMU4ecKoll 00pabomKku NAeHOYHbIX CIMPYKMYP.

B pamkax dannoti pabomoi 8binoAHeH 0030p NPUEM08 YoOPpMUPOBAHUS PE3UCMUBHBIX NACHOYHBIX CIPYKMYD, UCHOALIYIOUUX NPO-

yeccol mepmu4eckoi o6pabomxu.

Karoueenie caoea: moouguxayus, pe3ucmugHslil d1emenm, mepmuveckas oopabomra, Aa3epHulid Omucue, UMnYAbCHASE MOKO-

6as obpabomka

BBenenue

[Ipu pa3paboTke MHUKPOCOOPOK M MHUKPODJIEKT-
POHHBIX JATYMKOB BaXXHBIM 3TAIllOM SIBJISIETCS BBHIOOD
MaTepHajoB, IIpY Ha3HAYEHUM KOTOPBIX HEOOXOIUM
yueT BIUSIHUS Ha U3 BHEITHUX BO3IE€ICTBYIOLINX
daxTopos. I[IpumMeHeHre HOBBIX MaTepUajoB, OTBEYa-
IOLIMX BCEM 3KCILTyaTallMOHHBIM TpeOOBaHUSIM, B HE-
KOTOPBIX CJIyYasiX 3aTPyOHUTEILHO U3-3a UX Je(DULIAT-
HOCTH, JOPOTOBU3HBI U HEJAOCTATOUYHO OTPabOTAHHOM
TexHoJorueir (opmupoBaHus snemMeHToB. OgHUM U3
MEePCIEeKTUBHBIX HAMPABJICHUN Pa3BUTUS MUKPOSJIEK-
TPOHMKU SIBJISIETCS YIyUYIIIEHNE XapaKTepPUCTUK U3BEC-
THBIX MaTepUaloB MyTeM LiejJeHanpaBIeHHOro 1u3Me-
HEHUSI UX CTPYKTYPHI M CBOICTB, MHA4Ye TOBOPS, MO-
Judukamyeil MaTepuaios.

Cucremaruueckue McciaeaoBaHusl B obnactu ¢dop-
MUPOBAaHUSI MUKPOSJIEKTPOHHBIX W3ACAUN HavyaaucCh
elle B IpouuioM Beke. OmHAKO 10 CUX ITOP BO3HUKA-
0T MPOOJIeMbl BOCITPOM3BOAUMOCTH TTApaMETPOB U Ha-
JIEXXHOCTU 3KCILTyaTaluU IIPUOOPOB, pellieHUsT KOTO-
PBIX ONMPAIOTCS Ha pe3yJIbTaThl NCCIeIOBAaHUI B MUK-
po- 1 HaHOMAacIITaOHOM nuana3oHax. Ha ceromgHsii-
Hell IeHb Ucclief0BaHUSI B 00J1aCTU TOHKOTUIEHOYHBIX
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TEXHOJIOTUI HAOMparoT HOBBIM BUTOK. Bo3HMKaOT
HOBBIE MPOOJIEMBI, U COOTBETCTBYIOIIME PEIICHUS UX
CBSI3aHbl C HAHOMHIYCTPUENA.

ITpy mpou3BOACTBE TOHKOIUIEHOYHBIX PE3UCTUB-
HBIX 3JIEMEHTOB MOIM(MUKAIAS OCYIIECTBISETCS Iy-
TeM [1—6]:

— BOB3IEUCTBUSI TEeMIMEPaTyphI;

— aHOAHOTO OKMCJICHMUS,;

— BJIEKTPOJUTUYECKON (POPMOBKU;

— TOKOBO} IIOJTOHKM;

— MEXaHUYECKOro BO3IEHCTBUS,

— HOHHOI O00MOapAVpPOBKU;

— pagMallMOHHOTO BO3AEHCTBUS WIM PEHTTEHOBC-
KOTro OOJIydeHMsI.

Haubonee yacto mpuMeHsSIeMBIM METOIOM MOMIU-
(puKauum SIBISIOTCS MHOTOYUCIICHHBIE BAPUAHTHI TEP-
MUYECKOI 00pabOTKU TJICHOUHBIX CTPYKTYD.

OcHOBHbIE MPONECCHI, MPOUCXOAANIINE
B IUIEHOYHBIX CTPYKTYpax IMpH TepMOOOpadoTKe

PesucTuBHBIE TUIEHKU, TOJyYyaeMble MeETOdaMU
¢umsmyeckoro ocaxmeHusa n3 razoBoi pasel (POTD),
00J1a1a10T MOBBILIEHHO KOHLIEHTpalueit 1eheKkToB, a




HaJu4ue 0OJIbIION aKTMBHOU ITOBEPXHOCTU CIIOCOOCT-

BYeT MHTEHCUBHOMY MPOTEKAHUIO MPOLECCOB Aerpa-

Jauuy. Orepaluyd TepMOOOpaOOTKM B 3aBUCUMOCTHU

OT pelllaeMO 3aJa4u MOXHO pa3aeuTh Ha IB€ OCHOB-

HbIe TPYNIBL: (POPMUPYIOIIMI OTXKWI, B pe3yjbTaTe

KOTOPOIo J0CTUraercs TpebyemMoe cCoueTaHUe COIpo-

TUBJIEHUSI U TeMIIepaTypHOro ko3 duiieHTa comnpo-

tusieHus (TKC), u ctabunusupylolnit OTXuUr, onpe-

JeJISIeMBIH Tak e, KaK MCKYCCTBEHHOE CTapeHUe, Tep-

MOTpPEHUpPOBKa, TepMocTadunusamnus [7].

OcHoOBHbIE (DaKTOPbI, OOYCIOBIUBAIOIINE U3MEHE-
HHE COTIPOTUBIICHUS TPU OTXKUTE:

e YIIOpsIIOYEHUE U YIUIOTHEHUE CTPYKTYpPhI, COMPO-
BOXJAIOIIEECS BbIXOJAOM MUKpoAedeKTOB (BakaH-
CHi1, TIyCTOT) K MMOBEPXHOCTH IJICHKUA W TpaHUIIAM
3epeH;

e CIMSHUE 3€peH MpoBomsuieid Ga3bl B TUIEHKaX
CIUTIaBOB B BUJI€ KOMILJIEKCOB;

e IIOBEPXHOCTHOE OKHUCIeHUE U AU Py3Us KUCIOPO-
Jla 110 TpaHM1LIaM 3epeH, MPUBOIAIIAA K 00beMHOMY
OKUCJICHUIO.

CTpyKTypHBIC M3MEHEHUSI B PE3WCTUBHONM TLICH-
K€ TOCJe OTXHWra MPUBOIAIT K U3MEHEHUIO MEXaHU-
yecKux HampstbkeHulii. B pabore [8] mokazaHo, 4To
HEKOTOphle 00pa3lbl, HApsIAy ¢ OOllel TeHIeHLUeH
U3MEHEHMS COMPOTUBIIEHUS OT BpEMEHU T10 Mapado-
JIMYECKOMY 3aKOHY, 00jagaloT OCLWUIMPYIOLIUMU
xapaktepuctukamu (npumepHo n1o 1000 u mocye o6-
paboTKM).

AKTHUBMPOBAHHOE COCTOSTHHE B HU3KOYITOPSIIOYEH-
HBIX PE3VCTUBHBIX TUIEHKAX METAJIJIOB M CIIaBOB MO-
JKeT CYIIEeCTBOBAaTh IJUTEILHOE BpEeMs MpPU TeMIlepa-
typax Huxe 0,37, [9]. Hanpumep, ruieHKH XpoMocu-
JIMIIMAHBIX CIJIABOB MOTYT HaXOIUTLCS B aKTUBMPO-
BaHHOM COCTOSTHUM 10 Temmeparyp 450 K.

TepMonrHaMuyeckasi HEyCTOMUYMBOCTb YMIpPYyrone-
(opMUPOBAHHOTO COCTOSTHUSI WHUIIMHUPYET IIpeBpa-
IIEHUsI, TIPUBOISIIME K YBEJIMUYECHUIO TUCIIEPCHOCTU
rieHKU. CKOPOCTb U3MEHEHWS COMPOTUBIICHMUS TJIEH -
KU OIpeessieTcsl BpeMeHeM peJlakcaliuy, KOTopoe, B
CBOIO OYepeab, MPOIOPLMOHANBHO BSI3KOCTH MaTe-
puana. ITo OKOHYaHUM CTPYKTYPHBIX MpeBpallcHUI
MeXaHMYeCKMe HAIpPSKEHMST BO3pacTaloT, TPUBOIS B
JajibHei1eM K HOBbIM U3MEHEHUSIM TTapaMeTPOB TIJIEH-
ku. Ilepexon oT 0OMHOI0 METaCTaOMIBHOIO COCTOSIHUS
B Ipyro€ COMPOBOXAAETCSI, BO-MIEPBbIX, YMEHbIICHU-
eM 4ucia 1edeKToB, OTBETCTBEHHBIX 3a AedopMalii-
OHHBbIE 3((EKThI, BO-BTOPHIX, YBEJIMYEHUEM BSI3KOCTU
IJIEHOYHOTO MaTepuaia. DTo o0yCIOBIMBaeT pejakca-
LIMOHHYIO CTOMKOCTb M CTaOMJIBHOCTb PE3UCTHUBHBIX
3JIEMEHTOB.

ITpy HaMTMYKMKM HECKOJBbKUX OJHOBPEMEHHO JeiCT-
BYIOLIMX MEXaHU3MOB Mepexoja U3 aKTUBUPOBAHHOTO
COCTOSIHUSI K KBa3WpaBHOBECHOMY BblpaxkeHue, OIu-
CBIBAIOIIIEE U3MEHEHNUE COMPOTUBIIEHUS PE3UCTOPA BO

BpeMEHU (C y4eToM MOAM(PUIIMPOBAHHOTO YPaBHEHUS
AppeHnyca — DiipuHra), OyneT uMmeTh Bua [8]:

5p = Spmax{l ~ exp [fkot”exp(%) exp[f(Sm(m}},

TAE 3P pax — Op IIPU f = o} kj — MapaMeTp, ONpeaess-
E€MBbIi TEPMOJMHAMUYECKUMU KOHCTAHTAMU TMPOLIEC-
ca; n — mapameTp, XapakTepusylolui Bua GazoBoro
MPEBPAIIEHUS, OTIPEIECIISTIONIETO KUHETUKY CTAPEHUS;
k — nocrosnHaa bonbumana; E, — sHeprus akTusa-
LUK, ompeAeaseMasi KPpUTUIECKO CBOOOIHOM 3HEp-
rueit 3apoasliiia Gas3bl U 3HEpruel akKTUBALMU JTUMU-
tTupymoliero npoiecca; f(S) n ¢(7) — byHKIUMA Tep-
MHWYECKOTO M HETEPMUYECKOTO BO3MYILEHUS COOT-
BETCTBEHHO.

OcHoBHBIE KOMOMHALIAM TIPOIEIYP
TEpMOOOPAOOTKH

Bupn TepmMoo6paboTK — Ha BO3AyXe, B MHEPTHOM
atMocdepe, B BaKyyMe — BbIOMpaeTcsl B 3aBUCUMOCTH
OT KOHCTPYKTUBHO-TEXHOJOTMUYECKUX PEIIEHUI TOH-
KOIUIEHOYHBIX 3JIEMEHTOB M (DYHKIIMOHAJIBHOIO Ha-
3HAUYEHUST MUKPOIJIEKTPOHHBIX YCTPOMCTB, B KOTOPBIX
OHM MCIIOJB3YyI0TCsI. Hanbosee xapakTepHble TeM-
nepaTypbl JJisl pa3jduyHbIX MaTepuajoB COCTABJSIIOT
423...973 K [10].

Kpurepuem npaBrILHOCTA BEIOOpA peXrMa OTKM-
ra CJIy>KUT 3HadeHue KoadduiimeHTa ctapeHus pe3nc-
TOpa B pe3y/abTaTe IJIUTETbLHOTO BO3IEHCTBMS JIEKT-
puueckoit Harpysku [11]. TepmooOpaboTka MOXKeET
CYUTATBLCSI ONTUMAJIBHOM, €C/IM MOJ00OpaHHbIE TeMIIe-
paTypHble peXXuMbl 00pabOTKM 00eCIeurBaOT MOJIO-
ruii xon KpuBoil R = f(T') ipyn oxJ1axxaAeHUU IPUMEPHO
ot 450 K mo xomHaTHOIT TemmiepaTypsl [9]. B kauecTBe
KPUTEPHUS MOXET CIYXUTb MaKCHMMaJIbHOE 3HaueHUE
Ko ULIMEeHTa KOPPEISILIMU MEXITY BeJIMUMHAMMU CO-
MPOTUBJIEHUs] 00pa3LoB J0 U Tocie oTxura [12].

CKOpOCTb HarpeBaHUsI U OXJIAXKICHUS TOIIOXEK C
PE3UCTUBHBIMU CTPYKTYpAMU OIPaHUYMBAETCS UX Tep-
MOCTOMKOCTBIO, T. €. TIEPEeIaoM TEeMIIepaTyp MEXKIy
OTAEIbHBIMU YACTSIMU TTOJJIOXKHU, TIPU KOTOPOM Me-
XaHWYeCKNEe HAIIPSKEHMSI, BBI3BIBAEMBIC TEIIJIOBBIM
pacliMpeHueM, CTaHOBSITCSI PaBHBIMU Tpelnenay Ipo-
YHOCTU MaTtepuaja nmomioxku (o cutamna CT50-1
TepMocToiKocTh cocTapisieT 240 K) [13].

Temneparypa oTXuUra pe3aMCTUBHBIX IJIEHOK 3aBU-
CUT OT MapaMeTpoB Ipoliecca ux ocaxaeHus. OO1e-
MIPUHSATHINA MPOLIECC OCAKIEHMS B BaKyyMe WIM B Cpe-
Jle pa3pexXeHHOTO MHEPTHOTO Ira3a OCYILECTBISIETCS Ha
nogorperyio a0 teMnepatyp 350...750 K nomioxky, 3a-
TeM clielyeT CTaOWJIM3UPYIOIIMI OTXXKUT B 00beMe pa-
Ooueli KaMepbl YCTAHOBKW OCaXKACHUS MpU TeMmIepa-
Typax, paBHBIX TeMIIepaType OCaXKIECHUS VIIN TIPEBHI-
1IaollIeH ee, oxyIakaeHue paboueit Kamepbl 1O KOMHAT-
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HOW TeMIlepaTyphbl U ee pasrepMmerusanus [6, 14—16].
[TponomXuTebHOCTb CTAOUIM3UPYIOLIETO OTXKHUTA CO-
crapiger npuMepHo 10...60 MUH, TpUYEM OCHOBHbIE
M3MEHEHHUs MapaMeTpOB IUIEHKU MPOUCXOIST B Mep-
Bble MUHYThI OTXWTra, a OCTAJIbHOE BpeMsl TepMOO00-
paboTKM CBSI3aHO C pejakcaluueil MexaHUYeCKuX Ha-
MPSKEHUI TocTie 3aBeplIeHUsT CTPYKTYPHBIX IIpeBpa-
LLIEHUA.

IMocnenywounii OTXKUT Ha BO3AyXe WJIW B UHEPT-
HO1 cpene MOXET OCYIIECTBISATHCS B CTAllMOHAPHOM
pexume [11, 14, 17], mpu HUUKINIECKUX HArpyKeHU-
gax [18], a TakKe NMPU BHIMOJHEHUM OMNpeAeeHHBIX
yciaoBUi (pacxon Trasa, JaBjleHUE B Kamepe OTXKura
u np.) [19].

MHorocnoiiHble pe3UCTUBHBIE CTPYKTYPHI B IJIaTax
MUKpPOCOOPOK (hOPMUPYIOTCS C UCMHOJIb30BAHUEM Ma-
TepUAIOB C Pa3IUYHBIM YAEIbHBIM COMPOTUBICHUEM
MpU HEOOXOAMMOCTU MOJYYEHUSI ITUArna30Ha HOMM-
HaJOB PE3UCTOPOB C OTHOILIEHUWEM MaKCUMAaJIbHOIO
3HAYEHUsI K MUHUMAJIbHOMY OOJIbIlIe 103, Jlts oTmenb-
HBIX 3JIEMEHTOB MHOTOCJIOMHOE UCITOJIHEHUE MPUMe-
HsIeTCs IJI 3aIIUTHI 3JIeMeHTOB, KomrneHcauuu TKC,
CO37aHUS CIelUaJbHbBIX YYaCTKOB IOCTUPOBKHU PE3UC-
TOPOB, U3MEHEHUS TeMIIEpaTypHOro mpoduist s3je-
MeHTOB [7].

ITpy M3roToBIEHUU MHOTOCIOWHBIX PE3UCTHUBHBIX
CTPYKTYp MCIIOJB3YIOT IBA BapuaHTa TepMooOpaboT-
KM — OTXUT BBIMOJHSETCS JIMOO TMOC/ie HaHEeCEHUS
BCeil pPE3UCTUBHON KOMMO3ULIMU (pelIaeTcsl B OCHOB-
HOM 3ajaya co3gaHus 3ammTHoro cios) [20], mmbo
Moc/ie HAHECEHUSI KaXIoro cjios (OTXKUI OCHOBHOTO
ciiost ipoBoauTcs st ymeHbienuss TKC, orxur mo-
MMOJIHUTEJBHOTO CJI0SI — B LIEJISIX 0Opa30oBaHUs 3allUT-
HOTO OKMCHOTO TOKpbITUS) [21].

Hcnonb3yeMblii B KauecTBe ITPOBOJHMUKOBOTO Ma-
Tepuajia B KOHTaKTaX K TOHKOIUIEHOYHBIM pe3UCTOpam
aJIIOMUHUI BbIIEPKMBAET TeMIlepaTyphbl nopsiaka 573 K
npy anuTenbHocTh Bo3neiicTBus 1o 1000 4, a KkpaTko-
BpeMeHHO (30 muH) — 1o 823 K [22]. KoHTakTHEIE
IUIOLIAAKKY Ha OCHOBE MEIM JOITyCKAIOT TeMIlepaTyphl
obpabotku 473...523 K [23].

OTXUT PE3UCTUBHBIX BJIEMEHTOB C KOHTAKTHBIMU
IUIOLaAKaM1 Ha BO3AyXe JIMMUTUPYETCSl 00pa3oBaHU-
€M OKCHMIHBIX IIJIEHOK, MPEISTCTBYIOLIUX IIpoBele-
HUIO MOHTaXXHO-COOpOYHBIX orepauuii. B [17] mipen-
JIaraeTcs MPOBOAUTH TEPMOCTAOUIU3ALUIO PE3UCTO-
poB Ha Boznyxe npu temiepatype 220 = 30 °C B Te-
yeHue 15...35 MuH. B 1ens1X CHUXKeHUST OKUCIISIEMOCTH
KOHTAaKTHBIX IIJIOLIAA0K PEKOMEHAYEeTCsl TepMooOpa-
0OTKY MPOBOAUTH B 3aMKHYTOM I'epMETUYHOM OOBEMeE
¢ ymenbHOI HOpMoit Bo3ayxa oT 0,005 mo 0,02 CM2/0M3
MOBEPXHOCTU oOpabaThiBaeMbIX cioeB [24]. Komrmpo-
MUCCHBIM pEILIeHHEM SIBIISIETCSI OTKUT PE3UCTOPOB C
BPEMEHHBIMU KOHTAaKTHbIMU Iuiomaakamu u3 Cr,
Cr—Al, Ni—Al. Temnieparypa oTXXHUra B 3TOM Cliyyae
moxeT pocturath 830 K, a pomoKuTebHOCTb OT-
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xwura cocrasisgeT 5...30 muH. g TepMooOpabOTKU

(830 K, 2 4) pe3ucTopoB ¢ MEIHBIMU KOHTAKTHBIMU

TJTOIATKaMU MOXKET OBITh UCTIOJIb30BaHa BpeMeHHas

3alIMTHAS TIJICHKAa BaHAIMEBO-aJTIOMUHWUEBOTO CILIA-

Ba [7].

B kayecTBe MOBEPXHOCTHOIO MCTOYHMKA HarpeBa
JUTST TEPMOOTKHTA UCITOTB3YIOT pacOKyCUPOBAaHHBIN
JIy4 Jla3epa, KOTOPhIil oOecrieyMBaeT HarpeB MaTtepua-
Jia B oTcyTcTBME (pazoBoro nepexona. JlokanbHas 00-
paboTka Jy4oM Jiazepa OOKOBBIX KPOMOK Pe3UCTUBHO-
ro 3JeMeHTa Ha yJacTtkax, He Oojee 0,2...0,25 mmpu-
HBI BJIeMeHTa, obecrneurBaeT GOpMHUPOBAHHE KAHAIOB
TTOBBILIEHHOW TIPOBOAMMOCTH M BO3pacTaHWE HATrpy-
304HOI cmocoOHOoCTU pe3uctopa B 1,5 paza [25]. Jla-
3epHBIIl HArpeB UMEET Psi MPEeUMYIIECTB TP MPOBe-
JIEHUU mpoliecca oTKura. Jla3epHblil OTXKUT MO3BOJIUI
JIOBECTU BpeMsl TEPMUYECKOI 00pabOTKu A0 108cwu
OrpaHUYUTh MECTO BO3JEHCTBUS TOJBKO 00J1aCThIO 00-
paboOTKM IUIEHOYHBIX CTPYKTYp. IIpenmylecTBa nazep-
HOTO MMMYJbCHOTO OTXMIa 3aKJII0YaloTCs B OTCYTCT-
Bue nud@dy3uu ImpuMeceil B COCeIHUE CJIOM U CJIOEB
Ipyr B apyra. insg oO0paboTKM TOHKOIUIEHOYHBIX pe-
3UCTOPOB JIy4llle Bcero moaxonsr gazepbl Ha Nd: YAG,
paboTtapole B peXUME PE30HAHCHON MOIYJISIIUN
JI00poTHOCTH. J1j151 hOpMUPOBAHUS 3aIIUTHBIX OKCHI-
HBIX TIICHOK WCIIONB3YETCS PEXUM MHOTOMMITYIIb-
CHOTO OKMCJICHUS WA PEXUM CBOOOIHOI TeHepaluu
[26—28].

OTXHUT PEe3UCTOPOB 3a CYET IKOYICBON TEILIOTHI
MpU MPOIMYCKAHUU INEKTPUUYECKOTr0 TOKA OrpaHUYU-
BaeTCs CIEAYIOIIUMU YCIOBUSIMMU:

e COINpPOTUBJICHHUS O0OpabaThIBaEMbIX PE3UCTOPOB HE
JIOKHO ObITh Oosiee 10 KOM;

e IUTOTHOCTH IPOTEKAOIIETO TOKA He MOJDKHA TIpe-
Bbiath 10° A/CM2 (IS UCKITIOUEHUST pa3pyLIeHUS
BJIEMEHTA M3-3a 2JIeKTpoaudy3un).

H3MmeHeHne TTapaMeTpoB pe3VCTUBHBIX 3JIEMEHTOB
B 3aBUCMMOCTH OT BUJA 3JEKTPUUECKON HArpy3KH HO-
CUT Pa3IMYHBINA XapaKTep — SHEPIHs aKTUBALIUU TIPO-
1iecca CTapeHus Mpy JAeWCTBUM UMITYJIbCHOTO Cydaii-
HOTO TOKa Oojiee 4yeM B 2 pasa IPEBBIIIAET SHEPTUIO
aKTUBAIIMU B cIydyae 0OpabOTKM Ha TMTOCTOSTHHOM TOKE.
IIpu mpoTrekaHnU Yepe3 Pe3nCTOp MOCTOSTHHOTO TOKa
pacIipeieieHre TeMIlepaTyphl TI0 €T0 TTOBEPXHOCTH CY-
IIECTBEHHO HEOMHOPOAHO. OTHOPOIHBINM HAarpeB pe-
3UCTOPA, T. €. KOTJIa TeII000MEeH MeXKITy Pe3UCTHBHBIM
3JIEMEHTOM U TIOMIOXKOM OTCYTCTBYET, OOecIieunBa-
eTCS TIpUMEHEHNEM WMITYJIbCHBIX HArpy30K C UIN-
TeJbHOCTHIO MMMyIbca MeHee 100 mc [7, 29].

B pa6ote [30] mokazaHa 3¢ ¢GeKTUBHOCTb TTpUME-
HEeHUS [UKINIECKON TepMOOOpaOOTKH ITPH KPUOTEH-
HBIX TEMIIepaTypax B Mpoleccax U3TOTOBJAEHMS PE3UC-
TUBHBIX 3j7eMeHTOB. Ilpu LuUKIMUYecKoi oOpaboTKe
MHOTOKpaTHOE TMOBTOPEHME HarpeBa W OXJIaXKACHMS
MIPUBOAUT K TeHEepallMy YIIPYTUX BOJTH, KOTOPBIE TIPU
KaxKJIOM akTe JIOKAJIbHOW IepecTpoiiku necheKToB




WHULUUPYIOT U CTUMYJIUPYIOT CTPYKTYpPHbIE M3MEHE-
Hus. Pesynbratamu mogo6HoM MoauduUKalud pe3uc-
TUBHBIX 2JIEMEHTOB SIBJI0TCS: cHIKeHne TKC 1 me-
XaHWYECKUX HamNpsDKeHWH B IUIEHOYHBIX CTPYKTypax,
TaKXe TMOBBIIIEHUE BBIXOJA TOJHBIX M DKCIUIyaTallv-
OHHOW CTaOMIIBHOCTH.

3akmoueHne

Temneparypa TepMUUECKOM 00paOOTKU pe3UCTUB-
HBIX BJIEMEHTOB CYILIECTBEHHO 3aBMCUT OT YCJOBUI
ocaxIeHUs TIJIEHOK (TeMIlepaTyphl MOMIOXKKHU, SHEp-
TMHU OcaXXAaeMbIX JyacTull 1 nap.). OdecrneyuTsb geTep-
MMHUPOBAHHOCTD Mpoliecca OCaXIEeHUsT BOBMOXHO 3a
CUeT BBEIEHUS MOIMOJHUTEIbHBIX BO3AEUCTBUI C He-
TEPMUUYECKON TMPUPOAON aKTUBALUM, IMO3BOJISIIOLIMX
yIpaBJIsSITh (PU3UKO-XMMHUUECKUMU Tpolieccamu [31].
CoueraHue pa3IMYHBIX TEXHOJOTMYECKUX MPOLECCOB
Y TIPUEMOB TI03BOJISIET HE TOJBKO YIYYIIHUTh TTapaMeT-
DBl 2JIEMEHTOB, HO W 3HAUUTEJbHO MOBBICUTH (DYHK-
LMOHATbHBIE XapaKTEePUCTUKNA TPUMEHSEMBIX MaTe-
pHUAaJIOB.
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Introduction

During development of micro-assemblages and microe-
lectronic sensors it is very important to select the materials
with account of the influence of the external factors. Appli-
cation of the new materials, meeting the operational require-
ments, in some cases is complicated because of their deficien-
¢y, high costs and insufficiently developed technology for for-
mation of the elements. One of the directions in development
of microelectronics is improvement of characteristics of the
known materials by a purposeful change of their structures
and properties, in other words, their modification.

Regular research works in the field of formation of mi-
croelectronic products were started already in the previous
century. However, there are still problems of reproducibility
of the parameters and reliability of the devices, the solutions
to which depend upon the research in the micro- and nano-
scale ranges. Research in the field of the thin-film technolo-
gies gets a new impetus. Problems do arise and their solutions
are connected with the nano-industry.

Industrial modification of the thin-film resistive elements
includes [1—6]:

— temperature influence;

— anode oxidation;

— electrolytic moulding;

— current adjustment;

— mechanical action;

— ijon bombardment;

— radiation exposure or x-ray irradiation.

The most frequently applied modification methods are
versions of the thermal processing of the film structures.

Basic processes in the film structures
during a heat treatment

The resistive films received by physical deposition from a
gas phase (PDGP) possess a raised concentration of defects,
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and presence of a big active surface promotes an intensive

course of degradation. Depending on a task, the heat treat-

ment operations can be divided into two basic groups: a form-
ing annealing, as a result of which the demanded combination
of the resistance and temperature coefficient of resistance

(TCR) are achieved, and a stabilizing annealing, which is de-

fined the same way as artificial ageing, thermal training, and

thermal stabilization [7].

The major factors causing a change of the resistance dur-
ing annealing:

e ordering and consolidation of the structure accompanied
by movement of the microdefects (vacancies, cavities) to
the surface of a film and borders of the grains;

e merge of the grains of the conducting phase in the alloy
films in the form of complexes;

e surface oxidation and diffusion of oxygen along the bor-
ders of the grains, leading to a volume oxidation.

After annealing the structural changes in a resistive film
lead to a change of the mechanical stresses. In [8] it is shown,
that some samples, notwithstanding the general trend for a
change of the resistance depending on time and in accordance
with the parabolic law, possess oscillating ¢l racteristics (ap-
proximately up to 1000 h after processing).

The activated state in the low-ordered resistive films of
metals and alloys can for long time exist below 0.3 7, [9]. For
example, films of the chrome-silicide alloys can be in the ac-
tivated state up to 450 K.

The thermodynamic instability of the elastodeformed state
initiates the transformations leading to an increase of a film’s
dispersion. The speed of change of a film’s resistance is de-
fined by the time of relaxation, which is proportional to the
viscosity of the material. Upon termination of the structural
transformations the mechanical stresses increase, resulting in
new changes of the film’s parameters. Transition from one
metastable state to another is accompanied by reduction of




the defects, responsible for the deformation effects, and by in-
crease of viscosity of the film material. This determines a re-
laxational resistance and stability of the resistive elements.

If there are several simultaneously acting mechanisms for
transition from the activated state to a quasi-equilibrium
state, the expression, describing the change of the resistor’s
resistance in time (with account of the modified Arrhenius—
Aring equation) looks like the following [8]:

op = 6pmax{l —€Xp [*kotneXp(f_,;) exp [A(S)o( T)]:|} >

where 8p,,,x = 8p at f = wo; ky — parameter determined by
thermodynamic constants; » — parameter characterizing the
kind of phase transformation, determining the kinetics of age-
ing; kK — Boltzmann constant; E, — energy of activation de-
termined by the critical free energy of a phase embryo and en-
ergy of activation of the limiting process; f(.5) u ¢(T) — func-
tions of the thermal and nonthermal disturbance, accordingly.

Basic combinations of the heat treatment procedures

The kind of a heat treatment — in the air, in an inert at-
mosphere, in vacuum — is selected depending on the design-
technological solutions of the thin-film elements and pur-
poses of the microelectronic devices, in which they are used.
The most typical temperatures for various materials are
423...973 K [10].

The role of the criterion of correctness in selection of an
annealing mode is played by the coefficient of the resistor’s
ageing as a result of a long influence of an electric load [11].
The heat treatment is considered optimal, if the selected
temperature modes of processing ensure a flat course of
curve R = f(T) during cooling approximately from 450 K up
to room temperature [9]. As a criterion we can use the max-
imal coefficient of correlation between the resistances of the
samples before and after annealing [12].

The speed of heating and cooling of the substrates with the
resistive structures is limited by their thermal stability, i.e. the
difference of temperatures between separate parts of the sub-
strate, at which the mechanical stresses, caused by the thermal
expansion, are equal to the ultimate strength of the material
of the substrate (for the glassceramics of CT50-1 kind the
thermal stability is 240 K) [13].

The temperature of annecaling of the resistive films de-
pends on the parameters of their deposition. The standard
deposition in vacuum or in the environment of a rarefied inert
gas is carried out on a substrate warmed up to 350...750 K,
then a stabilizing annealing is done in the working chamber
of the deposition installation at the temperatures, equal to the
temperature of deposition or exceeding it, and then the work-
ing chamber is cooled down to the room temperature and de-
pressurized [6, 14—16]. Duration of the stabilizing annealing
is approximately 10...60 min, and the basic changes of the film
parameters occur in the first minutes of the annealing, while
the rest of the time is connected with a relaxation of the me-
chanical stresses after termination of the structural transfor-
mations.

The subsequent annealing in air or in an inert environ-
ment can be carried out in a stationary mode [11, 14, 17], at
cyclic loadings [18], and also under certain conditions (gas
flow, pressure in the annealing chamber, etc.) [19].

The multilayered resistive structures in the microassem-
blage boards are formed with the use of the materials with var-
ious specific resistances and a necessity of obtaining of a range
of nominal resistors with the correlation of the maximal value
to minimal one more than 10°. For separate elements a mul-
tilayered version is applied for protection of the elements, TCR
compensation, creation of sites for adjustment of the resistors,
and change of the temperature profile of the elements [7].

For manufacturing of the multilayered resistive structures
two versions of heat treatment are used — annealing after the
deposition of all the resistive composition (creation of the
protective layer) [20], or after the deposition of each layer
(annealing of the basic layer — for reduction of TCR, anneal-
ing of an additional layer for formation the protective oxide
coating) [21].

The aluminum used as a conducting material in the con-
tacts to the thin-film resistors withstands the temperatures of
about 573 K during periods up to 1000 h, and in short-term
periods (30 min) — up to 823 K [22]. The contact platforms
on the copper basis withstand the processing temperatures of
473...523 K [23].

Annealing of the resistive elements with the contact plat-
forms in the air is limited by formation of the oxide films,
which impede the assembly operations. In [17] it is suggested
to carry out the thermal stabilization in the air at temperature
of 220 * 30 °C during 15...35 min. In order to decrease the
oxidability of the contact platforms it is recommended to car-
ry out the heat treatment in a closed tight volume with the
specific norm of the air from 0.005 up to 0.023 sz/cm3 of
the surface of the processed layers [24]. A compromise solu-
tion is annealing of the resistors with the temporary contact
platforms from Cr, Cr—Al, Ni—Al. The temperature of an-
nealing can reach 830 K, and the duration of annealing is
5...30 min. For heat treatment (830 K, 2 h) of the resistors
with copper contact platforms a temporary protective film
from a vanadium-aluminum alloy [7] can be used.

As a surface source of heating for the thermal annealing a
defocused laser beam is used, which ensures heating of a ma-
terial in absence of a phase transition. Local processing by a
laser beam of the lateral edges of a resistive element on the
sites, not bigger than 0.2...0.25 of the width of the element,
ensures formation of the channels of higher conductivity and
1.5 times increase of the load ability of the resistor [25]. A la-
ser heating is applied during annealing. The laser annealing al-
lows to reduce the time of the thermal processing up to 10785
and to limit the influence area to that of the processing of the
film structures. The advantages of the laser pulse annealing
are absence of diffusion of impurities into the neighboring
layers and of the layers into each other. For processing of the
thin-film resistors Nd: YAG lasers can be used, working in the
mode of the resonant Q-switching. For formation of the pro-
tective oxide films a multipulse oxidation or a free generation
[26—28] are used.

Annealing of the resistors by Joule heat during transmis-
sion of the electric current is limited by the following condi-
tions:

e resistance of the processed resistors should be not more
than 10 kQ;
e density of the transmitting current should not exceed

103 A/cm2 (in order to prevent destruction of an element

because of electrodiffusion).
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Change of the resistive elements, depending on the elec-
tric load, can vary — the energy of activation of ageing under
the action of a pulse accidental current exceeds the energy of
activation in case of processing on a direct current more than
two times. During transmission of a direct current through the
resistor the temperature distribution on its surface is essen-
tially non-uniform. A homogeneous heating of the resistor,
i.e. when a heat exchange between the resistive element and
the substrate is absent, is ensured by application of the pulse
loads with a pulse duration less than 100 ms [7, 29].

In [30] the efficiency is demonstrated of application of the
cyclic heat treatment at cryogenic temperatures during man-
ufacturing of the resistive elements. During the cyclic process-
ing a repeated heating and cooling leads to generation of the
elastic waves, which at each act of the local reorganization of
the defects initiate and encourage the structural changes. The
results of such modification of the resistive elements are a
decrease of TCR and mechanical stresses in the film struc-
tures, and also an increase of the product yield and opera-
tional stability.

Conclusion

The temperature of the thermal processing of the resistive
elements essentially depends on the conditions of deposition
of films (temperature of a substrate, energy of the deposited
particles, etc.). It is possible to determine the deposition due
to introduction of additional influences with a nonthermal
nature of activation, allowing us to control the physical and
chemical processes [31]. A combination of the technological
processes and methods allows us not only to improve the pa-
rameters of the elements, but also to raise considerably the
functional characteristics of the applied materials.
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MOPOrOBbIN AATYMK MATHUTHbIX MOAEM HA OCHOBE ABTOTEHEPATOPA
C MATHUTODIAEKTPUYHECKHUM PESOHATOPOM

Ilocmynuna 6 pedaxyuro 05.10.2016

Paspaboman nopoeoulii dam4ux MazHUMHbBIX NoAeU HA OCHO8E ABMOEHePAMOPa ¢ MACHUMOINEKMPUUECKUM PE30HAMOPOM.
Jlamuuk codepycum ycuasumens, pe3ucmusHblil 0eaument HAnNPANCeHUs U MACHUMOINeKMPUHeCKUU pe30Hamop 6 yenu 0opamuou
cea3u. Pezonamop npedcmaensem co60u KOMROIUMHYIO CMPYKMYPY 6 8Ude NAACMUHbL Nbe3021eKMPU1ecKoe0 AaHeamama, pac-
NOAOIHCEHHOU MeHCOY CAOAMU MACHUMOCMPUKUUOHHO20 AMOPPHO20 CHAABA U NOMEW,EHHOU 8 IAeKMPOMACHUMHYIO KAMYUK).
Bo enewnem maeHumnom noae, npu 6bINOAHEHUU YCAOBUL OANAHCA AMPAUMYO U (a3, CXeMa 2eHepupyem CUeHAaA ¢ YaCMOMmoU aKyc-
muuecko2o pezornarca cmpykmypul 87,5 kly u amnaumydoi do 2 B. Maenumuble noas 8KA4eHUs U BbIKAIOUCHUS 0aMYUKA U3-
Mmensromes 6 duanazone 0,3...50 D ¢ nomoubro deaumens HanPANCEHUs.

Karouegvie caosa: damuux macHUMHbIX NOAEll, MACHUMOIMEKMPUYeCcKUull 3¢hghexm, nve3oanekmpuieckull sghgpexm, maeHumo-
CMPUKYUS, A8MmoeeHepamop

Beenenne HarnpskeHuss 1 MO pe3oHaTop B LMY 0OpaTHOM CBSI-
3u. Ilopor cpabarbiBaHUs JaTyvkKa MO MarHUTHOMY
TTOJII0 MOXHO PEryJIupOBaTh C IIOMOIIbIO PE3UCTUBHO-
ro aeautens. biarogapst BBIXoay B BUjaE paandoCUTHa-
Jla, JaTYMK MOXET OBbITh MCIIOJIb30BaH B OECIPOBOI-

HBIX cucTeMax coopa 1 00paboTKM MHGpOPMALINH.

B aBTOMOOUIBbHOM U aBMALIMOHHOM IIPOMBILLIEH-
HOCTH, B aBTOMaTU3UPOBAHHEIX IIPOMU3BOICTBAX, B pO-
0OTOTEXHUKE M CUCTEMaX OE30MaCHOCTHU LIMPOKO MC-
MOJIB3YIOT JaTYUKU OJM3ocTu (proximity sensors) [1, 2].
B Takux matumkax MpUMEHSIOT O€CKOHTaKTHbIE CEH-
COpPBI PA3IMYHBIX TUIIOB: €MKOCTHbIe, UHAYKTUBHBIE,
MarHWTHBIC, ONTUYECKWe W aKyCTUYecKrue. MarHuT-
HbI€ CEHCOPHbI 001aJaI0T TAKUMHU MPEMMYILECTBAMU T1e-
pen IpYTMMU THTIIaMU CEHCOPOB, KaK JOCTATOYHO OO0JTb-
1oe pabouee pacCTOSTHUE, BBICOKAsT YyBCTBUTEIBHOCTD
U CKOPOCTB CpabaThIBaHMS, HE3aBUCUMOCTD OT OKPYKa-
IOIINX YCTIOBUI. B cCOBpeMEHHBIX MAaTHUTHBIX JATIYMKAX
[3] vcnonb3yloT SIBJEHUE 2JEKTPOMATHUTHOW WHIYK-
muu, ekt Xoia, SABIeHNEe TMIAaHTCKOr0 MarHUTO-
COIPOTUBJIEHMS, Mbe303(hMEKT U culy AMiepa.

B nocnenHue roabl JOCTUTHYT 3HAYUTEbHBINA MPO-
rpecc B CO3MaHUM JTaTYNKOB MarHUTHBIX TTOJIEH Ha OC-
HOBE MarHUTORJIEKTpuueckoro (MD) agdexkra B KOM-
MMO3UTHBIX CTPYKTYpax (heppoMarHeTUK—ITbe303JIEKT-
puk [4, 5]. DddeKT Bo3HUKAET BCIeICTBIE KOMOMHA-
MY MAarHUTOCTPUKIINY U The303(heKTa, B pe3yIbraTe
Yero M peajausyeTcs IpsiMoe MpeoOpa3oBaHne MHIYK-
LIMM MAarHUTHOTO TOJISI B DJIEKTPUYECKOE HaMpsiKeHUe.
MDBD maT4YMKh WMEIOT PEeKOPTHO BHICOKYIO UYBCTBU-
tessrocTb 1o 1071 Tor MpY KOMHATHOI TeMIiepartype,
OTJIMYAIOTCS TIPOCTOTOM KOHCTPYKIINU U MAJIbIM DHEP-
ronoTpedyieHreM, paboTalOT Ha YaCTOTaX 10 ~ 10° T u
ITOSTOMY TTePCIIEKTUBHEI JIJIsT TIPUMEHEHUI B TaTYMKAX
0JIM30CTH.

B nanHoli paboTe omnucaH HOBBIA NOPOroBbIE MO

CTpyKTypHas cXeMa W NPUHIUN padoThl JATYHKA

CTpyKTypHas cxeMa JaTyMKa MmokaszaHa Ha puc. 1.
OCHOBHBIMM 3JIEMEHTAMM JATYMKa SIBISTIOTCS: IHAPO-
KOTMOJIOCHBIM YCUITUTENb ¢ KO3GMMUILIMEHTOM YCUICHUS
K, dasospaiuarens ¢ KoapduuueHTom nepenaun K,,
BBIXOJIHOM ILMPOKOMNOJOCHBIA YCUIMTEIb MOILIHOCTU C
Koo duumenrom ycunenusa K3, MO pesoHartop ¢ Ko-
s¢ppuumeHToM nepeaayn Ky Ha pe30HaHCHOI 4acToTe
U IENUTEb HAPsSKEHWA Ha pesucTopax R u R,. Bee

Puc. 1. CrpykrypHas cxemMa JaTYMKA MATHATHBIX MOJIeil ¢ MATHATO-

JATYMK MArHUTHBIX MOJIEA C paguoYacTOTHBIM BBIXO-
oM. JlaT4uK MOCTPOEH IO CXeMe aBTOreHepaTopa, co-
JepKallero MHUPOKOIIOJIOCHBIN YCUIUTENb, IeIUTeIb

JJICKTPHYECKHUM PE3OHATOPOM

Fig. 1. Block diagram of the sensor of the magnetic fields with a
magnetoelectric resonator
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5JIEMEHTBI COEAMHEHBI TOCIEAOBATEIbHO B 3aMKHY-
ThIif KOHTYpP. B KauecTBe IMPOKOMOJOCHOIO YCUIH-
TeJIT WCIOJIb30BaH IPEU3NOHHBIN WHCTPYMEHTAJb-
Hblid yermutesib INA326. B monoce yactot 80...90 kI
OH MMeeT KO3(PPUIMEHT YCWICHUS TI0 HATIPSKEHUTO
K, = 100, BxonHoe nosHoe conpotusieHue ~1 I'Om,
BBIXOJHOE TTOJTHOE COMPOTUBIIEHNE B HECKOJIBKO OM U
YPOBEHb HACHIIIEHUS BBIXOAHOrO curHana ~2 B. ®da-
30BpalliaTe/ib U3roToBjJeH Ha RC-1enoyke, UMeeT KO-
s duumeHT nepenaun no Hanpskenuio K, = 0,33 u
Ha uvactoTe 86,7 kIl obecreurBaeT oOIepexKarolInii
caur ¢dassl 90°. BbIxogHOU orepaiMoOHHbIN yCUIu-
tesb OPA2314 co3pmaer B KaTylllkKe pe30oHaTopa TOK J0
20 MA, nMmeeT KOa(PUIIMEHT TIepeadn 0 HampsoKe-
HUIO K3 = 2 ¥ ypOBEHb HACBILIEHUS BBHIXOJHOTO CUT-
Hana 2,5 B.

MDB pe3oHaTop MpeACTaBisieT cO0Oi MIACTUHY U3
nbe3oanekTpudeckoro (PE) nanrarara La;Gas sTa) 5014
U IBYX CJIOEeB U3 aMOp¢HOTo (beppOMal‘HeTI;IKa (’FM)
(Metglas 2605S3A), coeIMHEHHBIX C TIOMOIIBIO
snokcuaHoro kiues. Ilnactuna PE umena pa3mepsl
24,7 X 4 x (0,5 mMm. Ha moBepXHOCTH IIJTACTUHBI OBLJIA
HaHeCeHbI Ag 3JIeKTPObI TOMIIMHOK Mo ~2 MKM. Ciou
FM mnmenu pasmepnl 24,7 X 4 X 0,03 MM 1 MarHuro-
CTPUKLIMIO HACBILIEHUA Ag ~ 20+ 107% B MarHUTHBIX
MOJISIX HACBILIEHU C HampsKeHHOCThio Hg~ 100 D.
CtpykTypa ObljIa XXeCTKO 3aKperieHa B LEHTPaIbHOM
YacTH Tak, YTO B HEW MOIJIM BO30YXIAThCs MPOIOJIb-
HBbIe aKyCTHMYeCKWe KOoJIeOaHUsSI ¢ pe30HaHCHON Jac-
ToTOM f) = 87,6 kI'l. PesoHarop momelany BHYTPb
KaTylIKK ¢ comnpotusieHueM Ry, = 4,586 OM u uH-
nyktuBHocThi0 L = 550 MxI'H, comepxairyio 200 BUT-
KoB npoBoaa nuamerpom 0,2 mM. Karyiika coznapana
IepeMeHHOe MarHMUTHOE I10Jie¢ HANPSKeHHOCTBIO 10
h =10 D npu Toke 20 MA. Bcio KOHCTpYKIIMIO pacHo-
Jlaranm B KaTymkax [eabMrojiblia, co3maBaBIIniX ITOC-
TOsIHHOE TtoJie H HanpstkeHHOCThIo 10 100 B, Hanpas-
JICHHOE BIOJb OCH CTPYKTYyphl. IlepeMeHHBIN pe3uc-
TOop R B JenuTesie HANPSIKEHMS MMO3BOJISLT U3MEHSITh
Koa(bduumeHT nepenayu pesonaropa Ky = Ry/(Ry + R)
or 1 npu R=0 10 8- 107> npu R = 60 KOm.

ITpyHUMIT paGOThl MOPOTOBOrO AaTYMKa Cleayto-
wmii. Hanpsixkenue uycos(2nff), ¢ aMIumTynoi u; u
YacTOTOM f, MPUJIOXEHHOEe K KaTyIIKe pe3oHaTopa,
co3maeT MepeMeHHOe MarHUTHOE ToJie /4, HampaBJIeH-
HOE€ BIOJb OCHU CTPYKTYphl. OTHOBPEMEHHO K CTPYK-
Type B TOM XK€ HaIlpaBJeHUU MPUKIAILIBAETCS TTOCTO-
sSIHHOe MarHuTHoe 1ojie H. B pe3ynabTare MarHuTocT-
PUKLIMOHHEIX AeopMalinii (peppOMarHUTHBIX CJIOEB B
CTPYKTYpe BO30YKAAIOTCSI MPOIOJIbHbIE aKyCTUUECKUE
konebaHus. Ilockonbky ruactuHa PE pacnonoxeHa
CUMMETPUYHO MEXIy IBYMSI MArHUTHBIMU CJIOSIMH,
U3rMOHBIe KoJjiebaHusl oTCyTCTBYIOT. Jledopmarius PE
CJIosl, MeXxaHU4YecKu cBsi3aHHoro ¢ FM crnosimu, mpu-
BOIUT K TeHEepalllM IThe303JICKTPUKOM TepeMEHHOTO
HANpPSDKEHUS C aMIUIMTYAOM Uy U TOW XK€ 4acTOTOi f.
AMIUTUTYA TeHEPUPYEMOI'0 HaMpsiKeHUsT TPONOpPIM-
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OHAJIbHA HANPSDKEHHOCTU MIOCTOSIHHOTO MO Uy ~ H 1
Bo3pactaeT B O (DOOpPOTHOCTH) pa3, Korma 4yacToTa
BO30Y:XIAIOIIETO MOJISI COBIIAJaeT C YacTOTOM IIpO-
JOJBHBIX aKyCTMYECKUX KoJiebaHUMl CTpYKTyphl. Ko-
s duumenT nepenaun pezonaropa Ky(H) = uy(H)/u,
3aBUCUT OT MAarHUTHOTO TOJISI U MOXKET U3MEHSThCS B
IIUPOKOM WHTEpBaje Mpyu n3MeHeHun H.

IIpu BbIMOJIHEHUM YCJIOBUS OalaHCa aMILUIMTYO U

dasz [1K; > 1 nu 2o, = 2nn (rne K; u ¢; — ko3pdu-
1 1

LIMEHT Tepenayd M (a3oBblil CABUT B i-M DJEMEHTE
CXEeMbI, # — 11€J10€ YMCJI0) B 3aMKHYTOM KOHTYpE BO3-
OyxxnmaroTcsl aBToKosieOaHus. s paccMaTpuBaeMoit
CXEMbl YacTOTa reHepalMyd paBHA 4acTOTE IMPOAOJb-
HBIX aKyCTMUECKMX KOJieOaHUIl CTPYKTYphI, a aMIUIU-
Tyla T€HEPUPYEMOIO HAMNPSAXEHUs U3 OTPaHUYEHA

ypoBHeM HachbllieHus1 ycunutens. Ilpy muaMeHeHUM
Koahduumenra Ky 1enresis HarpsKeHus 6ajaHc am-

TUTUTYL OyIeT BBITOTHSATBCS UTS pa3IMYHbBIX KO3 du-
LMEHTOB Iepenaun pesoHartopa K, Takum obGpasom,
TreHepaTop MOXeT OBITh MCITOIb30BaH B KA4eCTBE I1O-
POTOBOro JaT4vMKa MArHUTHBIX IOJIeil C peryaupye-
MBIM TIOJIEM cpabaThIBaHMUSI.

XapakTepucTHKHN JaTYHKA

Ha puc. 2, a npuBeneHbl U3MepeHHbIE aMIUTUTYI-
HO-4YacTOTHas1 U (pa3o-4yacToTHasl XapaKTepUCTUKU
MD peszoHaropa. BumeH pe3oHaHCHBIM MUK BOJIU3U
4acToThl f = 86,7 kI'll ¢ nobpoTHOCTBIO O ~ 1080, KO-
TOPBI COOTBETCTBYET BO30YKIECHMIO TIPOIOJBHBIX

\ 10 I
\ =1 “""‘"7\ @) g0 |
.05 /‘._ 120 9 |
| '\& 1180 2 |
| D,O .—u———-""'/ R — T S < |
! 855 860 865 870 875 880 !
w f, kHz !
I 50 - I
: :;: 25 " b :
- - [
\ e I
I 0 puas= I
I 0 2 4 6 8 10 12 14 I
! u,V \
| |
| 4 ' __,_.f\"!m\ |
I : ¢) I
S /// _______ . |
| |
| 0 1 \‘\.“ |
\ |
| |

Puc. 2. Xapakrepuctuku MD pe3oHaTopa: @ — 3aBUCHMOCTH aMII-
JIMTYABL Uy 1 Ha3bl ¢ HAMPSDKEHUS Ha BBIXOJE pe30oHaTopa OT Yac-

TOTHI IpH 4| = 1 Bu H =8 B; b — 3aBUCUMOCTD U, OT | Ha 4acTOTe
pe3oHaHca pu H=7,5 B; ¢ — 3aBUCUMOCTb /3 OT MArHUTHOTO ITOJISI
H na vacrore pesonanca npu u; = 0,3 B

Fig. 2. Characteristics of the ME resonator: a — dependences of the
amplitude u, and phase ¢ of the voltage at the output of the resonator
on the frequency at u; = 1V and H = 8 Oe; b — dependence of u, on
u; at the resonance frequency at H = 7.5 Oe; ¢ — dependence of u, on
the magnetic field H on the resonance frequency at u; = 0.3 V




aKyCcTMYeCcKMX KojiebaHuil B cTpykType. Pacuer pe3o-
HAHCHOM YacTOTHI NMPOJOJbLHBIX KojaebaHuil [6] misa
COOTBETCTBYIOIIMX 3KCIIEPUMEHTY ITapaMeTPOB CTPYK-
Typbl naet 3HaueHue 90 kI'1, 3To 3HaUYeHUE YIOBIET-
BOPUTEJILHO COBMagaeT ¢ u3MepeHHbIM. Ha pe3oHaHc-
HOI1 yacToTe (pa3a reHepupyeMoro HanpskeHust Ha 90°
OTCTaeT OT (pa3bl HAMPSLKEHMSI, TIPUIIOKEHHOTO K BO3-
Oyxpatoieit karyiike. Pa30Bblil CABUT, CO3JaBacMBblii
COOCTBEHHO 3JICKTPOMArHUTHOM KaTylIKOM, Mal u
MOXET HE YYUTHIBAThCA. I KOMIIEHCAIIUM 3TOTO
(hazoBoro caBura ¥ BHIMOJIHEHUS YCIOBUI (ha3oBOro
CHMHXPOHM3Ma MCIIOJIB30BaH (ha3oBpallaTeslb, IMoKa-
3aHHBIN Ha cxeme puc. 1. Ha puc. 2, b npuBeaeHa 3a-
BUCUMOCTDb HAIPSKEHUS Uy, TEHEPUPYEMOTO CTPYKTY-
pOii Ha YacTOTE PE30HAHCA, OT HAIIPSLKEHUS Uy, IPU-
JIO(KEHHOro K BO30yxparolleil Kartyiike. BuaHo, 4To
3aBUCUMOCTD JIMHEIHA BO BCEM JMAITa30He HarpsKe-
Huit. KoadduimeHT nepenaun pesoHaTopa 1o Hampsi-
XeHuo paBeH Ky = uy/uy ~ 3,6.

Ha puc. 2, ¢ mokasaHa 3aBUCMMOCTb HANPSKEHUS Uy
Ha PE30HAHCHOM YacTOTE f{ OT BHEILHETO IIOCTOSHHO-
IO MarHUTHOTO TTOJIsT H TIpy HATIPSKEHUH Ha KaTyIKe
uy = 1 B. C yBenimueHuem H HanpsiKeHHe U, CHavyajla
pacrer, JOCTUTaeT MaKCUMaJbHOTO 3HaueHus ~4,6 B
Ipy MOCTOAHHOM nonne H,, ~7, 5 B (KOTOpoe COOoT-
BETCTBYEeT MaKCMMYMY Mbe€30MarHUTHOro Koadduiim-
enra FM cnost ¢ = o0/0H, tne M(H) — MarHUTOCTPUK-
111s1), a MocJjie 3TOro CHOBA MOCTENMEHHO YMEHbIIIAETCS
no Mepe ypenaudyeHus H. VI3 Buma 3aBUCMMOCTM Ha
puc. 2, ¢ cienyeT, 4TO reHepals B CXeMe MOXeT BO3-
HUKaTh BHYTPU OTPaHUYEHHOTO AMarna3oHa MOCTOSH-
HBIX MarHUTHBIX nosiedt ) < H < H,, tne H; — noie
BKJIIOYEHUA TeHepauuu U H, — 1osie BBIKIIOYEHUS
reHepaluu.

Ha puc. 3 mokazana ¢opma curnana u;(f) Ha BbI-
XOJle¢ YCWJIUTENsI, U3MepeHHasl Ipu KoapduimeHTe
nepegayu gemurens K, ~ 1,14+ 107* u R = 40 xOm.
BunHo, yTo curHaa Ha puc. 3, @ He TapMOHUYECKUIA.
HMckaxenue ¢opMbl cuTHaia OOYCJIOBJIEHO HaChIIlIe-
HUEM YCUIIUTENA Ha YPOBHE U3 ~ 2,5 B. 3aBUCUMOCTb
us3(H), nokazanHas Ha puc. 3, b, U3MepeHa Ipu CKo-
poctu HapacTtaHus nonst 0H/ot = 2,5 B/c. I1pu uzme-
HEHUU TI0JIs reHepalys HabJoaaaach TOJIbKO BHYTPU
uHTepBana noneit Hy < H< H, (Hj =19 u H,~31 9
npu R = 40 kOM), rae ObLJIM BBITTOJHEHBI YCJIOBUS aM-
IUTATYTHOTO M (Da30BOr0 CUHXPOHU3MA.

Ha puc. 4 npuBeneHa 3aBUCUMOCTD TI0JICH "BKITIO-
yeHMsT' M "BBIKIIIOYEHMSI' TeHepalld OT COIPOTHUBIIC-
Hus pe3ucropa aemutenss R(H), mocTpoeHHasT C HC-
M0JIb30BAHMEM KPUBBIX, aHAJIOTUYHBIX MTOKa3aHHOM Ha
puc. 3, b. BunHo, uyro 3aBucumocTb R(H) Ha puc. 4 Ka-
YECTBEHHO TOBTOPSIET 3aBUCUMOCTD U,(H) Ha puc. 2, c.
OnHako cienyeT OTMETUTh, YTO MUK Ha puc. 4 1mupe
MO TOJII0 U CABUHYT B 00JIACTh 00Jiee BBICOKMX Mar-
HUTHBIX MOJIeH, TTI0 CPAaBHEHUIO ¢ TIMKOM Ha puc. 2, c.
DTO MOXET OBITh CBSI3aHO C YMEHbIIeHUEM K03 pu-
LIMeHTa nepenayd MO pe3oHaTtopa NMpu OOJbIIUX aM-
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Puc. 3. ®opma nanpsukenusi us(f), reHepHPYEMOro JaTIukom (a); 3a-
BHCHMOCTb F€HEPHPYEMOT0 HANPSIKEHHs 3 OT nocTosnanoro nons H (b)
Fig. 3. Voltage form uy(t), generated by the sensor (a); dependence of
the generated voltage u3 on the constant field H (b)
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Puc. 4. T'pannnpl MarHUTHLIX noJieii H M conpoTHBIIEHUI e TMTeNs
R cymecTBoBaHus reHepanun B cxeme ¢ MD pe3onaTropom

Fig. 4. Borders of the magnetic fields H and resistances of divider R of
the existence of the generation in the circuit with the ME resonator

TUINTYAaX BO30YXIar0lero MarHUTHOTO MOJIsT, UTO CO-
r1acyeTcsl C JaHHBIMUA pUC. 2, a, U3 paboTHl [7].

Taxkke obHapykeHO, YTO TeHepallus B cXeMe BO3-
HUKAaET TOJIBKO IPHU OTHOM HaIpaBJICHUH ITOCTOSTHHO-
ro nosist H. Tlpu oGpanieHun HampaBJeHUs MOJs Te-
Hepamnys OTCYTCTBOBaJIA IJIST JIIOOBIX 3HAYEHUWI TIOJIS.
DTO MPOUCXOAUT BCaeACTBUE u3MeHeHUsT Ha 180° ¢a-
3bl HamnpsikeHusi, reHepupyemoro PE cioewm, npuso-
JSIIIEero K HapylIeHUIO yCIOoBUIA OajaHca (a3 B KOH-
Type. s BOCCTaHOBJEHMSI TeHEepaluuu Mociae obpa-
1LIeHH1sI HaIlpaBJIeHUsI 110J1s1 H ObL10 HE00XO0AMMO BBEC-
TU B LIeTb JOMOJHUTEIbHbINA CABUT (ha3bl HAMTPSIKEHUS
Ha 180°. ITorpebisiemast JaTYMKOM MOIIHOCTb COCTaB-
Jisiia 35 MBT B OTCYTCTBUME IeHepalliy 1 Bo3pacTtaja 10
36...42 MBT nipu BO30y:KI€HUM TeHEPALIUU.

3akimouenue

Takum ob6pa3oM, B paboTe MpPeaIoXKeH, U3rOTOBICH
W YCCJIeIOBAaH HOBBII MOPOTOBBIN JaTYMK MAarHUTHBIX
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MOJIe ¢ paguoYacTOTHBIM BhIXOAOM. JlaTumk comep-
SKUT IIUPOKOIIOJIOCHBIN YCUITUTEIb, PE3UCTUBHBIN Je-
JINTEJIb HATIPSDKEHUST M KOMITO3UTHBI MAarHUTO3JIEKT-
pUYECKUil pe3oHaTop B lLiemud oOpaTHo# cBsizu. I[lpu
MPUI0XKEHUU MAarHUTHOTO TMOJISI ¥ BBITTOJTHEHUU YCJIO-
BUI1 OajaHca aMIUIUMTYI U a3, JaTYMK reHepUpyeT pa-
JUOCUTHAJI C YaCTOTOM, paBHOM 4acTOTe MPOAOJIbHBIX
aKyCTUUYeCKMX KoyiebaHMii pe3oHartopa, 87,5 kI, u
aMIuIMTynoi 1o 2,5 B. MarHutHble Nojst BKITIOYEHUS
H, v BoikmioyeHus H, naTyvka MOXHO M3MEHATH B
LIMPOKUX Mpeaeaax, U3roTaBjiMBasi MarHUTHbIE CJIOU
pe3oHaTopa M3 Pa3IMYHbIX MarHUTOCTPUKIIMOHHBIX
MaTepuajoB, U peryaupoBaTh B Oojee y3KOM MHTEp-
BaJie TOJIeli C TIOMOIIIbIO IeJIUTeNIsl HarnpsixkeHus. Yac-
TOTY BBIXOJHOTO CHTHAaJja JaT4yhKa MOXKHO 3a7aBaTh B
npeaeaax oT eAMHUL] Kujorepll [7] 10 cOTeH merarepiy
[8] 3a cuer mogbopa pa3MepoB pe3oHaTOpa U BHIOOpPA
U3TMOHBIX, TUIAHAPHBIX WJIM TOJILUHHBIX MOJ KoJieba-
HUIl CTPYKTYphl. PamnodacTOTHBINM BBIXOH JaTYMKA
MMO3BOJISIET UCITOJb30BaTh €TI0 B OSCIPOBOIHBIX CUCTE-
Max cOopa u 00paboTK MHMPOPMALIUU.

Paboma nododepucana Munobpuayxku Poccuu (npo-
exkm No 2.76.2014K), epanmom Ilpe3udenma Poccuiic-
kot Dedepayuu (Ne MK-7690.2016.9) u Poccutickum
¢orndom  pyHoamenmanvHblX uUccaedo8anuli  (epanm
No 16-29-14017/16).
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Threshold Magnetic Field Sensor Based on an Oscillator with a Magnetoelectric

Resonator in the Feedback
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The magnetic field proximity sensors of various types are widely used in the automobile industry, robotics, and safety systems,
and so on. This work is dedicated to a new type of magnetoelectric effect-based threshold magnetic field sensor with a radio-frequency
output. The sensor contains an amplifier, phase shifter, resistive voltage divider and a magnetoelectric resonator in the feedback loop.
The resonator is a composite structure of a piezoelectric langatate plate located between two ferromagnetic amorphous alloy layers,
in an electromagnetic coil. In such a resonator the magnetoelectric effect arises due to a combination of the magnetostriction of the
Sferromagnetic layers and the piezoelectric effect in the langatate plate, and this ensures a direct conversion of the AC magnetic field
into the output electrical voltage. Under an external DC magnetic field, when the amplitude balance and phase matching conditions
in the active loop are fulfilled, the circuit generates a radio-signal at the structure longitudinal acoustic resonance frequency of
87.5 kHz with the amplitude up to 2.5 V. The "switch on" and "switch off" magnetic fields of the sensor can be varied within the
range of 0.3—50 Oe using the tuned voltage divider. The frequency of the output signal can be varied from units of kHz up to hun-
dreds of MHz by choosing dimensions of the resonator and bending, in-plane or thickness acoustic modes. The radio-frequency out-
put allows us to use this sensor in the wireless data acquisition and processing systems.

Keywords: magnetic field sensor, magnetoelectric effect, piezoelectric effect, magnetostriction, self-oscillator
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Introduction

The proximity sensors are used in the automobile and avi-
ation industries, the automated productions, robotics and
safety systems [1, 2]. They employ contactless sensors: capac-
itive, inductive, magnetic, optical and acoustic ones. The
magnetic sensors have a rather big working distance, high sen-
sitivity and speed of actuation, they are independent of the
environmental conditions. In the magnetic sensors [3] they
use the phenomenon of electromagnetic induction, Hall ef-
fect, giant magnetoresistance, piezoelectric effect and the
Ampere force.

A considerable progress has been achieved in development
of the magnetic field sensors on the basis of the magnetoe-
lectric (ME) effect in the ferromagnetic-piezoelectric com-
posite structures [4, 5]. The effect arises due to a combination
of a magnetostriction and a piezoelectric effect, and it real-
izes a direct transformation of a magnetic field into the elec-
tric voltage. ME sensors have a record high sensitivity — up
to 10" T. At a room temperature they are distinguished by
simplicity of their design and small energy consumption, they
work on frequencies up to ~ 10° Hz and are promising for ap-
plication in the proximity sensors.

The given work describes a new threshold ME magnetic
field sensor with a radio frequency output. The sensor is con-
structed as a self-oscillator containing a broadband amplifier,
a voltage divider and ME resonator in a feedback circuit. The
threshold of the sensor’s operation on a magnetic field can be
controlled by means of a resistive divider. Due to the output in
the form of a radio frequency signal the sensor can be used in
the wireless systems for information collection and processing.

The block diagram and principle of operation of the sensor

The block diagram of the sensor is presented in fig. 1. Its
basic elements are a broadband amplifier with amplification
coefficient K, a phase shifter with transmission coefficient
K5, an output broadband amplifier with amplification coeffi-
cient K3, a ME resonator with transmission coefficient K, on
the resonant frequency and a voltage divider on resistors R
and R,,. All the elements are connected in series closed loop.
As a broadband amplifier the INA326 precision tool ampli-
fier is used. In the range of frequencies of 80...90 kHz it has
voltage amplification coefficient K| = 100, input impedance
~1 GQ, output impedance of several ohm units and the level
of saturation of the output signal ~2 V. The phase shifter is
made on RC circuit, it has transmission coefficient on voltage
K, = 0.33 and on frequency 86.7 kHz ensures an advanced
phase shift of 90°. OPA2314 output operational amplifier cre-
ates in the coil of the resonator a current up to 20 mA, it has
transmission coefficient on voltage K3 = 2 and the level of sat-
uration of the output signal of 2.5 V.

The ME resonator was a plate from piezoelectric (PE) lan-
gatate (La;Gas sTa; 504) and two layers of an amorphous fer-
romagnetic (FM) (Metglas 2605S3A) connected by an epoxy
glue. PE plate had the size of 24.7 X 4 x 0.5 mm. On the plate
surface Ag electrodes were deposited with thickness of ~2 um
each. FM layers had the dimensions of 24.7 X 4 X 0.03 mm

and magnetostriction saturation Ag~ 20 107° in the fields
Hg~ 100 Oe. The structure was rigidly fixed in the central part
so, that it could accommodate the longitudinal acoustic fluc-
tuations with the resonant frequency f = 87.6 kHz. The res-
onator was placed in the coil with resistance Ry, = 4.586 Q
and inductivity L = 550 pH, containing 200 coils of a wire
of 0.2 mm. The coil created a variable magnetic field up to
h =10 Oe at current of 20 mA. All the design was placed in
Helmholtz coils creating constant field A with intensity up to
100 Oe, directed along the structure axis. The variable resistor
R in the voltage divider allowed to measure the coefficient
of transmission of the resonator K, = Ry/(Ry + R) from 1 at
R=0upto8-107° at R = 60 kQ.

The principle of operation of the threshold sensor is the
following. Voltage u;cos(2rff) with amplitude #| and frequen-
cy f, applied to the resonator coil, creates a variable magnetic
field 4 along the structure axis. Constant magnetic field H is
applied to the structure in the same direction. As a result of
the magnetostrictive deformations of the ferromagnetic lay-
ers, the longitudinal fluctuations are raised in the structure.
Since PE plate is placed symmetrically between two magnetic
layers, the bending fluctuations are absent. Deformation of
the PE layer, mechanically connected with the FM layers,
leads to generation by a piezoelectric of an alternating voltage
with amplitude u, and the same frequency f. The amplitude
of the generated voltage is proportional to the intensity of the
field u, ~ H and is increased in the quality Q times, when the
frequency of the exciting field coincides with the frequency of
the acoustic fluctuations of the structure. The coefficient of
transmission of the resonator Ky(H) = u,(H)/u; depends on
the magnetic field and can change in a wide interval, if H
changes.

If the conditions of the balance of the amplitudes and

phases are met [1K; > 1 and 2¢; = 2nn (where K; and ¢; —

coefficient of transmission and phase shift in / circuit element,
n — integral number) the self-oscillations are raised in the
closed loop. For the circuit the frequency of the generation is
equal to the frequency of the longitudinal acoustic fluctua-
tions of the structure, while the amplitude of the generated
voltage u3 is limited by the level of saturation of the amplifier.

When coefficient K, of the voltage divider changes, the bal-

ance of the amplitudes will be fulfilled for various transmis-
sion coefficients of the resonator K;. Thus, the generator can

be used as a threshold sensor of the magnetic fields with an
adjustable field of actuation.

Sensor characteristics

Fig. 2, a presents the measured peak-frequency and
phase-frequency characteristics of the ME resonator. The res-
onant peak is seen close to f = 86.7 kHz with quality factor
0 ~ 1080, which corresponds to the excitation of the longi-
tudinal fluctuations in the structure. Estimation of the reso-
nant frequency of the longitudinal fluctuations [6] for the pa-
rameters corresponding to the experiment is equal to 90 kHz,
and this coincides well with the measurement. On the reso-
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nant frequency the phase of the generated voltage by 90° lags
behind the phase of the voltage applied to the exciting coil.
The phase shift generated by the electromagnetic coil itself is
small and can be ignored. For its compensation and imple-
mentation of the conditions of the phase synchronism, the
phase changer (fig. 1) is used. Fig. 2, b presents the depend-
ence of voltage u,, generated by the structure on the reso-
nance frequency of voltage u;, applied to the exciting coil. It
is seen, that the dependence is linear in all the range of the
voltages. The transmission coefficient of the resonator on
voltage is equal to Ky = u,y/u; ~ 3.6.

Fig. 2, ¢ presents the dependence of voltage u, in the res-
onant frequency f; on the constant magnetic field A at the
coil voltage u; = 1 V. With an increase of H the voltage u,
grows and reaches its maximum of ~4.6 V at the constant
field of H,, ~ 7.5 Oe (which corresponds to the maximum of
the piezomagnetic coefficient of the FM layer ¢ = oA/0H,
where LM(H) — magnetostriction), and after that it lessens
gradually alongside with the growth of H. From the depend-
ence presented in fig. 2, ¢ it follows that the generation in the
circuit may arise within a limited range of the magnetic fields
H, < H< H,, where H| — the field of switch on of the gen-
eration and H, — the field of switch off of the generation.

Fig. 3 presents the signal form u5(7) on the amplifier out-
put, measured at the transmission coefficient of divider
Ky~1.14- 10"*and R = 40 kQ. It is seen, that the signal in
fig. 3, a is not harmonious. Distortion of the form of the sig-
nal is caused by saturation of the amplifier at the level of
us = 2.5 V. Dependence u3(H), shown in fig. 3, b, was meas-
ured at the speed of increase of the field 0H/or = 2.5 Oe/s.
During the change of the field the generation was observed
only inside the interval of the fields H, < H < H, (H; =1 Oe
and H, ~ 31 Oe at R = 40 kQ), where the conditions of the
amplitude and phase synchronism were implemented.

Fig. 4 presents the dependence of the fields of "switch on"
and "switch off" on the resistance of the resistor of the divider
R(H), constructed with the use of the curves similar to the one
shown in fig. 3, b. It is seen, that the dependence R(H) in
fig. 4 qualitatively repeats the dependence u,(H) in fig. 2, c.
However, it should be pointed out that the peak in fig. 4 is
wider by the field and shifted to the area of the higher mag-
netic fields, compared with the peak in fig. 2, c. This can be
connected with a decrease of the transmission coefficient of
ME resonator at big amplitudes of the exciting magnetic field,
which agrees with the data of fig. 2, a from the work [7].

Also it was discovered, that the generation in the circuit
appeared only at one direction of the constant field H. At the
inversion of the direction of the field the generation was ab-
sent for any values of the field. That was due to a change by
180° of the phases of the voltage generated by the PE layer,
leading to infringement of the conditions of the balance of the
phases in the contour. For restoration of the generation after
the inversion of the direction of the field H it was necessary
to introduce into the circuit an additional shift of the voltage
phase by 180°. The power consumed by the sensor was 35 mW

in the absence of the generation and increased up to 36...42 mW
at the excitation of the generation.

Conclusion

Thus, the work proposes a new threshold sensor of the
magnetic fields with a radio-frequency output, which has
been manufactured and investigated. The sensor contains a
broadband amplifier, a resistive voltage divider and a com-
posite resonator in the feedback circuit. When a magnetic
field is applied and the balance of the amplitudes and phases
is implemented, the sensor generates a radio signal with the
frequency equal to the frequency of the longitudinal acoustic
fluctuations of the resonator, 87.5 kHz, and the amplitude up
to 2.5 V. The magnetic fields of switch on H; and switch off
H, of the sensor can be changed in a wide range, by making
the magnetic layers of the resonator from various magneto-
strictive materials and can be controlled in a narrower interval
of the fields by means of the voltage divider. The frequency
of the output signal can be set from units of kilohertz [7] up
to hundreds of megahertz [8] by selection of the sizes of the
resonator and of the bending, planar or thickness modes of
the fluctuations of the structure. The radiofrequency output of
the sensor allows us to use it in the wireless systems for col-
lection and processing of information.
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Puc. 2. llpumep nosmposkn nosepxtocru (001) B npodHo# Moje/m pacrBopurensi Diamond-4:
a — CTPYKTypa HCXOTHOI IepOX0BaTON IIOBEPXHOCTH;
b — IpoMe;KyTOUHBII 3TAll paCTBOPEHHS; ¢ — (PHHATI HOJIMPOBKA — aTOMHO-TJIaKasA IOBEPXHOCTh

Fig 2. An example of polishing of a surface (001) in a trial model of Diamond-4 solvent:
a — structure of the initial rough surface;
b — intermediate stage of dissolution, ¢ — final polishing — an atomic-level smooth surface
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Puc. 1. TepmomexaHnyeckue aKTIOATOPbI
¢ o0paTHOH CBSI3bIO:

1 — TepMOMEXaHHYCCKHI MHKPOAKTIOATOP;
2 — IM3JIEKTPHYCCKOE OCHOBAHHC,
3 — MeTa/UTHYCCKAE OOK/IAJKH KOHICHCATOPA,
4 — moymuaMEIT; 5 — KpeMHHIA

Fig. 1. Thermomechanical
Jeedback actuators.

1 — thermomechanical microactuator,
2 — dielectric basis;
3 — metal facings of the condenser,
4 — polyimide; 5 — silicon
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Fig 5. Experimental samples of the polyimide joints
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Fig 6. Design of a bidirectional actuator
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Fig. 9. Photo of the laboratory samples of the mobile part of a microsystem robot
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